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Combinatorial Chemistry Approach to Chiral Catalyst Engineering and
Screening: Rational Design and Serendipity

Kuiling Ding,* Haifeng Du, Yu Yuan, and Jiang Long'"!

-

Abstract: An efficient asymmetric catalyst relies on the
successful combination of a large number of interrelated
variables, including rational design, intuition, persis-
tence, and good fortune—not all of which are necessari-
ly well-understood; this renders such practice largely
empirical. As a result, the possibility of using combina-
torial chemistry methods in asymmetric catalysis re-
search has been widely recognized to be highly desira-
ble. In this account, we attempt to show the principle
and application of combinatorial approach in the dis-
covery of chiral catalysts for enantioselective reactions.
The concept focuses on the strategy for the creation of
a modular chiral catalyst library by two-component
ligand modification of metal ions on the basis of molec-
ular recognition and assembly. The self-assembled chiral
catalyst with two different ligands indeed exhibited syn-
ergistic effects in terms of both enantioselectivity and
activity in comparison with its corresponding homocom-
binations in many reactions. The examples described in
this paper demonstrated the powerfulness of combinato-
rial approach for the discovery of novel chiral catalyst
systems, particularly for the development of highly effi-
cient, enantioselective, and practical catalysts for enan-
tioselective reactions. We hope this concept will stimu-
late further work on the discovery of more highly effi-
cient and enantioselective catalysts, as well as unexpect-
ed classes of catalysts or catalytic enantioselective reac-
tions in the future with the help of a combinatorial
chemistry approach.

Keywords: asymmetric catalysis - combinatorial chemis-
try - high-throughput screening - molecular assembly -
Kmolecular recognition
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Introduction

Molecular chirality (handedness) is a principal element in
nature that plays a key role in science and technology.!'! De-
velopment of organic reactions to provide enantiomerically
enriched products has been recognized as the central impor-
tance in pharmaceutical, agricultural, synthetic organic, and
natural product chemistry.”?)’. Among various approaches to
optically active molecules, asymmetric catalysis of organic
reactions is the most general and efficient process in terms
of chirality economy and, hence, an environmentally benign
process as well, because it achieves chirality multiplication
or chirality amplification, thereby affording a large amount
of the enantioenriched product, while producing a small
amount of waste material owing to very small amount of
chiral catalyst employed. As stated by Noyori, asymmetric
catalysis is four-dimensional chemistry. The high efficiency
of the reaction can only be achieved through a combination
of both an ideal three-dimensional structure (x, y, z) and
suitable kinetics (£).”*) Therefore, development of highly ef-
ficient enantioselective catalysts is one of the most challeng-
ing endeavours for synthetic organic chemists. To achieve
maximum chiral multiplication, chemists must create effi-
cient catalytic systems that permit precise discrimination
among enantiotopic atoms, groups, or faces in achiral mole-
cules. The candidates for these enantioselective catalysts are
often metal complexes bearing chiral and nonracemic organ-
ic ligands, often in enantiopure form. Therefore, tuning the
catalysts to achieve the perfect match among chiral ligand,
metallic ion, substrate, and so on is a key point for achieving
the maximum chiral multiplication.

Combinatorial chemistry has been well recognized as a
powerful strategy for the discovery and optimization of bio-
active drugs, novel coordination complexes, and solid-state
materials.”! Between the available split-and-mix and parallel
strategies, the latter is more employable for lead optimiza-
tion, whereby high-throughput screening (HTS) is an essen-
tial technique for tuning a variety of modifications. Success-
ful catalyst optimization requires rational design, intuition,
and experience, but also some degree of trial and error. It is
often the anticipated hit that becomes the key data which
result in a successful investigation. With the rising demands
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to increase efficiency in re-
search and development, com-
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binatorial chemistry has not
only changed the drug discov-
ery process in the pharmaceuti-
cal industry, but also significant-
ly affected other research areas
of chemistry, such as discovery
of more efficient materials and
catalysts.”>4 Particularly, a sim-
ilar paradigm, namely combina-
torial asymmetric catalysis, is
now taking in asymmetric catal-
ysis to speed up the develop-
ment of this challenging re-
search area.” Another impor-
tant consideration in favor of
the creation of chiral catalyst li-
brary is with regard to the cata-
lyst’s scope and applicability,
because there is no such a cata-
lyst that is versatile to all sub-
strates. Therefore, generation of
a combinatorial library of chiral
metallic complexes and the screening of the set of the con-
stituents of the library for the target reaction by taking its
advantages of diversity and high efficiency would provide a
potentially powerful approach for the discovery of highly ef-
ficient and enantioselective catalysts. In the present paper,
we will discuss the principle and application of combinatori-
al approach to chiral catalyst engineering and screening for
asymmetric catalysis.

The Principle of Chiral Catalyst Library
Engineering

The principle of combinatorial chemistry approach to chiral
catalyst discovery for asymmetric catalysis can be consid-
ered as a parallel analogue of combinatorial chemistry ap-
proach for drug discovery. High diversity and efficiency are
well recognized as the two most important advantages of
combinatorial chemistry approach. By taking these advan-
tages, the creation of chiral catalyst library and high-
throughput evaluation of the generated library for the target
reactions are two key issues in combinatorial asymmetric
catalysis. Aside from the traditional chiral HPLC or GC sys-
tems with autosamplers, various new approaches of high-
throughput ee assays for enantioselective catalysts and en-
zymes have been developed since 1997; these make the
highly efficient evaluation of the chiral catalyst library possi-
ble.”! The combinatorial asymmetric catalysis based on the
modular ligand diversity has also achieved significant devel-
opment.”! This paper will not discuss the stories of these
two aspects and the attention of this account will be focused
on the strategy for the creation of modular chiral catalyst li-
brary, another key issue of combinatorial asymmetric cataly-
sis, on the basis of molecular recognition by combination of
two different ligands with metallic ions (Scheme 1).
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Scheme 1. The principle for combinatorial asymmetric catalysis: creation of a chiral catalyst library through
two-component ligand modification of metal ion.

Recently, “asymmetric amplification”® “chiral poison-

ing”,/ “asymmetric activation”,® “ligand-accelerated catal-
ysis”,’ “chiral environment amplification”,'” and “asym-
metric autocatalysis”'l concepts have been the interesting
topics in asymmetric catalysis. These strategies are closely
related to the concepts of molecular recognition, molecular
assembly, and dynamic combinatorial libraries, in which the
interaction and recognition among chiral ligands, metallic
ion, and substrate, as well as the aggregation and the deag-
gregation of the assemblies, are reversible and dynamic in
principle.'? The goal of channeling the catalysis through
one particular complex is usually achieved by an over-
whelming kinetic activity favoring one complex over the
many other complexes that are assembled in solution.
Therefore, generation of a dynamic combinatorial library of
chiral metallic complexes and the expression of the set of
constituents of library in the target reaction should be a po-
tentially powerful approach for the discovery of highly effi-
cient enantioselective catalysts. Moreover, including two dif-
ferent ligands in the catalyst system would make the reac-
tion more active and selective on the basis of “asymmetric
activation”® and “ligand acceleration”!! concepts. The other
advantage of this approach includes the ease of generating
larger extent of catalyst diversity in the library (Scheme 1),
which will make the fine tuning of electronic and steric
effect of catalysts more convenient in order to achieve high
activity and enantioselectivity of the catalysis.

Engineering the Chiral Catalyst Library through
Asymmetric Activation

According to asymmetric activation concept, a chiral mole-
cule (activator) is not only able to selectively activate one
enantiomer of a racemic chiral catalyst to afford optically
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active product, but it is also to make the enantiopure cata-
lyst be even more efficient in terms of producing a greater
enantiomeric excess in the product than can the enantiomer-
ically pure catalyst on its own.®l On the basis of this con-
cept, Mikami and co-workers have demonstrated the success
of combinatorial approach to the discovery of highly effi-
cient and enantioselective catalyst for addition of diethylzinc
to aldehydes by screening the catalyst libraries generated by
combination of small chiral ligand and activator libraries.'*]
It is reasonable to assume that the active catalyst in the ad-
dition of diethylzinc to aldehydes is a monomeric zinc alkox-
ide, and the cleavage of the higher aggregates will result in
an activation of overall catalyst system.' As shown in
Scheme 2, for the activation of the diol-zinc catalyst system,
the addition of a chiral nitrogen ligand is the most efficient
way, because of its strong ability to coordinate with zinc
cation.[!

Combination of a small library of chiral diol ligands (1a-
le, Scheme 3) and chiral activators (diamines or diimines,
2a-2e) in the presence of diethylzinc results in formation of

RoN
j* R,
OH EtyZn (o} R,N O_ N
* - [ anp LA, J
OH o pp activator diversity o N
ligand diversity Ra
catalyst library
Et,Zn / RCHO OH
R+

Scheme 2. The principle for generation of a chiral Zn catalyst library on
the basis asymmetric activation concept.

a primary catalyst library, which was then screened for enan-
tioselective addition of diethylzinc to benzaldehyde by
HPLC-CD technique."” The enantioselectivity of the reac-
tion was increased by matched combination of diol ligands
and nitrogen activators. For example, 1b and 2d promoted
the reaction to give (S)-1-phenyl-1-propanol with 8.2% ee
(54 % yield) and 1.1% ee (64 % yield), respectively. Howev-
er, the combined use of 1b and 2d quantitatively provided
the product with 37.4 % ee (S). The best combinations from
the primary combinatorial library were found to be 1e/2d
and le/2e to afford (S)-1-phenyl-1-propanol with up to
65 % ee and in quantitative yields.

On the basis of these leading results, a new library of di-
imine activators with 12 members (2d-20, Scheme 3) was
then prepared. It was found that all library members (2d-
20) significantly activate the Zn-1e complex and produce 1-
phenyl-1-propanol in higher yields and enantioselectivities
than those obtained by only using the ligand 1e or activators
(2d-20) themselves. The best combination discovered was
1e/2i, which was further optimized by lowering the reaction
temperature to —78°C (99 % ee, quantitative yield). Under
the optimized conditions, 1e/2i proved to be extremely ef-
fective and enantioselective (up to 100 % yield and 99 % ee)
for the addition of diethylzinc to a range of aldehydes (3)
(Scheme 4).'%
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Scheme 3. Libraries of chiral ligands (1a-e) and chiral activators (2a-

20).

i), ii)

RCHO + ZnEt,

100% (99.0% ee) 100% (97.0% ee)

CIOCHO tBu@CHO

99% (96.4% ee) 100% (99.0% ee)

“ Oroe

93% (91.5% ee) 97% (93.0% ee)

OH
R

4

Ros®

100% (98.5% ee)

100% (93.8% ee)

98% (82.2% ee)

Scheme 4. Asymmetric addition of Et,Zn to aldehydes in the presence of
1e/2i to provide the secondary alcohols: i) 10 mol % of 1e/2i; in CH,CL,/

hexane, —78°C to —20°C; ii) H,O.
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Ding and co-workers found that the catalyst prepared by
combination of (R)-BINOL (1a) with diimine 2d in the
presence of ZnEt, could promote the hetero-Diels—Alder
(HDA) reaction between Danishefsky’s diene and benzalde-
hyde at 0°C to give (S)-2-phenyl-2,3-dihydro-4H-pyran-4-
one (Scheme 5) in good yield and moderate enantioselectivi-

OMe
=
= - 0O
—Si-0 o Ph
/ 5
up to >99% yield
98.7% ee
iii), iv) o
PhCHO * EtoZn _— Ph/'\/
up to 88% yield
A 94.5% ee
Br Ar. Br Ar
O, hon QX
p N,[R > "\\NIPh
Zn n
> /0
Jd N R d N7 Ph
J J
Br Ar Br Ar

Ar = 2,4,6-Me3Ph
6 6*

Scheme 5. Asymmetric catalysis of HDA and diethylzinc addition reac-
tions by using activated zinc catalysts: i) 10 mol% of 6; ii) CF;CO,H;
iii) 10 mol % of 6*; iv) H,O.

ty (63.6% ee).""! On the basis of this leading result, a library
of activated catalysts was set up to further improve the
enantioselectivity of the reaction by tuning the steric and
electronic modifications in the diol ligands and diimine acti-
vators through a parallel combinatorial approach. Accord-
ingly, a library of chiral diol ligands (with 12 members), in-
cluding commercially available or easily prepared BINOL
and biphenol derivatives, and a library of diimines (with
20 members), derived from enantiopure 1,2-diaminocyclo-
hexane, were created. High-throughput screening of the
chiral Zn catalyst library (240 members) generated by as-
sembling the members of diol ligand and diimine activator
libraries with Zn showed that all of the catalysts could pro-
mote the HDA reaction of benzaldehyde with Danishefsky’s
diene at 0°C to give the desired product 5. It was found that
complex 6 containing a variety of diimine activators is par-
ticularly effective for the reaction, affording adduct S in up
to quantitative yield and 94.2% ee. Under the optimized
conditions (—20°C), adduct 5 could be obtained in quantita-
tive yield with up to 98.7 % ee.['*!

As an effort to explore such a catalyst that can be used to
catalyze two distinct asymmetric reactions, the combinatori-
al approach was again employed to further optimize the ac-
tivated Zn catalysts 6 for diethylzinc addition to benzalde-
hyde (Scheme 5). After screening, the complex 6*, contain-
ing activator 2i, was the best catalyst for diethylzinc addi-
tion to benzaldehyde and afforded (S)-1-phenyl-1-propanol
with 72% ee at 0°C. The enantioselectivity of the reaction
could be improved to 94.5% at a lower reaction tempera-
ture (—20°C) (Scheme 5). Reexamination of catalyst 6* for
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HDA reaction of benzaldehyde and Danishefsky’s diene at
—20°C resulted in the formation of (R)-5 with 97.4% ee and
quantitative yield. Therefore, this catalyst system provides
an excellent opportunity to conduct two asymmetric reac-
tions in one pot using a single catalyst. Two dialdehydes,
terephthalaldehyde and isophthalaldehyde (7), were then
submitted as the substrates to sequential asymmetric HDA
reaction and diethylzinc addition to generate dihydropyra-
none and secondary alcohol moieties in one substrate
(Scheme 6). The HDA reactions were first carried out in the

0 Ro
//<H i), i), i) s \—//Q
\_7 » O

82-92% yield
7 8

95.9-97.0% ee
95.0% de
Br Ar\l
O'O |
O\ /N,,v Ph
/Zn‘
e o
Br Ar

6*

Ar = 2,4,6-Me3Ph

Scheme 6. Sequential asymmetric catalysis of a hetero-Diels—Alder reac-
tion and diethylzinc addition by using a single catalyst: i) 10 mol % of 6*,
1.1 equiv of Danishefsky’s diene, —20°C, 30h; ii)3 equiv of Et,Zn,
—20°C, 24 h; iii) CF;CO,H.

presence of 10 mol% of 6* for 30 h at —20°C in toluene,
and then three equivalents of diethyl zinc were introduced
to continue the second step asymmetric addition, under the
same experimental conditions without workup of the first
HDA reaction product. As shown in Scheme 6, two asym-
metric reactions proceeded efficiently and selectively to give
product 8 in 82-92 % yields with 95.9-97.0% ee and 95.0 %
diastereoselectivity.'"! This research clearly demonstrated
the ability of a single catalyst to promote two distinct enan-
tioselective reactions in one pot, which might provide a new
direction to the design of chiral catalysts for asymmetric
synthesis.

Recently, Ding and co-workers have also demonstrated
the discovery of a group of highly efficient chiral tridentate
titanium catalysts for the HDA reaction of Danishefsky’s
diene and a variety of aldehydes through ligand and additive
diversity."”? The research was inspired by a serendipitous
discovery that the presence of benzoic acid could dramati-
cally improve the activity and enantioselectivity of the HDA
reaction catalyzed by the titanium/(S)-9a complex. On the
basis of this observation, a library of tridentate Schiff base
ligands 9a-v (Scheme 7) with 22 members and a library of
acid additives with 36 components were set up. In principle,
792 (22x36) different catalysts could be made from the
combination of chiral ligands and acid additives in the pres-
ence of titanium isoproxide. However, to control the num-
bers of the catalysts synthesized and screened, a representa-
tional search strategy"® was employed.

The catalysts prepared from the ligand library (S)-9a-v
were first screened in the presence of benzoic acid and 4 A
molecular sieve (MS) (with a molar ratio of 9/Ti(OiPr),/

www.chemeurj.org  Chem. Eur. J. 2004, 10, 28722884
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Scheme 7. A library of tridentate Schiff base ligands.

PhCO,H/benzaldehyde =0.2/0.1/0.05/1). The best results
(ee =85-91 %) were obtained using ligands (S)-9a, (5)-9e-h
and (S)-9 m, which displayed a reduced steric hindrance at
the ortho-position of the phenol group. Subsequently, a li-
brary of 36 carboxylic acid additives, including aromatic, ali-
phatic, salicylic, amino acids, and others, was then screened
to improve the enantioselectivity of the (S)-9a/Ti-catalyzed
HDA reaction. While achiral carboxylic acid could improve
the enantioselectivity in many cases, the best additive
turned out to be a chiral carboxylic acid, (S)-(+)-2-(6-
methoxy-2-naphthyl)propionic acid (Naproxen, 10), and as a
result, quantitative yield and 97 % ee of the product could
be obtained. To combine the advantages of these two as-
pects, the catalysts prepared by combination of the superior
Schiff base ligands ((S)-9a, (S)-9e-h and (S)-9m) with
Ti(OiPr), and the best additive 10 in the presence of 4 A
MS were finally evaluated for the reaction at room tempera-
ture. It was found that the catalysts derived from (S)-9a and
(5)-9e-h showed excellent activity and enantioselectivity for
the reaction of Danishefsky’s diene and benzaldehyde, af-
fording the product in quantitative yields and 93.5-
96.9% ee. The scope of the reaction was then investigated
on a variety of aldehyde substrates using ligands (S)-9a and
(5)-9e-h in combination with 10 as an additive in toluene in
the presence of 4 A MS at room temperature. Good to ex-
cellent enantioselectivity and yield of 2-substituted 2,3-dihy-
dro-4H-pyran-4-ones (11) were obtained for all substrates.!"”!
Moreover, the interesting chemistry, such as dramatic activa-
tion effect of carboxylic acid and strong positive nonlinear
effect, discovered in this catalyst system also lead to the fur-
ther studies on the insight into the reaction mechanism!'"
and development of a type of highly efficient and enantiose-
lective dendritic catalysts for HDA reaction.'*®! The impor-
tance of these contributions might exceed that of discover-
ing the enantioselective chiral catalysts by a combinatorial
approach itself (Scheme 8).

Chem. Eur. J. 2004, 10, 2872 -2884 www.chemeurj.org
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Scheme 8. Development of a group of chiral tridentate titanium catalysts
for HDA reaction of Danishefsky’s diene and aldehydes through ligand
and additive diversity: i) 10 mol % of Ti complex, 5 mol % of 10; ii) CF;-
CO,H.

Engineering the Catalyst Library for
Enantioselective Addition of Diethylzinc to
Aldehydes with Racemic or Achiral Ligands

In the enantioselective addition of diethylzinc to aldehydes,
the asymmetric amplification is well recognized to be a con-
sequence of an in situ increase in the ee value of the active
catalyst, since a racemic ligand is trapped in the more
stable, unreactive meso-species.'Y In principle, if racemic li-
gands are used alone, the reaction will definitely give a race-
mic product. The addition of an alternative nonracemic ad-
ditive (which should be cheap and easily available) to the
racemic catalyst may enantioselectively generate a new spe-
cies of dinuclear zinc complex with one enantiomer of race-
mic ligand through “non-self-recognition”!*! to release the
opposite enantiomer of catalyst for asymmetric catalysis

(Scheme 9).[*
Library of chiral I
Library of racemic | Et,Zn additives
amino alcohols nonself recognition

OH
Ph Nonracemic
products

Library of catalysts
with (+) NLE

Asymmetric

PhCHO reaction
+

Et,Zn

Scheme 9. Asymmetric catalysis with racemic amino alcohols in the pres-
ence of nonracemic additives.

To exemplify this strategy, Oguni’s racemic amino alco-
hols”Y were chosen to carry out asymmetric catalysis by
adding nonracemic additives. Thus, a library of five racemic
amino alcohols (12a—e, Scheme 10) and a library of optically
pure amino alcohols (13a-m, Scheme 10) were prepared.
The combined use of 10 mol% of racemic amino alcohols
((12a—e) and 5 mol % of optically pure additives (13a-m) in
the presence of diethylzinc afforded a chiral catalyst library
of 65 members, which were then evaluated with HPLC-CD
technique described above. It was found that 131 and 13m
showed significant synergistic effect on the enantioselectivity
of the reaction. For example, with only 13 m (5 mol %) as a
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pp 70 pp Ph pp Ph pp Ph

13h 13i 13 13k
Scheme 10. Racemic (12) and enantiopure (13) ligand libraries employed for generating the chiral catalyst
library.
chiral inducer, (R)-1-phenylpropanol was obtained in

15.6 % ee. However, the addition of racemic 12a or 12b
(10 mol %) to the 13 m-catalyzed reaction system resulted in
the formation of S product in 65.8% and 70.4 % ee, respec-
tively.”"

The reactions catalyzed by the better combinations, 12a/
131, 12b/131, 12a/13m, and 12b/13m, were further opti-
mized by decreasing the reaction temperature to —20°C and
—40°C. (S)-1-Phenylpropanol could be obtained with up to
92.7% ee and in >95% yield under the catalysis of 12a/
13m at —40°C. Catalyst combinations 12a/131, 12b/131,
12a/13m, and 12b/13m also proved to be effective for the
ethylation of a variety of aldehydes under the optimized
conditions with 81-92.7% ee (Table 1). Both the research on
the nonlinear effect in the catalytic systems and that on ki-
netic behaviors of catalyst combinations (S5)-13m/(R)-12a
and (5)-13m/(S)-12a supported the presence of non-self-re-
cognition between 12 and 13, which demonstrated possibility
to carry out the asymmetric reactions with a racemic ligand
in the presence of optically pure additive through non-self-
recongnition between them.”!

As we mentioned above, Mikami and co-workers have de-
monstarted that enantiopure [Zn(3,3’-Ph,-BINOLate)] spe-

Table 1. Enantioselectivities for the ethylation of aldehydes with the cat-
alysis by racemic 12 in the presence of optically active 13: parallel screen-
ing of matched substrate/catalyst pairs.

12713 OH
RCHO + EtyZn R/l\/
CH,Cly/hexane
R 12a/131 12b/131 12a/13m  12b/13m
1 Ph (a) 86.0 86.1 92.7 90.6
2 p-CIC¢H, (b) 69.9 823 84.6 92.1
3 m-MeCgH, (c) 85.7 81.0 90.1 87.3
4 p-MeOGH, (d) 875 90.3 90.0 91.4
5 trans-CqH,CH=CH (e) 67.7 82.3 69.4 69.4
6 0-MeOC4H, (f) 69.8 76.7 74.5 86.3
7 ferrocenyl (g) 81.9 90.6 91.7 72.9
8 p-Me,NC¢H, (h) 23.6 55.6 36.2 81.0
9 a-CyH, () 69.9 722 69.3 86.3
10 p-MeGeH, (j) 747 80.0 82.4 80.0
11 m-MeOC¢H, (k) 79.2 80.7 76.9 76.4
12 p-BrCH, () 76.6 73.6 82.7 79.5
13 trans-MeCH=CH (m) 78.3 84.4 80.7 84.4
[a] 0°C.
2878

st SOl

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

cies could be activated with
enantiopure diimine ligands
to form very efficient and
enantioselective catalysts for di-
ethylzinc addition to alde-
hydes."¥ Inspired by this find-
ing, Walsh and co-workers re-

we O
~OH °N
H

OH

13f 139 cently reported that achiral di-
imine or diamine ligands could
NH, Ph act as the activators as well in
OH N Ph . 22

Ph N on the same catalytic system.
Ph The achiral and meso ligands

131 13m

that have been screened fall
into Six distinct classes
(Scheme 11):

1) Achiral diimine ligands that do not generate additional
chirality on binding to tetrahedral metals (14a-g).

2) Diimine ligands with meso backbones that have chiral
conformations (15a-g).

3) Achiral diimine ligands with backbones that become ax-
ially chiral on coordination to metal centers (16 a—f).

4) Achiral diamine ligands that do not form stereocenters
on coordination to metal centers (18 a-d)

5) Achiral diamine ligands that form stereocenters on coor-
dination to metal centers (19 a—d)

6) Achiral diamine ligands with pendant groups that have
axially chiral conformations (17 a-d).

Thus, employing (5)-3,3’-Ph,-BINOL ((S)-1e) and a series
of achiral diimine and diamine activators in asymmetric ad-
dition of diethylzinc to benzaldehyde, the enantiomeric ex-
cesses of 1-phenyl-1-propanol between 96% (R) and 75%
(S) have been achieved (Scheme 12), while only 44 % ee (S)
of 1-phenyl-1-propanol was obtained in the absence of achi-
ral activator under the experimental conditions. Additional-
ly, the research on the reaction mechanism has also provid-
ed insight into the structure and reactivity of these highly
enantioselective and efficient Lewis acid catalysts, which
supported the original concept (Scheme2) proposed by
Mikami and co-workers.™!

Engineering the Catalyst Library through Homo-
and Heterocombination of Two Ligands with Metal
Ion: Discovery of Exceptionally Efficient Catalysts

for Enantioselective Reactions

Although selectivities of >95% ee have been achieved in
many catalytic enantioselective reactions, a major drawback
of the existed catalytic systems has been their high catalyst
loading [substrate/catalyst (S/C) usually < 50].”! Therefore
the need for truly efficient and practical synthesis has been
one of the greatest challenges for synthetic chemists. Ding
and co-workers have recently described the development of
exceptionally efficient enantioselective catalysts for solvent-
free hetero-Diels—Alder reaction by high-throughput screen-
ing of dynamic combinatorial libraries of chiral titanium
complexes. On the basis of the “asymmetric activation” con-
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14a: R = R' = H, Ar = 1-naphthyl
14b: R = R' = H, Ar = 2-naphthyl r

14c: R = R' = H, Ar = 9-anthyl (IN

14d: R=R'=H, Ar = 2,6-Cl,Ph
N
{

Ar

14e: R =R'=H, Ar = 2,4,6-Me3Ph

§ 14f: R = Me, R'= H, Ar = 2,4,6-Me3Ph
AT 14g:R=R'= Me,Ar = 2,4,6-MesPh Ar
Ar 16a: Ar = Ph Ar
J 16b: Ar = 1-naphthy r
N 16c: Ar = 2-naphthyl Ph 4N
N 16d: Ar = 9-anthyl I
O 3 16e: Ar = 2,6-Cl,Ph Ph” N
AT 16f Ar=2,4,6-MesPh §
Ar
NR, NRz NR, Ph._NR, NR,
™
NR, NRz Ph” NR, NR;
17a 17d

O

Scheme 11. Achiral diimine and diamine activator library.

i), ii) OH
PhCHO +  EtyZn Ph)\/
ee: 96% (R)-75% (S)
904
OH  s)1e
o

Ph

Scheme 12. Asymmetric diethylzinc addition to benzaldehyde catalyzed
by [Zn{(S)-3,3’-Ph,-BINOLAate}] with the activation of achiral diimine or
diamine activators: i) 10 mol % of (S)-1e/14-19, ii) H,O.

cept,’! a dynamic combinatorial coordination chemistry

strategy™®! was applied to the creation of chiral catalyst li- HO\[CONG

brary by combining a diol ligand (L,,) with Ti(OiPr), and an

HO"

mixtures depends on thermody-
namic factors. Therefore, the in
situ selection of a highly reac-
tive (and selective) metallic
complex from a variety of ther-
modynamically dictated assem-
blies by substrate will lead to
the highly enantioselective
asymmetric catalysis.**!

A diol ligand library contain-
ing 13 members (Scheme 14)
was then set up and employed
for creating the catalyst library

15a: Ar = 1-naphthyl
15b: Ar = 2-naphthyl
15c¢: Ar = 9-anthyl
15d: Ar = 2,6-Cl,Ph
15e: Ar = 2,4,6-Me;Ph

15f: Ar = 2,6-Cl,Ph
15g: Ar = 2,4,6-MezPh

18a:n=0,R=H .

18b:n=0, R = Me according to the strategy shown
18c:n=0, R = Et in Scheme 13. Thus, a catalyst
18d:n=1,R=Me

library containing 104 members

19a: R = 2,4,6-Me;PhCH, could be formed, which were

19b: R = Me3C then evaluated for the reaction
19¢: R = PhyC of Danishefsky’s diene with
19d: R = Ph,CH Y

benzaldehyde by using high-

throughput chiral HPLC techni-

que. The best combinations
identified from the screening were 20e/Ti/20e and 20e/Ti/
20 f, which afforded the HDA products in very good yields
and excellent enantiomeric excesses. The reactions of a vari-
ety of aldehydes, including aromatic, olefinic, and aliphatic
derivatives, with Danishefsky’s diene promoted by the best
catalysts (20e/Ti/20e and 20e/Ti/20f) with only 0.1-
0.05 mol % of catalyst loading were found to be highly re-
producible, with up to quantitative yield and >99% ee
(Table 2). Generally speaking, the catalyst generated by het-
erocombination of 20e and 20f demonstrated better per-

Cl

Ph

o)

SeMgs

COM
alternative diol ligand (L,) in parallel style as shown in 2ve oph ‘ OH OO OH OO
Scheme 13. Every member of the library, L, /Ti/L,, is actual-
ly a mixture of titanium complexes (a smaller library of tita- 208 20b 200

nium catalysts), because of the ligand diversity and aggrega-
tion feature of titanium complexes.””! These molecular as-
semblies form spontaneously, and the composition of the

A N ¢ & e
Lo LoLoM LOL1M LOL2M .. LOLnM 20f 20i
L LiLM LiLoM
- oo rillos
OH OH OH
OH OH OH
; e (LT OO
Br O SPh
20j 20k

Scheme 13. The strategy for generation of a chiral catalyst library
through self-assembly of two-component chiral ligands with titanium(iv).
L=diol ligand, L, means no ligand is added. M =Ti.
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o
I

Br. Br
I ) o OO
Qe

Br Br

Scheme 14. Chiral ligand library employed for creation of a chiral cata-
lyst library.
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formance than that by homocombination of 20e itself. Par-
ticularly, in the cycloaddition of furfural to Danishefsky’s
diene, 0.005 mol % of 20e/Ti/20 f could promote the reaction
smoothly to give the corresponding cycloadduct in 63 %
yield with 96.3 % ee. Therefore, the present catalytic system

Table 2. Solvent-free asymmetric HDA reaction of aldehydes with Danishefsky’s diene.

and the enantioselectivity of the reaction; this implies that
an increase in Lewis acidity of titanium complexes might be
a key point for achieving high efficiency and enantioselectiv-
ity in a carbonyl ene reaction. Accordingly, a second-genera-
tion library of chiral ligands with various electron-withdraw-
ing groups (such as Br, I, CF;)
at the 6,6’-position of BINOL
(Scheme 15) was set up. As ex-

OMe
- (1) Ti catalyst ) pected, the catalyst library, gen-
RCHO + | 2 orcoon O . erated by either homo- or het-
3 —Sit0 3 1 erocombination of chiral li-
i gands shown in Scheme 15 with
20e/Ti/20e 20¢/Ti/20 £ titanium isopropoxide, demon-
R ];;)admg Thlme Ylf/ld e; I;;’admg Th‘me 3({)/1eld ef/ strated excellent enantioselec-
%] [h] %] %] [%] [h] %] %] tivity (>94.9 ee) under nearly
Ph 0.05 24 >99 99.3 0.05 24 82 99.4 solvent-free conditions, even
p-MeOCH, 0.05 48 >99 90.8 0.05 48 >99 98.0 h h th 1 loadi
m-MeOC,H, 0.05 48 81 966 005 48 8.6 99 though the catalyst loading was
0-MeOC,H, 0.05 48 95 75.1 0.05 48 >99 9s5.1 reduced to 0.01 mol% (the sol-
3-PhCH,CH, 0.05 96 >99 97.9 0.05 96 >99 98.3 vent volume involved in the
Trans-PhCH=CH 0.1 9% 82 984 005 9% 566 966 catalyst system was only ca.
2-furanyl 0.05 48 >99 99.2 0.05 48 >99 99.7 13% of the whole svstem in
2-furanyl 0.01 96 37 94.7 0.01 96 >99 97.7 70 o)
2-furanyl 0.005 144 63 96.2 these cases! ) The catalysts
m-MeCgH, 0.1 48 95 98.5 0.05 48 92 99.5 formed by homocombination of
a-CyoH;, 0.05 48 55 85.6 0.05 48 65 985 20m or heterocombination of
p-NCC,H, 0.1 48 >99 92.9 0.05 48 98.4 97.9 20n with 200 with titanium iso-
m-BrCsH, 0.1 48 >99 97.4 0.05 48 98.3 97.6 id f d b
p-BrCsH, 0.05 48 >99 98.0 0.05 48 >99 98.4 pmﬂ“‘eW”eom]tP ¢ Su-
p-CICH, 0.05 48 >99 912 0.05 48 >99 99.1 perior to other combinations,
p-O,NCH, 0.05 48 >99 97.3 0.05 24 >99 994  affording a-hydroxy ester 22a

provides an attractive protocol to various optically active di-
hydropyrones in terms of following features:

1) The chemicals are all inexpensive and easily available.

2) The protocol has a broad scope of substrates.

3) The reaction shows enhanced enantioselectivity when
the amount of catalyst is reduced.

4) The reaction is environmentally benign and energy-
saving, because of solvent-free and room-temperature
reaction conditions.

5) Exceptionally low catalyst loading (0.1-0.005 mol %) is
sufficient to achieve high yield and optical purity of the
products.

As a continuous effort for development of practical asym-
metric catalysis of organic reactions, Ding and co-workers
recently have successfully discovered two highly efficient
and enantioselective catalysts for a quasi-solvent-free car-
bonyl ene reaction using the similar strategy mentioned
above. The reaction of ethyl glyoxylate with a variety of ole-
fins (21) could be carried out using 0.1-0.01 mol % of cata-
lysts to give a-hydroxy esters (22) in good to excellent
yields with up to 99% ee.™ At the first stage of the screen-
ing, a ligand library containing ten diol ligands, including
20b-h, 20j-k, and (R)-3,3-Me,-BINOL, was employed for
generation of titanium catalyst library with 55 members.
After a quick screening, it was found that the modification
of diol ligand at 6,6'-positions of BINOL with Br (20 g) is
quite effective for the enhancement of both the reactivity
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with 97.1% and 97.7% ee, re-
spectively.

Br.
)
™
Br

20d 20g

I FsC
e U
e ™

I FsC

20n 20

(]

Scheme 15. A small (but focused) library of diol ligands for carbonyl ene
reaction.

It was found that both 20n/Ti/20n and 20n/Ti/200 were
highly efficient for the reactions of a variety of 2-arylpro-
penes (21a-d), including derivatives substituted with elec-
tron-withdrawing or electron-donating groups (Table 3). The
olefin substrates could be also extended to cyclic system
(21e-f), affording excellent enantioselectivities in the reac-
tions of ethyl glyoxylate with methylenecyclopentane (21e)
and methylenecyclohexane (21f), and the product 22e was a
key intermediate for the synthesis of a collagenase-selective
inhibitor.’® In the case of benzocyclic olefin substrate 22 g,
the corresponding o-hydroxy esters 22 g could be obtained

www.chemeurj.org  Chem. Eur. J. 2004, 10, 28722884



www.chemeurj.org



Catalyst Engineering and Screening

28722884

Table 3. Enantioselective ene reactions between ethyl glyoxylate and representative olefins under nearly sol-

vent-free conditions at 0°C.

0
ArJLMe * HJ\gOEt Ar

21a-d
21a: Ar=CgHs
21b: Ar = 4-CICgH,4

Zzac-)d
22a: Ar = CgHsg
22b: Ar = 4-CICgH4

observed by using two different
phosphonites, whereby one
OEt component bears a small sub-
stituent R at the phosphorus
center ((R)-23a, R=Me) and
the other is characterized by

g:gi‘ﬁri 1-2?46}234H ggg ':fii-z%s'é‘tH steric bulk ((R)-23¢, R=
FAr= At FAr= Asbet ¢-CgH,, and (R)-23d, R=

o OH C(Me);). Although heterocom-

+ H)H(OEt —_— S OFt binations of the phosphite

In o 0 series ligands ((R)-24a-g) did
z:ejf o " 22ef not afford improvement of
21 n=1 22?:'”” ;10 enantioselectivity, the proper

21g: 22g: O

OH
. OEt

combination of phosphonites
(R)-23 and phosphites (R)-24
could significantly enhance the

o)
enantioselectivities (Table 1, en-
Olefin Product Catalyst Time Yield ee tries 13—16).
o, 0, [

(mol %) (h] %] [%] Subsequent examination of
21a (R)-22a 20n/Ti/20m (0.1) 48 98 982 the heterocombination strategy
21a (R)-22a 20n/Ti/200 (0.1) 48 85 976 - the hvdrogenation of the N-
21a (R)-22a 200/Ti/20m (0.01) 72 76 972 ydrog
21a (R)-22a 200/Ti200 (0.01) 72 49 979 acylenamine 27a (Table 5) was
21b (—)-22b 20n/Ti/20m (0.1) 48 89 99.4  also successful. Heterocombina-
21b (—)-22b 2011/T?/200(0.1) 36 96 982 tion (R)-23a/(R)-23d with Rh
21c (+)-22¢ 20n/T¥/20n (0.1) 48 83 98.4 provided the significant im-
21c (+)-22¢ 20n/Ti/200 (0.1) 48 9% 98.4 ¢ oselectivi
21d (-)22d 200/Ti/20m (0.1) 36 ) 97.1 provement of enantioselectivity
21d (—)-22d 20n/Ti/200 (0.1) 36 >99 970 (96.1% ee (S)) for the forma-
21f (R)-22¢ 20n/Ti/20m (0.1) 24 >99 91.6 tion of chiral amine 28a rela-
;if Eg;'iif ig“?ggo Eg?;) 322; 33 Z;i tive to the respective homo-

g -22¢g n/Ti/20n (0. . s
21¢g (R)-22g 200/Ti/200 (0.1) 48 94 963 combinations (R)-23a/(R)-23a
(75.6% ee (S)) and (R)-23d/
in 94-97 % yields with 92.6-96.3 % ee. The reaction of ethyl M * b+ L MLyl + MLgl, + MLl
achiral chiral catalysts

glyoxylate with a-methylstyrene could be also conducted on
a 0.1 mol scale at 0°C employing 0.05 mol % of 20n/Ti/200
catalyst; the desired adduct 22a was generated in >99 %
yield and 95 % ee. To the best of our knowledge, this is the
lowest catalyst loading in Lewis acid catalyzed asymmetric
carbonyl ene reaction.?”

Reetz and co-workers recently reported the first use of
mixture of chiral monodentate ligands to generate a transi-
tion-metal complex library for asymmetric hydrogenation.*
The idea comes from recent significant achievement in
asymmetric hydrogenation with chiral monophosphorus li-
gands. Many examples for homocombinations [M(L),] using
2:1 molar ratio of chiral ligand and metallic ion are
known.””! However, in the cases of the use of two different
chiral ligands (L,,, L,), the mixture of all three catalysts may
well lead to enhanced enantioselectivity provided ML, L, is
more reactive and selective than either of the traditional
catalysts ML, L, or ML,L, (Scheme 16).

A series of BINOL-based mudular monophosphonites
23a—f and monophosphites 24a-h (Scheme 17) were utilized
as chiral ligands to creat a chiral Rh catalyst library for
olefin hydrogenation. The Rh-catalyzed hydrogenation of
the acetamidoacrylate (25) in dichloromethane was first
taken as the test reaction. As shown in Table 4, significant
improved enantioselectivities (entries 10-12) were indeed

Chem. Eur. J. 2004, 10, 2872 -2884 www.chemeurj.org
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precatalyst
L, Ly = chiral monophosphorus ligand

Scheme 16. Assembly of chiral catalysts using two different monodentate
chiral ligands.

P—R “p—oR
/

SN SON

23a: R=Me 24a: R=Me

23b: R=Et 24b: R=Et

23c: R=c-CgHqq 24c: R =c-CgHyy

23d: R =C(Me)z 24d: R=C(Me);

23e: R=Ph 24e: R = 9-fluorenyl

23f: R=Cl 24f. R=Ph

24g: R = CH(Me),
24h: R = 2,6-Me,Ph

Scheme 17. Modular monophosphonite (23) and monophosphite ligands
(24).

(R)-23d (13.2% ee (S)). This particular catalyst system was
also workable for the reaction of other substrates, such as
27b,c, affording the corresponding chiral amines 28b,c in
95% ee (S) and 97 % ee (S), respectively.
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Table 4. Selected examples of Rh-catalyzed aysmmetric hydrogenation
of 25.

o) 0
L e L
H3CO,C N [Rh(L),]BF 4 H3;CO,C H
25 26
Entry L, ee [%] (config.)

homocombinations

1 (R)-23a/(R)-23a 91.8 (S)
2 (R)-23b/(R)-23b 94.4 (S)
3 (R)-23¢/(R)-23¢ 92.0 (S)
4 (R)-23d/(R)-23d 93.3 (S)
5 (5)-24a/(S)-24a 76.6 (R)
6 (5)-24b/(S)-24b 83.6 (R)
7 (R)-24¢/(R)-24¢ 94.6 (S)
8 (5)-24d/(S)-24d 95.4 (R)
9 (5)-24e/(S)-24e 92.4 (R)
heterocombinations

10 (R)-23a/(R)-23¢ 97.9 (S)
11 (R)-23a/(R)-23d 97.8 (S)
12 (R)-23¢/(R)-23d 94.1 (S)
13 (R)-23¢/(R)-24a 96.4 (S)
14 (R)-23d/(R)-24a 98.0 (S)
15 (R)-23¢/(R)-24e 95.6 (S)
16 (R)-23d/(R)-24e 97.2 (S)

Table 5. Rh-catalyzed hydrogenation of N-acyl enamines 27.

N )Ok S )OJ\
Ar N [Rh(L),]BF4 Ar N
H H
27aAr=Ph 28aAr=Ph
27b Ar = 4-Cl 28b Ar = 4-Cl
27c¢ Ar = 2-naphthyl 28c Ar = 2-naphthyl
Substrate L, ee [%] (config.)
homocombinations
27a (R)-23a/(R)-23a 75.6 (S)
27a (R)-23d/(R)-23d 132 (S)
27¢ (R)-23a/(R)-23a 78.2 (S)
27¢ (R)-23d/(R)-23d <3.0 (5)
heterocombinations
27a (R)-23a/(R)-23d 96.1 (S)
27b (R)-23a/(R)-23d 95.0 (S)
27¢ (R)-23a/(R)-23d 97.0 (S)

Finally, the combinatorial search was also exemplified in
the hydrogenation of dimethyl itaconate using phosphonites
ligands (R)-23. Once again, the heterocombination (R)-23a/
Rh/(R)-23d was the best catalyst system among various
combinations, giving the corresponding product in 96.4 %ee
(R), while the homocombination of (R)-23a/Rh/(R)-23a and
(R)-23d/Rh/(R)-23d gave loweree values (90.2% and
57.3% respectively). It is noteworthy that the ee value re-
mained nearly constant at quantitative conversion with re-
duced catalyst loadings (S/C=6000, 95.8 %ee; S/C=20,000,
94.6 %ee). Therefore, the heterocombination (R)-23a/Rh/
(R)-23d can be considered as a promising catalyst system
for practical hydrogenation of dimethyl itaconate.

In a more recent work, Reetz extended the combinatorial
approach to the use of mixtures of chiral monodentate P li-
gands and achiral monodentate P ligands. The efficient
chiral Rh-complex catalysts for asymmetric hydrogenation
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of acetamidoacrylate (25) were obtained and reversal of
enantioselectivity was observed.”® After the disclosure of
Reetz’s research, Feringa reported the independent results
for f-amino acids synthesis with a similar approach and ob-
served improved conversion and enantioselectivity by heter-
ocombination of monodentate phosphoramidite ligands.*"
More recently, Feringa and co-workers have shown for the
first time that the ligand combination approach is applicable
for C—C bond formation. The chiral catalysts based on het-
erocombinations of monodentate phosphoramidite ligands
are found to be more effective than the homocombina-
tions.**!

Conclusion

We have attempted to show the principle and application of
the combinatorial approach in the discovery of chiral cata-
lysts for enantioselective reactions. The concept is focused
on the creation of modular chiral catalyst libraries by using
a two-component ligand-modification strategy on the basis
of molecular recognition and assembly. The self-assembled
chiral catalyst with two different ligands indeed exhibit a
synergistic effect in terms of both enantioselectivity and ac-
tivity in comparison with its corresponding homocombina-
tions in some cases. Enantioselectivity and efficiency can be
considered as two great challenges in asymmetric catalysis.
The combinatorial approach has demonstrated its possibility
in the discovery of highly efficient, enantioselective, and
practical catalysts for enantioselective reactions. The other
important point arises from this approach is that a question
of “How much have we missed over the years by not using
diversity-based approaches to catalyst discovery and optimi-
zation?” cannot be ignored any more. Accordingly, it makes
sense to consider the use of mixtures of chiral ligands in
asymmetric transition-metal catalysis, in spite of the fact
that the systems of this kind contain at least three different
catalysts or precatalysts. Therefore, this strategy has also
provided an excellent opportunity for discovery of new
“hits” from known chiral ligands.

Without question, an efficient asymmetric catalyst relies
on the successful combination of a large number of interre-
lated variables, including rational design, intuition, persis-
tence, and good fortune—not all of which are necessarily
well understood, which renders this practice largely empiri-
cal.?! As a result, the possibility of using combinatorial
chemistry methods in asymmetric catalysis research has
been widely recognized to be highly desirable. Therefore, it
can be expected more highly efficient and enantioselective
catalysts, as well as unexpected classes of catalysts or cata-
Iytic reactions will be discovered in the future with the help
of a combinatorial chemistry approach. We hope that the
concept described in this paper will stimulate further re-
search on the applications of a combinatorial approach in
asymmetric catalysis.
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Novel Methodologies for the Synthesis of Cyclic Carbonates
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Abstract: Cyclic carbonates are valuable compounds
that have applications in a variety of chemical fields.
Methodologies for the synthesis of cyclic carbonates are
well investigated in recent years, and the most success-
ful and popular procedure is the utilization of CO,. This
paper presents recent progress in the synthesis of cyclic
carbonates by a CO,-fixation process, which involves
novel palladium-catalyzed CO,-recycling reactions.

Keywords: carbon dioxide fixation - cyclization - domi-
Kno reactions - oxygen heterocycles - palladium )

Introduction

Cyclic carbonates are attractive and important compounds
in a variety of chemical research fields. Because of their
high solubility, high boiling and flash points, low odor levels
and evaporation rates, low toxicities, and biodegradability,
cyclic carbonates are utilized as aprotic polar solvents in de-
greasing, paint stripping, and cleaning."! Biologically active
molecules that contain a cyclic carbonate component have
also been isolated from various kinds of natural sources.”! In
addition, cyclic carbonates are regarded as useful and impor-
tant intermediates in organic synthesis, which can be used
for the protection of 1,2- and 1,3-diolsP! and the construction
of structurally complex molecules.!"*]

In accordance with an increase of the importance for
cyclic carbonates, synthetic studies for the formation of
cyclic carbonates have been thoroughly investigated.”’! One
of the most successful and popular procedures for the prepa-
ration of cyclic carbonates is the utilization of CO,.["! The
chemistry of CO, has recently received much attention be-

[a] Dr. M. Yoshida, Prof. Dr. M. Thara
Department of Organic Chemistry
Graduate School of Pharmaceutical Sciences
Tohoku University, Aobayama, Sendai, 980-8578 (Japan)
Fax: (+81)22217-6877
E-mail: yoshida@mail.pharm.tohoku.ac.jp
mihara@mail.pharm.tohoku.ac.jp

Chem. Eur. J. 2004, 10, 2886 —2893 DOI: 10.1002/chem.200305583

cause of its potential use as an abundant carbon source and
its indirect role as an environmental pollutant. The transfor-
mation of CO, into organic substances represents an attrac-
tive area of study in both organic and green chemistry.”]
Cyclic carbonates can be normally synthesized by the reac-
tion of CO, with oxiranes in the presence of various activat-
ing reagents. Although the methodology was developed
about fifty years ago,®! it normally needs high pressure of
CO,, high reaction temperature, and a stoichiometric
amount of activating reagents. However, recent advances in
chemistry have solved these problems to evolve to mild,
convenient, and eco-friendly reactions. Furthermore, a new
strategy for the cyclic carbonates that re-uses the CO, gener-
ated from the substrates has been discovered. Herein, we
describe recent progress in the synthesis of cyclic carbo-
nates, which includes a CO,-fixation process.

Discussion

Synthesis of cyclic carbonates by use of an external CO,
source: It is known that acid-base mixed catalysts that con-
tain metal complexes effectively activate the CO, and epox-
ides to afford cyclic carbonates.”) Recently, Kim and co-
workers reported the reaction catalyzed by zinc—pyridine
complex [ZnBr,(py),] (1), including a detailed study on the
reaction mechanism (Scheme 1).'! The complex 1 catalyzes
the reaction of ethylene oxide with CO, to give ethylene
carbonate in good yield with high efficiency. An active inter-
mediate 2 was first isolated from the stoichiometric reaction
of 1 with epoxide, and NMR studies with 2 revealed a rea-
sonable mechanism as follows. Coordination of epoxide to 1
followed by nucleophilic attack of pyridine leads to the for-
mation of dimer 2 at first. The insertion of CO, into 2 would
give the carbonate-bridged intermediate 3, and the coordi-
nation of an additional epoxide causes nucleophilic attack of
the carbonate followed by cyclization (4 to 5) to afford a
cyclic carbonate and a re-generated complex 2. In this reac-
tion, zinc bromide activates an epoxide ring as a Lewis acid,
and the pyridine group in complex 1 acts as both nucleo-
phile and ligand. Complex 2 exhibits similar reactivity as 1
in catalyzing the reaction, which supports this reaction
mechanism.
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Scheme 1. Synthesis of cyclic carbonates by [ZnBr,(py),]-

Kaneda reported a reaction with Mg-Al mixed oxides 6
as highly active acid-base catalysts (Scheme 2).'!/ The cata-
lysts 6, which are obtained by calcination of hydrotalcites,
effectively catalyze the fixation of CO, to various epoxides
to produce the corresponding cyclic carbonates. The cata-

5 atm of CO, 0
o] Mg-Al mixed oxides 6 P
Meo 4= DMF, 100 °C \3_/0
, MeO

>99% yield

R basm site b’

PN
}/ aC|d|c site \Q

YO ’>—R

N O /O\ /
Mg Al

8 ~_ 7

Scheme 2. Mg—Al mixed-oxide-catalyzed reaction of epoxides with CO,.

lysts are highly active and re-usable, and the reaction pro-
ceeds stereospecifically with retention of the configuration
of epoxides. The structure of 6 is proposed to have Mg-O-Al
bonds, which would bring about the formation of acidic and
basic sites on the surface of mixed oxides. The reaction
mechanism is considered as follows. The activation of CO,
and an epoxide is triggered by the Lewis basic oxygen sites
and Lewis acidic aluminum sites to form a carbonate and
coordinated epoxide species 7. The activated epoxide in 7
causes nucleophilic attack of the carbonate species followed
by cyclization of the resulting compound 8 to yield a cyclic
carbonate. The reactivity of physical mixture of MgO and
Al,Oj; is much less than that of catalysts 6; this implies that
the formation of the Mg-O-Al bond is important to create
acid-base sites.
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As another acid-base-catalyzed reaction, Nguyen has
found that the combination of the Cr-salen complex 9 with
DMAP (DMAP =4-dimethylaminopyridine) is also effective
catalyst for the synthesis of cyclic carbonates (Scheme 3).1'%!
The catalyst system can operate efficiently at low CO, pres-

Hd%}

5 atm of CO,
o] 1 mol % 9, DMAP

Me CH2C|2, 75 C
100% yield

Scheme 3. Cr-salen catalyzed reaction of epoxides with CO,.

sure and temperature, and the turnover number and fre-
quency (h™') are recorded over 900. The complex 9 or
DMAP itself does not catalyze the reaction at all, indicating
the parallel requirement of both Lewis acid activation of the
epoxide and Lewis base activation of the CO,. As the reac-
tion mechanism, it is proposed that the Cr—salen complex 9
reacts with CO, and DMAP to give the chromium carbonate
10. Complex 10 would then attack the chromium-epoxide
complex 11, in which epoxide is activated by another mole-
cule of 9, followed by cyclization (12 to 13) to afford the
cyclic carbonates.

It has been recently reported by Calé that tetraalkylam-
monium halide is a useful reagent to synthesize cyclic carbo-
nates (Scheme 4).%! Various epoxides react with CO, at an
atmospheric pressure in molten tetrabutylammonium bro-
mide to form the corresponding cyclic carbonates in high

0
0 1 atm of CO, L
Bn A Bu,NBr, 120 °C Q QP
90% yield Bn
-+
0 - O 'NBu, CO,
Br NBu, —— —_—
RA\—/ 4
R Br

14

o)
>—07 “NBu, i
(3_\‘) 0" "o + Br "NBu,

R Br R
15

Scheme 4. Synthesis of cyclic carbonaes in tetraalkylammonium halides.
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yields. The reaction product can be simply separated by dis-
tillation or extraction, which allows the recycling of the am-
monium halide. A plausible mechanism is the ring opening
of the epoxide by nucleophilic attack of bromide ion yield-
ing an oxy anion species 14. The corresponding cyclic car-
bonate is produced after the fixation of CO, by 14 and sub-
sequent cyclization of the resulting compound 15.

Tonic liquids are recognized as environmentally benign
media for organic synthesis, and various reactions in ionic
liquids have been investigated. Deng reported a synthesis of
cyclic carbonates by electrochemical CO, activation in ionic
liquid 16 (Scheme 5).!! The reactive species is proposed to

1 atm of CO, 0
o] —2.4V vs. Ag/AgClI )L

/Q O O
Me [T\ ¢ - 16 > /
Me-NoN-g, ‘BF4 Mé
RT, 92% yield

Scheme 5. Fixation of CO, in electorchemical conditions.

be an anion radical of CO,, resulting from the one-electron
reduction of CO,; this should react with an epoxide to
afford the product. This electrochemical method can be per-
formed by gentle bubbling of CO, at room temperature
without any additional supporting electrolyte and catalyst.
Superecritical CO, (scCO,) is considered as an economical-
ly feasible and ecologically benign reaction medium for or-
ganic reactions; it has several advantages such as no flam-
mability, lack of toxicity, absence of a gas-liquid phase
boundary, and possible simplifications in workup. Kawanami
and Ikushima have reported that fixation of CO, in super-
critical conditions effectively proceeds to give cyclic carbo-
nates (Scheme 6).°1 Styrene oxide is successfully trans-

o}
o) $cCO,-DMF o )ko
- 78 atm pressure
Ph y/
150 °C, 85% vyield PH

Scheme 6. Synthesis of cyclic carbonates by supercritical CO,.

formed to the corresponding cyclic carbonate in scCO, with
DMF in good yield. DMF is necessary for carrying out the
reaction; this indicates that DMF itself catalyzes the fixation
of CO, to epoxides. Furthermore, it has been recently found
that the reaction in biphasic system of scCO, and ionic
liquid dramatically increases the reactivity.'¥! Various cyclic
carbonates are obtained in high yields, and the reaction
completes within five minutes.

Palladium-catalyzed fixation of CO, is also a useful
method for the synthesis of cyclic carbonates. The first ex-
ample using palladium catalyst was reported independently
by Fujinami and Trost; namely vinyl-substituted epoxides
react with an atmosphere of CO, at low temperature in the
presence of a palladium catalyst (Scheme 7).'") The inter-
mediate of the reaction has been proposed as the m-allylpal-
ladium intermediate 17, which fixes CO, to give vinyl-substi-
tuted cyclic carbonates via 18.
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1 atm of CO,
0.5 mol % [Pd(PPhj),]
0.5 mol % PPh,

X
0" o
THF, 0 °C, 96% yield L~
o)
w

>/ Pd°
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o

o

o \

s

o\' Pd" Pd’

N O

18~ < 7
co,

Scheme 7. Palladium-catalyzed reaction of vinyl epoxides with CO,.

Recently, Inoue and co-workers have reported that a pal-
ladium-catalyzed CO,-fixation reaction of allenic alcohols
19 with aryl halides affords aryl-substituted cyclic carbonates
20 (Scheme 8)."1 Tt has been proposed as the reaction
mechanism that a m-allylpalladium intermediate 22 is initial-

o]
/ 40 atm of CO, J
HO . 2 mol % [Pd(PPh),] o O
XAt Phl Ph
Me K,CO3, DMA, 100 °C  Me
Me 99% yield Me
19 20
o]
PN
o" o
Ar 0 ArX
Pd
Rﬁ )/V \Q
0 0O
Y \PE ArPdX 21
(0] = d
<
R Ar /
23 HO)T//.
o »
co, R>(R\I
Ar 22

Scheme 8. Palladium-catalyzed reaction of allenylic with CO,.

ly formed by the insertion of an allene moiety into the aryl-
palladium species 21. The complex 22 would be subjected to
the fixation of CO, followed by cyclization of the resulting
23 to produce the cyclic carbonate. Remarkably, cyclic car-
bonates containing a six-membered ring, which are difficult
to synthesize in comparison with the five-membered carbo-
nates, can also be synthesized by use of this methodology.
The authors also report that the similar reaction proceeds
when the 1,3-dienylalcohol is subjected to the reaction.!'

Synthesis of cyclic carbonates by use of internal CO, source:
As described above, all of the CO,-fixation reactions to pro-
duce cyclic carbonates have utilized an external CO, source
by carrying out the reactions under high or atmospheric
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pressure of CO,. However, an excess amount of CO, is re-
quired in any case; this is less efficient from a viewpoint of
atom economy. As an alternative CO, source, it is expected
that one could utilize CO, generated from decarboxylation
reaction. Decarboxylation is a well-known reaction in which
organic molecules reduce CO, by activation with heat, light
and catalysts. Numerous reactions to cause decarboxylation
are known, but no examples exist in which the eliminated
CO, is incorporated into the product molecule. We have re-
cently devised a new reaction, termed “recycling of CO,”
(Figure 1). In this concept, a substrate bearing a CO, com-

(N

COst —1— —-rL ‘ COy
substrate transformation product
O, —
elimination fixation

Figure 1. Concept of “recycling of CO,”.

ponent initially undergoes catalyst-promoted decarboxyla-
tion to give an intermediate and CO,. Reaction of the inter-
mediate with CO, affords a product incorporating CO,. This
concept has been used to develop a new CO,-recycling pro-
cess as part of a novel methodology for the synthesis of
cyclic carbonates.

It is known that propargylic carbonates undergo decar-
boxylation with a palladium catalyst to generate allenyl/st-
propargylpalladium complexes, which react with nucleo-
philes to give substitution products. On the basis of this cat-
alytic process, we have discovered a palladium-catalyzed
CO,-elimination/fixation reaction of propargylic carbonates
with phenols (Scheme 9)." The reaction of 4-methoxycar-
bonyloxy-2-butyn-1-ol (24) with phenols in the presence of a
palladium catalyst under an atmosphere of argon in a closed
tube produces a phenoxy-substituted cyclic carbonate 25. A
plausible mechanism for the formation of cyclic carbonate is
considered as follows. The palladium catalyst initially pro-
motes decarboxylation of the substrate to generate CO, and
the allenylpalladium 26, which can be regarded as a sw-prop-
argylpalladium species 27. The complex 27 undergoes nucle-
ophilic attack by phenoxide to produce the m-allylpalladium
intermediate 28, which fixes CO, to afford the carbonate 29.
Subsequent cyclization of 29 gives the phenoxy-substituted
cyclic carbonate. The reaction under an atmosphere of CO,
increases the yield of the products, and the reaction under
bubbling argon gas decreases the yield. From these results,
it has been supported that the process proceeds through a
pathway involving decarboxylation followed by fixation of
the liberated CO,.

The methodology can be successfully applied to three-
component decomposition/re-construction reactions
(Scheme 10).1"%2 The substrate 30, which contains latent nu-
cleophilic phenolic moieties as part of the carbonate leaving
groups, transforms to the corresponding cyclic carbonate 31
in the presence of a palladium catalyst. In this reaction, the
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(0]
HO O OMe O)ko

\_J
5mol % [Pd,(cba)g} CHCl, U \WOPMP
25

20 mol % dppe, dioxane,

24 under argon in sealed tube,
RT, 89% yield
PMP = p-methoxyphenyl
(@]
I HO OCOMe
o Yo R)&/
R/\—KWOAr R
R y P
Oy 0 Ho 7
O pyr R R Pd MeO™
R R Oar 26
29 CO,
e} \><—P o Pd* MeO™
AR Oar . HOS A
28 AQ R R
27
MeOH ArOH

Scheme 9. Palladium-catalyzed reaction of propargylic carbonates with
phenols by a CO,-elimination/fixation process.

(0]
OPMP )]\
HO 0 5 mol % [Pd,(dba)s]-CHCl o 0
— (e} 20 mol % dppe OPMP
dioxane, RT
30 31 99% yield
Pd*
HQ OCOAr  cat Pd°
H: — — -+ |HO P +CO, +ArO —
R elimination W 2
R R R 32

O
O)LO
H
re-construction WOAr
R R

Scheme 10. Three-component elimination/re-construction reaction of
propargylic carbonate aryl esters.

substrate decomposes to yield three components, m-propar-
gylpalladium 32, phenoxide, and CO,, which then re-com-
bine to form cyclic carbonate. Crossover experiments using
two kinds of substrates that have different substituent pat-
tern reveals that the phenoxide ion completely dissociates
from the propargylic moiety.

We have also found a diastereoselective version using
nonsymmetrical propargylic carbonates. (Scheme 11).2%) The
palladium-catalyzed reaction of the substrate 33 with p-
methoxyphenol diastereoselectively produces the cyclic car-
bonate trans-34. It is expected that the transition state in the
cyclization step would be the conformationally more stable
n-allyl intermediate 35, leading to the trans product.
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Ji
HO OCOMe @OMG |L
= A OPMP
5mol % [Pdy(dba)s} CHCLs, H Cy
Ph 20 mol % dppe, dioxane, Ph
33 under argon, 50°C trans-34 58% yield

(0]
ool
RS\\\V\EQH OAr

trans

OYOE),Ar
0
rer b
R, HP
35

Scheme 11. Diastereoselective construction of cyclic carbonates.

Although many examples of the synthesis of cyclic carbo-
nates have been reported, only a few examples about the
application to asymmetric reaction are known.!! We have
succeeded in the enantioselective synthesis of cyclic carbo-
nates by using chiral palladium catalysts (Scheme 12).2%
High enantioselectivities have been achieved to give chiral
product (R)-37 from the reaction of the substrate 36 and 1-
naphthol in the presence of a palladium/(S)-BINAP catalyst.
The presence of bulky substituents at the -position of the
alkyl side chain increases the enantioselectivities, and the
chemical yields are increased by carrying out the reactions
under an atmosphere of CO,. Absolute stereochemistry in
this process would be determined in the step involving cycli-
zation of the m-allylintermediate, in which the reaction takes
place via the most stable transition state 38 to provide the R
product.

We have also discovered that the reaction of chiral prop-
argylic carbonates with phenols proceeds in a highly enan-
tiospecific manner to give chiral cyclic carbonates by an
overall cascade chirality-transfer process (Scheme 13).%
The alkyl-substituted chiral propargylic carbonate (S)-39
with 98% ee reacts with p-methoxyphenol in the presence

2
HO OCOMe o ol
..... / VLo
/ﬂ ) Cy **H
& mal % [Pda(dba) CHCI
| 20mal % (SHBINAF,
Cy 4A MS, under 1atm of GOy Cy
36 dioxane, 50 °C (R)-37
B8% yield, 93% ee
Ar = 1-naphthyl
) ]
ke 0 JL

oll.

H

-

a)ﬁ

ArO

3B R

Scheme 12. Enantioselective reactions of propargylic carbonates with
phenols catalyzed by a PA/BINAP complex.

of a palladium/dppe catalyst to produce chiral cyclic carbo-
nates (Z,S)- and (E,R)-40 in 64% and 17 % yield, respec-
tively. The (E)- and (Z)-selectivity of the products can be
controlled by choice of the phosphine ligand. It is worth
noting that the optical purities of both products are 98 % ee.
A plausible mechanism for this process is shown as follows.
Regio- and stereoselective anti Sy2' attack of a palladium
catalyst on propargylic carbonate takes place to yield the
chiral m-propargylpalladium complex 42 via 41, which is fol-
lowed by selective addition of phenol to the central carbon
of m-propargyl moiety to form the chiral palladacyclobutene
43. The complex is immediately converted to the allylpalla-
dium complex 44 by intramolecular proton transfer without
loss of the chirality, and then delocalized to afford m-allyl-
palladium complexes 45 and 46. Finally, CO, fixation fol-
lowed by cyclization from these complexes via 47 and 48
produces the E,R and Z,S cyclic carbonates, respectively.

X X
HO 0CO,Me HO@OMS 0" o oo
_ H H
e T ={H o OPMP + Et)r?,,, OPMP
Et  Pen  5mol%PddbakICHCl, Et 3
20 mol % dppe, dioxane, p P
(S)-39 (98% ee) under 1 atm of CO,, 50 °C en en
(Z,9)-40 (E,R)-40
64% vyield, 98% ee 17% yield, 98% ee
Pd®
" Pd* " Pd
Ho ( H Pd R N Pd_H , P
Lo =—LR ) HOXy\H —_— HON,R —_ ON,R
Et 0CO,Me Et B \_ Bt Bt oar Bt Bt oar
42 OAr 43 44
o]
Pd* - Oy )‘\
0 P R O +CO, Y \
JE— H Et \ R —— (o) \./\
Pd*
Et Et OAr Et AO BUg a0 Pd‘
45 46 48
Pd" R
 Et
‘ +CO, N —Pd o)k o,
0 ‘)OAr Et)r'b"/ OAr
b
o) R
47 E,R

Scheme 13. Enantiospecific reaction of substituted propargylic carbonates with phenols: cascade chirality transfer.
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The reaction also needs an external CO, source to give the
products in high yields. This cascade chirality-transfer pro-
cess can provide not only a useful synthetic method for
chiral cyclic carbonates, but also important knowledge of
the stereochemistry of the metal-catalyzed reactions of
propargylic compounds.

Palladium-catalyzed allylic substitutions of allylic carbo-
nates are extensively investigated reactions that invariably
produce CO, as a co-product.””) We have further developed
a synthetic method for cyclic carbonates by a palladium-cat-
alyzed reaction of allylic carbonates (Scheme 14).24 A cyclic

o)
5mol% PajcbakICHCL )ko
HO AN 20 mol % dppf
0OCO,Me
Et>(Et\A ‘ dioxane, under argon, Etw
in sealed tube, 50 °C Et
49 79% yield 50
o
o © HO S« ™"0co,me
X~ R" R
R™R
% pd’
MeOH
O O co, )
T.& o, &
O>(\/ 0>(\/
R" R RR o
52

Scheme 14. Palladium-catalyzed reaction of allylic carbonates including a
CO,-recycling process.

carbonate 50 with a vinyl group is produced by the reaction
of trans-4-methoxycarbonyloxy-2-buten-1-ol (49) in the pres-
ence of a palladium catalyst. A plausible mechanism is that
a palladium catalyst initially promotes decarboxylation of al-
lylic carbonate to generate the m-allylpalladium intermedi-
ate 51, MeOH, and CO,. Fixation of CO, by the resulting
hydroxy anion leads to the carbonate 52, and subsequent
cyclization gives a cyclic carbonate. A variety of allylic car-
bonates participate in the reaction giving the corresponding
products in high efficiencies. Stereoselective construction of
trans-cyclic carbonates is achieved by using nonsymmetric
substrates, and an enantiospecific reaction also proceeds to
afford the chiral cyclic carbonate when a chiral substrate
containing a stereogenic center at allylic position is subject-
ed to the reaction.

Conclusion

We have summarized recent progress in the synthesis of
cyclic carbonates by means of a CO, fixation process. Acid—
base catalysts such as [ZnBr,(py),], Mg—Al mixed oxides,
and the Cr—salen/DMAP catalyst system exhibit high activi-
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ties in the promotion of the reaction of CO, with epoxide in
high efficiency. Use of tetraalkylammonium halides or ionic
liquids in electrochemical means enables the reaction to be
carried out under mild conditions. The synthesis of cyclic
carbonates in scCO, conditions can be performed without
any additional catalysts. The palladium-catalyzed reaction of
unsaturated alcohols and aryl halides with CO, can lead to a
variety of cyclic carbonates in addition to the formation of
new carbon—carbon bond. Furthermore, we have discovered
a novel synthetic method for the preparation of cyclic carbo-
nates by palladium-catalyzed reaction of propargylic carbo-
nates with phenols. The reaction proceeds through a CO,-
elimination/fixation process, to afford various phenoxy-sub-
stituted cyclic carbonates. The reaction has been successfully
applied to a three-component decomposition/re-construction
reaction, and to diastereoselective, enantioselective, and
enantiospecific reactions. Allylic carbonates also transform
to the cyclic carbonates in the presence of palladium catalyst
by means of a CO,-recycling process. We believe that these
methodologies contribute not only the advances of organic
and applied chemistry, but also green chemistry in the
future.
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FULL PAPER

Peralkynylated Buta-1,2,3-Trienes: Exceptionally Low Rotational Barriers of
Cumulenic C=C Bonds in the Range of Those of Peptide C—N Bonds

Audrey Auffrant,””! Bernhard Jaun,**! Peter D. Jarowski," Kendall N. Houk,*"! and

Francois Diederich*!*!

Dedicated to Prof. Julius Rebek, Jr. on the occasion of his 60th birthday

Abstract: A variety of 1,1,44-tetraal
kynylbutatrienes and 1,4-dialkynylbuta-
trienes was synthezized by dimerization
of the corresponding gem-dibromoole-
fins. Both 'H and ®C NMR spectrosco-
py indicated that the di- and tetraal-
kynylated butatrienes are formed as a
mixture of cis and trans isomers. Varia-

1,1,4,4-tetraalkynylbutatrienes, the acti-
vation barrier AG® was measured by
magnetization transfer to be around
20 kcalmol ™, in the range of the barri-
er for internal rotation about a peptide
bond. Unlike the tetraalkynylated
[3]cumulenes, 1,4-dialkynylbutatrienes
are more difficult to isomerize and

could, in one case, be obtained isomeri-
cally pure. Based on experimental data,
the rotational barrier AG™ for 1,4-di-
alkynylbutatrienes is estimated to be
around 25 kcalmol™'. The hypothesis of
a stabilizing effect of the four alkynyl
substituents on the proposed but-2-

ble temperature NMR studies evi-
denced a facile cis—trans isomerization,
thus preventing the separation of these
isomers by gravity or high-performance
liquid chromatography (HPLC). For

Introduction

The activation energy for the thermal cis—trans isomeriza-
tion of 1,2-dideuteroethene has been determined as
65 kcalmol LYl Doering et al. showed that the rotational
barrier is considerably lowered in conjugated polyenes.
Thus, the activation enthalpy (AH" [kcalmol™']) for thermal
cis—trans isomerization across the central double bond in a
series of semirigid conjugated all-frans polyenes decreases
from hexa-1,3,5-triene (38.9), to deca-1,3,5,7,9-pentaene
(31.9), to tetradeca-1,3,5,7,9,11,13-heptaene (27.8), and to
octadeca-1,3,5,7,9,11,13,15,17-nonaene (24.5).%% This was
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yne-1,4-diyl singlet diradical transition
state of this cis—trans isomerization is
further supported by a computational
study.

cumulenes -

rationalized in terms of an increasing conjugative stabiliza-
tion of the proposed 90°-twisted, singlet diradical-like transi-
tion state. Extrapolation to an infinite number of conjugated
double bonds gave an activation enthalpy of 18 kcalmol ™"
Concerning cumulenes the rotational barriers (AG*
[kcalmol™']) for 1,3-dimethylallene (46.2),"! 1,4-dimethylbu-
tatriene (31.8),1 and 1,6-di(tert-butyl)-1,6-diphenylhexapen-
taene (20.0) have been measured, revealing strongly facili-
tated bond rotation with increasing cumulenic length. Fo-
cusing on butatrienes, the large bond length alteration evi-
denced by X-ray analysis, represents another remarkable
structural parameter. With a length of 1.22-1.25 A, the cen-
tral double bond, is much shorter than the terminal ones,
measuring around 1.35 AT An interesting property result-
ing from this structural peculiarity is the facile, thermally in-
duced, 1,4-free-radical polymerization of butatrienes.!'"]

In our efforts to develop new versatile building blocks for
acetylenic scaffolding in one, two, or three dimensions,"! we
became interested in polyalkynylated [n]cumulenes. While
several 13-alkynylallenes have recently been prepared,?
symmetrically substituted 1,1,4,4-tetrakis[(trialkylsilyl)ethyn-
yl]butatrienes are the only known polyalkynylated [3]cumu-
lenes.™ Here, we report the synthesis of a series of various-
ly functionalized 1,1,4,4-tetraethynylbutatrienes and give a
preliminary account of their interesting optoelectronic prop-
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erties. In particular, we demonstrate their surprisingly facile
thermal cis—trans isomerization, featuring rotational barriers
AG7 in the range of those observed for the internal rotation
about C—N bonds in amides™® and peptides.'! Our theoreti-
cal study suggests that the exceptionally low rotational bar-
rier results in part from the large stabilization imparted to a
but-2-yne-1,4-diyl singlet diradical transition state by the
four alkynyl substituents. Stabilization of the ground state
by the alkynyl groups also plays a role in the observed ge-
ometry and the magnitude of the observed barrier.

Results and Discussion

Synthesis: The preparation!"” of the 1,1,4,4-tetraalkynylbuta-
trienes 1a-d and the 1,4-dialkynylbutatrienes 2a—-d was ac-
complished by dimerization of the corresponding gem-dibro-
moolefins 3a-d and 4a-d, respectively (Scheme 1).*®! The
gem-dibromoolefins were obtained in 20-58 % yield by ad-
dition of the appropriate lithium acetylide to either (iPr);Si-
protected propynal (—3a-d) or paraformaldehyde (—4a-
d), oxidation of the resulting

propargyl alcohols with MnO,,

lent yields.'¥! The intensely colored aryl- and ferrocenyl-sub-
stituted tetraethynylbutatrienes 1a-d are remarkably stable
and can be stored for months in the solid state at —30°C.
On the other hand, 1,4-dialkynylbutatrienes, in particular
(iPr),Si-protected 2d, exhibit only limited stability; this may
actually have prevented the isolation of product from the di-
merization of 4a and 4c.

Both 'H and “C NMR spectra clearly showed that the di-
and tetraalkynylated butatrienes were formed as mixtures of
cis and trans isomers (in a ratio close to 1:1.5, without con-
figurational assignment).

Electronic absorption spectroscopy: First investigations of
the optical properties of these mixtures yielded promising
results. The UV-visible spectrum (CH,Cl,) of the purple
donor-substituted 1b (Figure 1) is dominated by a strong,
broad, longest wavelength absorption band at 1,,,=573 nm
(e=40500 Lmol 'em™!) and features an end-absorption
around 650 nm (1.84 eV). Upon acidification with p-toluene-
sulfonic acid, the purple solution turns yellow, while the in-
tense absorption at 573 nm disappears, the most intense ab-

and dibromoolefination."? The 70000 1
dimerization to the butatrienes 60000 -
was first attempted by metalla-
tion with Zn, followed by addi- T 50000 1,
tion of a catalytic amount of :
Cubr. This method,  which s/Lmortent 4901 £
proved successful for the prepa- 30000 - ! | ;’J \
ration of fluorinated buta- W 4 % A !
trienes,'”! gave no product in 20000 4 v B ;}/‘# }J,j
the present case. Alternatively, 10000 \L\ ,,z;"\\,)‘ Il :'\.\
treatment of the dibromoolefins e N
with one equivalent of nBuLi in 00 00 560_ eét;- E— o 200
Et,0 at —110°C followed by

A/nm —

one equivalent of [Cul-PBuj] at
—85°C afforded the alkynylated
butatrienes in modest to excel-

R! R! R! R!
R a) \ B\ 9 N\ g ¢ \ fRZ
) —— /o VoV Ve \
R R 1a-d

3a-d 1
4a-d 2a-d
R? R2

3,5-(tBu),CeHz  C=C-Si(iPr); 3a (31%) 1a (69%)
4-Me;NCgHy C=C-Si(iPr)3 3b (29%) 1b (80%)
4-MeOCgH,4 C=C-Si(iPr)3 3¢ (33%) 1c (56%)
Ferrocenyl C=C-Si(iPr)3 3d (20%) 1d (37%)
3,5-(tBu),CgHs H 4a (40%) 2a -
4-Me,NCgH, H 4b (21%) 2b (19%)
4-MeOCgH,4 H 4c (47%) 2c -
(iPr)3Si H 4d (58%) 2d (60%)

Scheme 1. Synthesis of tetra- and dialkynylated butatrienes 1a-d and 2a—
d. a)n-BuLi, THF, —20°C, then (iPr);SiC=C—CHO or paraformalde-
hyde; b) MnO,, Et,0, 20°C; c) CBr,, PPh;, Zn (except for 3a and 3b),
CH,Cl, or benzene (for 3a and 3b), 20°C; yields over three steps;
d) nBuLi, Et,0, —110°C, then [Cul-PBus], —85—20°C.
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Figure 1. Electronic absorption spectra of 1b in pure CH,Cl, (—), after addition of p-toluene-4-sulfonic acid
(-—-), and after neutralization with Et;N (-----).

sorption band being shifted to 468 nm (2.56 eV). Neutraliza-
tion with triethylamine regenerates the original spectrum.
Such a behavior allows us to assign the strong longest wave-
length absorption band at 4, =573 nm as a charge-transfer
band, resulting from efficient intramolecular charge-transfer
interactions between the electron-donating anilino groups
and the electron-accepting all-carbon core. A comparison
with the similarly substituted tetraethynylethene (A=
459 nm; Ald,,=114nm, AE=0.53¢V) demonstrates that
the two additional C(sp) atoms strongly increase the elec-
tron-acceptor strength of the [3]Jcumulene core.

The cis-trans isomerization: Based on the available data for
butatrienes,*®) we expected barriers to rotation high
enough to allow isolation and characterization of the pure
isomers at ambient temperature. However, exhaustive at-
tempts to separate the cis and trans isomers of 1,1,44-tet-
raalkynylbutatrienes 1a—-d by gravity or high-performance
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liquid chromatography (HPLC) all failed. Therefore, we
eventually had to consider the possibility that cis—trans iso-
merization would occur rapidly under ambient conditions,
thereby preventing the isolation of isomerically pure prod-
ucts. Variable-temperature (VT) 'HNMR studies (between
25°C and 100°C) were undertaken as shown in Figure 2 for
the bisferrocenyl derivative 1d.

T=25°C

T=40°C

T=60°C

T=80°C

T=100°C

Nt

4.45 4.40 435 4.30 4.25 4.20 4.15

<~— ppm

Figure 2. VT 1H NMR spectra of 1d in (CDCl,),.

The 'H NMR spectrum in (CDCl,), at 25°C features two
triplets at 4.46 and 4.43 ppm, one for each isomer and as-
signable to two protons of the n>-CsH, rings, one broad
signal at 4.25 ppm corresponding to the other protons of the
1’-CsH, rings of both isomers, and two singlets at 4.18 and
4.17 ppm, each for the five n’-CsHs protons of one isomer.
Upon heating, all resonances move downfield, while, more
interestingly, the characteristic signals of the two isomers
broadened and partially merged at 100°C. Similar VT NMR
spectral behavior was observed for the other tetraalkynyl
derivatives 1a—c. Since coalescence would require heating to
temperatures well above 120°C at which the compounds
start to decompose, the determination of the activation pa-
rameters for the thermal cis—trans isomerization by line
shape analysis was not further pursued. Rather, these data
were obtained by magnetization transfer!" after selective in-
version of the signal of one isomer (for a depiction of the
spectral evolution, see the Supporting Information). The
temperature range investigated is the maximum window as
determined by the need to have significant transfer within
the delay time and on the other hand not too much longitu-
dinal relaxation of the signal. The results are gathered in
Table 1 and evidence a surprisingly low rotational barrier
AG* of 20.3 and 20.1 kcalmol ! at 298 K for the tetraalkynyl
derivatives 1a and 1d, respectively (for the Eyring plots, see
Supporting Information). These values for rotation around a
C=C double bond are in the range of those for rotation
about peptide bonds! Magnetization transfer experiments
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Table 1. Activation parameters for the cis—trans isomerization of tetraal-
kynylbutatrienes 1a and 1d.

R TIPS R R
N\ 4 ki N\ V4
Vi AN ks Vi AN
TIPS R TIPS TIPS
K= kylk4
1al?l 14™
T[K] k[s] TK] ks
3233 0.0798+0.0035 323.7 0.104+0.021
333.5 0.203 £0.005 3333  0.282+0.016
350.9 0.8234+0.01 343.8  0.525+0.090
361.9 1.624+0.1 3514 0.924+0.13
K 0.87 +0.05 0.68 +0.0044
AHTE 17.5+0.5 16.6+0.8
AS*U —94+2 —11.7+£3
AG*(298 K)["‘] 20.3+0.8 20.1+1.2

[a] R=3,5-(tBu),C¢Hs. [b] R=(CsHs)Fe(CsH,). [c] In kcalmol . [d] In
calK™'mol". [d] In kcalmol .

for 1b and 1¢ could not be performed, since it was impossi-
ble to selectively excite a “doublet” (/=9 Hz) for the aro-
matic protons of one isomer without affecting the other one.

Unlike the tetraethynylated [3]cumulenes, 1,4-dialkynyl-
butatrienes are more difficult to isomerize. Indeed, VT 'H
NMR (CDCl,), did not show any broadening for compound
2b up to 100°C (Supporting Information). Moreover for
compound 2d isomer separation by chromatography (SiO,,
hexane) was successful and frans-2d was isolated in pure
form in 13% yield.”” However, prolonged heating of pure
trans-2d in toluene restored the mixture of cis and trans iso-
mers (Supporting Information). We conclude that the rota-
tional barrier AG™ for 1,4-dialkynylbutatrienes such as 2d is
around 25 kcalmol ™. A complete kinetic study to accurately
determine the activation parameters was not possible, be-
cause of the chemical instability of the two isomers.

Computational study: The comparison between the rotation-
al barriers AG™ for 1,4-dimethylbutatriene (31.8 kcalmol™),[°l
1,4-dialkynylbutatriene 2d (~25kcalmol™'), and 1a/ld
(=20.2 kcalmol™) clearly demonstrates the dramatic stabi-
lizing effect of the alkynyl substituents on the transition
state of the isomerization process. Computational results at
the unrestricted B3LYP6-31G(d) level of theory calculated
with Gaussian 98,?!! show that the rotation of ethynyl-,
methyl-, and ethenyl-substituted butatriene, as well as the
parent butatriene,'” proceeds via perpendicular singlet dir-
adical transition states (Scheme 2).

The barrier to rotation and the ground state geometry are
both influenced by introduction of radical stabilizing groups.
The effect of substitution can be clearly illustrated by geo-
metric analysis of the ground and transition states
(Figure 3).

The ground-state o bond lengths (Scheme 2) of the deriv-
atives are shortened relative to butatriene, while the 3 bond
length is elongated. This effect is a function of the radical
stabilizing ability of the substituent on the ground-state dira-
dicaloid resonance form. The ground-state y bond length

www.chemeurj.org Chem. Eur. J. 2004, 10, 2906—2911
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Figure 3. Ground- (left) and transition-state (right) geometries for butatriene, trans-1,4-dimethylbutatriene, tetramethylbutatriene, trans-1,4- diethenylbu-
tatriene, tetraecthenylbutatriene, diethynylbutatriene, and tetraecthynylbutatriene. Unrestricted B3LYP6-31G(d) computed bond lengths a, (3, and y are
given along with experimental values in parentheses. a) See reference [22] for details. b) From the crystal structure analysis of the (Me;Si), derivative in

reference [8b]. ¢) Averaged bond lengths, see reference [8b].

R'=R?=H
RU o p R R! R? R'=Me, R*=H
i Cp— 1-R2=
v e R1 R*=Me
R2 R! Y R! R’ = Ethenyl, R?=H
R' = R? = Ethenyl
] 1 R? +  R'=Ethynyl, R®=H
[ 2
R'=R?= Ethynyl
R2 /\
1 2
R%& R
R1
@ =180.0° ®=90.0°

Scheme 2. Bond assignments, o, , and v, and singlet diradical transition-
state torsional geometries for unsubstituted and methyl-, ethenyl-, and
ethynyl-substituted butatriene derivatives.

tends to decrease in length as this ability increases. The pre-
dicted order of radical stabilizing ability is ethenyl >ethyn-
yl>methyl. The ethenyl and ethynyl groups are comparably
stabilizing, although both are considerably more stabilizing
than methyl.”) With tetramethylbutatriene, methyl substitu-
tion has a minimal geometric effect on the a bond (1.271 to
1.269 A), but a more pronounced effect on the B bond
(1.318 to 1.325 A). Both ethynyl and ethenylation result in
large geometrical changes. The a bond in tetraethynylbuta-
triene is shorter than this bond length in butatriene by
0.02 A, and the p bond length is longer by 0.034 A. The tet-
raethenyl derivative experiences a nearly identical effect on
the geometry of the butatriene moiety as that of tetraethyn-
yl derivative. In all cases the 1,4-disubstituted butatriene ex-
periences smaller changes upon substitution than the corre-

Chem. Eur. J. 2004, 10, 2906—2911 www.chemeurj.org

sponding tetrasubstituted derivative. The y bonds for the
tetra-substituted derivatives tend to be longer than in the
corresponding disubstituted butatriene. In the transition
state a formal, doubly propargylic, diradical exists; these
geometric effects are expected to be enhanced. For example,
butatriene experiences a decrease in the o bond length of
0.01 A and an increase in the P bond length of 0.043 A,
while tetraethynylbutatriene has double the affect in the a
bond (0.02 A) and an increase in p of 0.053 A, a full 0.01 A
more than the increase in butatriene. In the transition state,
the o bond in tetracthenylbutatriene is shortened by
0.027 A, and the p bond length is elongated by 0.062 A. This
represents the largest geometric change in going from the
ground to transition state as expected from the larger radi-
cal stabilizing ability of this substituent.

Barriers to rotation for butatriene, trans-1,4-dimethylbuta-
triene, tetramethylbutatriene, trans-1,4- diethenylbutatriene,
tetraethenylbutatriene, trans-1,4-diethynylbutatriene, and
tetraethynylbutatriene were computed. Transition-state free
energies and enthalpies were calculated by adding the zero-
point energy and thermal correction to the calculated elec-
tronic energies (Table 2).

Comparison of the calculated barrier for tetraethynylbuta-
triene to the experimental for 1a shows good agreement for
the enthalpy of activation (16.0 vs 17.3 kcalmol™'). The cal-
culated enthalpy of activation for dimethylbutatriene is also
in good agreement with experiment (29.0 vs 31.2 kcal
mol ™).l The free energy of activation, in both cases, devi-
ates to a greater degree. The 25 kcalmol ™' estimate for the
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Table 2. Unrestricted B3LYP6-31G(D) calculated rotational-energy bar-
riers [kcalmol™'] for butatriene derivatives. The enthalpies and free ener-
gies of activation are given at 298 K. Singlet—triplet vertical transition
energy gaps [AHg;"R"] are given for both the singlet ground and transi-
tion state geometries.

Compound Calculated AH*(AG*) AHYRT
butatriene 0.0 64.2
butatriene TS 28.5(28.1) 22
butatriene TS 29.3(28.9)
trans-1,4-dimethylbutatriene 0.0 62.8
trans-1,4-dimethylbutatriene TS 29.0(28.3) 2.1
tetramethylbutatriene 0.0 61.2
tetramethylbutatriene TS 29.4(28.7) 1.9
trans-1,4-diethynylbutatriene 0.0 42.7
trans-1,4-diethynylbutatriene TS 21.2(21.2) 1.4
trans-1,4-diethenylbutatriene 0.0 41.0
trans-1,4-diethenylbutatriene TS 20.1(20.8) 1.3
tetraecthenylbutatriene 0.0 28.9
tetraethenylbutatriene TS 9.4(11.4) 0.5
tetraethynylbutatriene 0.0 31.0
tetraethynylbutatriene TS 16.0(16.8) 0.8

[a] B3LYP6-311+G(2df,p).

free energy of activation of 1,4-diethynylbutatriene is sup-
ported by the computed value of 21.2 kcalmol . Interesting-
ly, tetramethylation increases the barrier to rotation by
about 1 kcalmol ™', although methyl groups should stabilize
the diradical transition state, thereby lowering the barrier to
rotation. This effect can be explained by the corresponding
ground-state stabilization of the cumulenic center imparted
by these same methyl groups. Ethynyl substituents also sta-
bilize the ground state, but the stabilization of the diradical
transition state is much larger resulting in a net decrease of
the transition state energy. The same argument can be made
for the ethenyl derivatives, which were found to have signifi-
cantly stabilized transition-state energies relative to their
ethynyl 1,4-disubstituted and tetrasubstituted counterparts.
The tetraethenyl derivative, with a low barrier of only
AH*=9.4kcalmol™!, and the 1,4-disubstituted compound
(AH*=20.1 kcalmol ') are predicted to undergo rapid iso-
merization and/or rotation at ambient temperatures. Inter-
estingly, the conformation of the ground state for the tetrae-
thenyl derivative is in the C,, point group, whereas the tran-
sition state geometry (D,, point group) corresponds to the
rotation of a C,, symmetric conformer.

Vertical triplet-singlet energy gaps were also calculated
(Table 2). A pure diradical, in which the spatial overlap of
the SOMOs is zero, orthogonal in the present case, will
have a triplet-singlet gap of zero. The energy of the triplet
in the ground-state geometry is dramatically lowered by
both ethenyl and ethynyl substituents; however, in all cases
the energy gap is nonetheless large. In the transition-state
geometry the triplet-singlet gap is small, with the singlet
state also of lower energy, and approaches zero as the radi-
cal stabilization increases.
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Conclusion

In summary, we have observed an unexpectedly facile cis—
trans isomerization of novel di- and tetraalkynylbutatrienes,
proceeding most probably through singlet diradical transi-
tion states that benefit from a dramatic stabilization by the
alkynyl substituents. With four alkynyl substituents, the bar-
rier for cis—trans isomerization in [3]cumulenes is lowered to
AG* around 20 kcalmol ™, thereby resembling the rotational
barrier for the peptide bond.

Experimental Section®!

General: All reactions were carried out under an inert atmosphere (of
argon or nitrogen) by applying a positive pressure. Chemicals were pur-
chased from commercial suppliers and used as received.

Thin-layer chromatography (TLC) was conducted on alumina sheets pre-
coated with 0.25 mm Macherey-Nagel silica gel, with fluorescent indica-
tor. Column chromatography was carried out with SiO, 60 (particule size
0.04-0.063 mm, 230-400 mesh) from Fluka and distilled technical sol-
vents.

Melting points (m.p) were measured in open capillaries with a Biichi 540
apparatus and are uncorrected.

Infrared-red (IR) spectra were recorded on a Perkin—-Elmer FT16000
spectrometer. Selected absorption bands are reported in wavenumbers
(cm™) and their relative intensity described as vs (very strong), s
(strong), m (medium), w (weak) or vw (very weak).

300 MHz 'H and 75 MHz "C NMR spectra were recorded on Varian
Gemini 300 spectrometer. Chemical shifts are indicated in ppm downfield
from tetramethylsilane using the solvent’s peak as internal reference
(04=17.25 ppm, 0,="77.2 ppm).

Elemental analyses were performed by the Mikroelementaranalytisches
Laboratorium at ETH Honggerberg.

General procedure for butatriene synthesis

Synthesis of 1,8-bis(3,5-di-zert-butylphenyl)-3,6-bis| (triisopropylsilyl)ethy-
nylJocta-3,4,5-ene-1,7-diyne (1a): A solution of nBuLi in hexane
(0.8 mmol, 0.53 mL) was added to a solution of 3a (0.461 g, 0.8 mmol) in
Et,0 (7mL) at —110°C. After stirring for 1 h at —100°C, a solution of
[Cul-PBu;] (0.314 g, 0.8 mol) in Et,0 (7 mL) was added, and the resulting
red solution was stirred for 1 h at —85°C. After warming to 20°C within
5h, stirring was continued for 14 h. The mixture was filtered through
SiO,, and the solvent was removed under reduced pressure affording an
orange solid, which was purified by chromatography (SiO,; hexane/
CH,C], 9:1) to provide 1a (235 mg, 69%) as a mixture of cis and trans
conformers in a 39:61 ratio (‘"H NMR, without configurational assign-
ment). R;=0.16 (hexane); m.p. 122°C (decomp); 'H NMR (300 MHz,
CDCl;) for the major isomer: 6=1.15 (m, 42H; SiCH(CH,);), 1.33 (s,
18H; CH;), 7.38 (d, J=2Hz, 4H; CHAr), 743 ppm (t, J=2Hz, 2H;
CHAr); for the minor isomer: 6=1.16 (m, 42H; SiCH(CHs;)), 1.33 (s,
18H; CH;), 7.34 (d, /=2 Hz, 4H; CHAr), 743 ppm (t, J=2Hz, 2H;
CHAr); "CNMR (75 MHz, CDCl;): §=151.2 and 151.0 (CAr), 149.1
and 149.0 (C=C=C), 126.5 and 126.4 (CHAr), 124.0 (CHAr), 121.6 and
121.5 (CAr), 104.8 and 104.7 (C=), 100.4 and 100.0 (C=), 98.4 and 98.2
(C=), 88.0 (=C), 87.6 (=C), 35.0 (C(CHs),), 31.5 (CH,), 18.8 and 18.7
(CH,;), 11.7 and 11.6 ppm (CH); IR (CCly): 7=2964 (vs), 2866 (s), 2187
(m), 1866 (s), 1589 (m), 1539 (w), 1463 (m), 1427 (w), 1394 (w), 1364
(m), 1248 (w), 1184 (w), 1158 (w), 1072 (vw), 904 (w), 878 (m), 833 (w),
812 cm™' (vs); UV/Vis (CH,CL): 1 (¢) =481 (41500), 456 (35500), 443 nm
(30600 Lmol 'cm™'); MALDI-MS (matrix DCTB): m/z: 837 [M*], 794
[M*—iPr]; HR-MALDI: m/z caled for CssHyg,Si, [M*]: 836.6112; found:
836.6117 (100) [M*].

Magnetization transfer measurements: The exchange rates were deter-
mined by the selective inversion variant of the Forsén—-Hoffman techni-
que!™ by using the pulse sequence of PFGSE-NOE!"""*land iSNOB!'*
selective inversion pulses.
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Temperatures (+£0.1 K) were measured with an internal Pt-100 resistance
thermometer inserted into the probehead instead of the NMR tube
before and after each measurement.
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'H, PF, and *'P PGSE NMR Diffusion Studies on Chiral Organic Salts:
Ion Pairing and the Dependence of a Diffusion Value on Diastereomeric

Structure

Eloisa Martinez-Viviente,”” Paul S. Pregosin,**! Laurent Vial,"” Christelle Herse,"' and

Jérome Lacour™!

Abstract: 'H, “F and *'P pulsed field gradient spin-echo (PGSE) diffusion studies
on chiral organic salts that contain hexacoordinate phosphate anions, namely tris(-

tetrachlorobenzenediolato)phosphate(v) (TRISPHAT) and bis(tetrachlorobenze-
nediolato)mono([1,1']binaphthalenyl-2,2'diolato)-phosphate(v) (BINPHAT), are
reported. The first example of the dependence of a diffusion value on diastereo-
meric structure is presented. Marked solvent and concentration effects on the dif-

Keywords: chiral salts - concentra-
tion effects - diffusion - ion pairs -
NMR spectroscopy

fusion constants (D) of these salts are noted and the question of ion pairing is dis-

cussed.

Introduction

Interactions between anions and transition metal cations can
play an important role in the chemistry of the resulting
salts.'! The two charged species may interact through com-
plexation of the anion to the metal, by ion pairing or, in spe-
cial cases, through hydrogen bonding. Indeed, the nature of
an anion associated with a cation can dramatically acceler-
ate a reaction, improve its selectivity or even change its
course.”?

We have recently become interested in the use of multi-
nuclear pulsed field gradient spin-echo (PGSE) NMR diffu-
sion methods to probe cation/anion interactions.”! In con-
trast to conductivity experiments, these studies on the trans-
lation of the ions in solution offer a more direct view of in-
terionic interactions. One can often measure the diffusion
constants (D) separately for the cation and anion and thus
determine whether or not they interact. A relatively large
number of salts currently in use in homogeneous catalysis
and/or organic synthesis possess anions such as PF;~, BF,",
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CF;SO;~ or BArF~.?*<¢ For these, ’F PGSE measure-
ments represent an important complement to 'H PGSE
NMR methods.”* For some molecules, it is advantageous to
use the *'P spins as a source of diffusion data and we have
previously shown this approach to be quite reliable.”

When a larger cation forms either a strong ion pair with,
or hydrogen bonds to, a smaller anion, the D value for the
latter is markedly reduced. Cation/anion interactions can
therefore be explored in a more direct fashion. In selected
cases, with the help of 'H-"YF-HOESY data, one can also
recognise where the two charged species interact.’) Interest-
ingly, the anion often approaches the cation in a rather spe-
cific way.*<°l

Our earlier PGSE studies revealed marked solvent and
concentration effects on D values in selected transition-
metal salts.”] As expected, there are solvents in which the
cation/anion interaction is minimal (e.g., methanol) and
others (e.g., dichloromethane) in which there is a significant
amount of ion pairing.®>%4 Furthermore, if low-tempera-
ture diffusion studies are required, convection problems
might need to be overcome if reliable D values are to be de-
termined."” Details of some of these problems have been de-
scribed.®7”!

Although much has been written on chiral cations in
enantioselective homogeneous catalysis,® the properties of
chiral anions have been somewhat neglected.”’ Short-range
discriminating interactions can occur within tightly associat-
ed diastereomeric ion pairs, with a resulting high level of
asymmetric recognition (resolution) and/or induction
(Pfeiffer effect).”=1% Recently, one of us has shown that
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the novel chiral hexacoordinate phosphate anions tris(tetra-
chlorobenzenediolato)phosphate(v), (TRISPHAT, 1), and
bis(tetrachlorobenzenediolato)mono([1,1']binaphthalenyl-

2,2'-diolato)-phosphate(v), (BINPHAT, 2),!”! function as ef-
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ficient NMR chiral-shift, resolving and asymmetry-inducing
reagents.'>*! Specifically, the D;-symmetric TRISPHAT (as
either the A or A enantiomer) has been shown to be an ex-
cellent chiral-shift reagent for a variety of chiral cationic
species.'" Asymmetric induction has been noted,**¢" with
maximum observed diastereomeric excesses of about
96 % 14?1 Tnterestingly, for organic cations, the C,-symmetric
BINPHAT is often superior to TRISPHAT with respect to
both chemical shift differentation and asymmetric induc-
tion.[1>13]

Steric repulsions in the dimethoxyquinacridinium cation 3
prevent the system from being planar.'® The molecule
adopts a twisted helical conformation typical of helicene de-
rivatives, with the possiblity of left- or right-handed chiral
structures."” Herse et al. have shown that a salt of racemic 3
with (A,S)-BINPHAT, [3][A-2], exists as a 1:1 mixture of di-
astereomers that can be distinguished by 'H NMR spectro-
scopy. These diastereomers have been separated, and cation
3 has been shown to be configurationally stable at room
temperature, unlike most [4](hetero)helicenes.”

Recently, chiral quaternary ammonium cations have been
the subject of much attention, due to the potential of these
derivatives to serve as efficient chiral-phase-transfer cata-
lysts."® Cation 4 in connection with TRISPHAT or BIN-
PHAT forms pairs of diastereomers, for example, [(R,R)-4]
[A-2] and [(S,S)-4][A-2], which are readily distinguished at

Qe

N+

wme 7T
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233 K in both dichloromethane and chloroform.*s) Asym-
metric induction from the anion onto the cation is observed
for [4][A-2], and not for [4][A-1]. Circular dichroism studies
reveal that the homochiral diastereomer [(R,R)-4][A-2] is fa-
voured.['>]

The salts of ions 1-4 appear to be ideal candidates for
PGSE NMR studies within the context of chiral cation/
anion recognition. We show here that the measured D
values can reflect the different stabilities of the diastereo-
mers, and that there are marked solvent and concentration
effects for these salts.

Results and Disscusion

Concentration Effects: Table 1 gives the D values for the
carbocation salts [3][A-1], [3][A-2] and [3][PF,] at different
concentrations and in four different solvents (chloroform,
dichloromethane, acetone and methanol). Table 2 shows the
results for the ammonium salts [4][A-1], [4][A-2] and [4]
[PF,] in the same solvents. The vacancies in both tables are
primarily due to solubility problems or to the relatively low
sensitivity of *'P in PGSE methods.

The observed concentration dependence of D in Table 1
over the range 1-10mwm can be significant, for example, 14—
16 % for the BINPHAT salt [3][A-2] in CDCl; and less, 7—
10%, for the same salt in CD,CL." Interestingly, in
CD,Cl,, the variation is smaller for cation 3 in the TRIS-
PHAT analogue [3][A-1] and in the hexafluorophosphate
salt [3][PF,] (5% and 4% respectively). The change of ap-
proximately 15% is larger than those previously noted for
transition-metal complexes.’>? These new data are relevant
since, in the determination of molecular volumes from D
values, a change in D of the order of 20-25 % is usually in-
terpreted as an effective doubling of the molecular vol-
ume.**! Consequently, the concentration dependence of the
D values is important if errors in determining molecular
sizes are to be avoided.

Solvent effects: To facilitate comparisons between the re-
sults in different solvents, Tables 1 and 2 show D values and
the derived hydrodynamic radii, ry. These radii are obtained
from the Stokes-Einstein equation [Eq. (1)] in which & is the
Boltzmann constant, 7 is the absolute temperature and 7 is
the viscosity:*)
kT
- 6mnry (1)
This equation takes into account the different viscosities
of the solvents.?!] Clearly, the ry values for the more concen-
trated samples are large compared with the 1 mm samples,
due to the concentration dependence.

In previous PGSE studies®™! we reported a solvent de-
pendence of the D values for the complexes 5, 6 and the
class 7. In CD,Cl,, the D values (and consequently, ry
values) for the PF;~ and CF;SO;™ ions in these salts suggest
that these anions move much faster than their respective
cations. In CDCI; the data suggest tight ion pairs, that is, the
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Table 1. D [x10" m*s~'] and ry; [A]™ values for [3][A-1], [3][A-2] and [3][PE].

D ru D ru D ru D I
Salt Concn [mMm] Fragment!*) CDCl, CD,Cl, acetone[Dg]'"! MeOD
[3][A1] 10 cation 5.05 8.1 8.71 6.1 11.8 6.1
anion ('P) 521 7.9 8.29 6.4 114 6.3
5 cation 5.411 7.7 8.60™! 6.2
anion™
1 cation 5.64 7.3 9.00 5.9 12.4 5.8 7.74 53
anion™
[3][A-2] 10 cation 4,671 8.9 8.08 6.5 118 6.1
anion 4.66 8.9 7.10 7.5 10.5 6.8
5 cation 4.911 8.5 8.111M 6.6
anion 4.92 8.4 717 7.5
1 cation 5.4081 7.7 8.88 5.9 12.5 5.7 7.83 5.2
anion 5.33 7.8 7.61 6.9 11.0 6.5 5.88 7.0
[3][PF4] 10 cation 9.70 5.4
anion (“°F) 13.5 3.9
5 cation 9.70 54 12.6 5.7
anion (“F) 13.9 3.8 25.8t! 2.8
1 cation 10.0 53 12.8 5.6 7.97 5.2
anion (*’F) 14.8 3.6 26.7 2.7 152 2.7

[a] We propose a standard deviation of 40.06x107° m?s™" for D values and +0.1 A for ry; values. [b] For the calculation of ry, the viscosity of the non-
deuterated solvent at the temperature of the measurements (299 or 300 K) was used.'¥! At 299 K these values are 0.534x1073, 0.414x 1073, 0.306x 10>
and 0.544x107° Kgs'm™" for CHCl,, CH,Cl, acetone and for methanol, respectively. At 300 K the corresponding values are 0.529x 107, 0.410x 1073,
0.303x 10~ and 0.526x 107> Kgs~'m™, respectively. [c] When not otherwise specified, the measurements were carried out with the '"H NMR resonances.
[d] [3][A-1] and [3][A-2] were not measured in acetone[Dgy] at 5 mm concentration. [3][PF,] is not soluble in acetone[Dg] at 10 mm. [e] Saturated solutions
(approx. 1 mwm). [f] This value represents an average. The actual numbers for the two diastereomers are given in footnotes g-1. [g] 5.42 and 5.40x
107 m?s™". [h] 8.57 and 8.62x 107" m>s™". [i] 4.64 and 4.70x 10" ms™". [j] 4.87 and 4.95x 107 m’s™". [k] 8.17 and 8.05x10™"°ms™". [I] 5.40 and 5.40 x
107 m?s™". [m] The anion was not measured at these lower concentrations due to the low sensitivity of *'P in PGSE measurements. [n] *'P-PGSE diffu-
sion measurements give similar results as the "H-PGSE measurements (D =4.60x 107" m?s™" in CDCls, 7.02x 107 m*s~" in CD,Cl, and 10.7x 107" m*s™"
in acetone[Dg]). [0] Saturated solution (ca. S5mm).

Table 2. D [x10" m*s™'] and ry; [A]™ values for [4][A-1], [4][A-2] and [4][PE].

D ru D ru D Ty D ru
Salt Concn [mm] Fragment!®! CDCl, CD,Cl, acetone[Dg] MeOD
[4][A-1] 5 cation 5.38 7.6 8.99 59
anion ('P) 5.50 75 7.90 6.7
1 cation 5.68 7.2 9.57 55 13.3 54 8.16 5.0
anionl®!
[4][A-2] 5 cation!!
anion 5.17 8.0 7.19 7.4
5 cation! 1.57 7.9 2.85 6.1
cation’ 1.56 8.0 2.68 6.5
anion 1.58 7.9 2.34 74
1 cation!!
anion 5.65 7.3 7.73 6.8 10.9 6.5 5.83 7.0
[4][PF] 5 cation 10.3 5.1
anion ("F) 12.8 4.1
1 cation 10.7 4.9 13.5 53 7.97 5.0
anion (F) 7.8401 5.2 13.5 3.9 26.7 2.6 16.0 2.6

[a] We propose a standard deviation of 40.06x107'°m?s™" for D values and +0.1 A for ry; values. [b] For the calculation of ry, the viscosity of the non-
deuterated solvent at the temperature of the measurements (229, 299 or 300 K) was used. ['*! The values at 229 K are 1.35 x10~* Kgs™'m™' for CHCl,
and 0.964x 107 Kgs~'m™! for CH,Cl,. [c] Cation' and cation® refer to the two different diasteromeric salts and correspond to the (S,S) and (R,R) con-
formers respectively. When not otherwise specified, the measurements were carried out with the '"H NMR resonances. [d] Saturated solutions (approx.
1mwm). [e] The anion was not measured at these lower concentrations due to low sensitivity of *'P in PGSE measurements. [f] This value was not possible
to measure, as the 'H signals were either broad or overlapped with those of the anion. [g] Scarcely soluble in CDCl,. Only the anion can be measured in
this solvent, as the signals of the cation are too weak. [h] Less than 1 mm.

PF,~ and CF;SO; ions diffuse at about the same rate as cationic hydrodynamic radius is much larger in CDCl; than

their cations.

From the chloroform and dichloromethane diffusion data
in Tables 1 and 2 for the BINPHAT salts [3][A-2] and [4][A-
2] and, less markedly, for the TRISPHAT salts [3][A-1] and
[4][A-1], one finds, again, the same type of solvent depen-
dence. Specifically, for [3][A-2] in the 1mMm solutions, the
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in CD,Cl, (7.7 A versus 5.9 A). The corresponding values
for the anion are 7.8 A and 6.9 A, respectively.

The methanol data are important in that they provide a
rough estimate of the size of the strongly solvated and inde-
pendently moving anions and cations.™¥ For the cations in
methanol, the ry values are independent of the anion. For
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example, for cation 3 we find radii of 5.3 A, 52A and 52 A
for the 1mm solutions of the three salts in Table 1. For
cation 4, the ry value in methanol is 5.0 A in both measured
salts. Turning to the anions, the solvated BINPHAT anion,
A-2, has an ry of 7.0 A in both [3][A-2] and [4][A-2], where-
as the radii of the PF~ ion in methanol are 2.7 A in [3][PF,]
and 2.6 A in [4][PF] (in agreement with our results for
other PF; salts in methanol).[*l

In 1mmMm acetone solutions the ry values for the cations 3
(5.6-5.8 A) and 4 (5.3-5.4 A) do not vary significantly with
the nature of the anion. Similarly, the ry values for the
anions A-2 (6.5 A) and PF,~ (2.7 A) are independent of the
nature of the cation. We believe that the cations appear to
be larger in acetone than in methanol due to different solva-
tion effects.

Asymmetric ion pairing: As noted above, there are two dia-
stereomers for the BINPHAT salt [4][A-2] with significantly
different populations in dichloromethane (ca. 1.6:1) and
chloroform (ca 4.6:1) at 229 K. The cations in the two dia-
stereomers (cation' and cation’ in Table 2) afford well-re-
solved proton signals at 229 K, so that their respective diffu-
sion coefficients are obtainable (see Figure 1). These D
values in dichloromethane differ by about 6 %, a significant
variation that lies outside the experimental error. This result
is reproducible over seven different measurements, with the
average D values for the cations in the two diasteromers
being 2.85 and 2.68 x 107" m*s~!. The upper part of Figure 1
shows two of the measurements for the cation of [4][A-2],
with different NMR parameters. The cation in the less abun-
dant diastereomer (white circles) moves faster (larger slope,
larger D value) than the cation in the more abundant dia-
stereomer (black circles). We believe this to be the first re-
ported example of the dependence of a D value on diaste-
reomeric structure. The different D values for the two cat-
ions, in dichloromethane, possibly arise from differing de-
grees of ion pairing within the two diastereomeric salts (a
stronger interionic interaction producing a slower motion).

The lower part of Figure 1 shows PGSE measurements on
the cation of salt [3][A-2] in dichloromethane. For this com-
pound there is no difference in population between the two
diastereomeric salts, whether at room temperature or at low
temperature. The figure shows that the cations in these two
diastereomers have exactly the same D value.

Chem. Eur. J. 2004, 10, 2912-2918 www.chemeurj.org
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Figure 1. Plot of In(//1,) versus arbitrary units proportional to the square
of the gradient amplitude for 'H-PGSE diffusion measurements on the
cations of [4][A-2] (top) and [3][A-2] (bottom) in CD,Cl,. The differences
in D between the diastereomers for [4][A-2] are visible, whereas the two
diasteromers for [3][A-2] diffuse identically. The results of two different
measurements on [4][A-2], with different NMR parameters, are shown.
Both were carried out at 229 K. Each line results from the overlapping of
measurements on two resonances of the corresponding diasteromer.

Interestingly, in chloroform, the difference in D value be-
tween the two diastereomers of [4][A-2] vanishes (see
Table 2), although the difference in population is larger than
in dichloromethane. Once the solvent promotes complete
ion pairing, the structural effect on the mobility of the ions
seems to be negligible.”?

Finally, we would like to note the excellent agreement be-
tween the ry values for the anion in [4][A-2] at 229K
(7.9 A) and at room temperature (7.9 A, see Table 2). This
is a sign of the successful suppression of convection currents
in the low-temperature measurements.”’

Concluding these sections, the D values obtained by
means of the multinuclear PGSE NMR approach allow an
interesting view of ion pairing between the organic cations
and the novel TRISPHAT and BINPHAT anions, which
would be difficult to obtain using other methods. The diffu-
sion data are sensitive enough to recognise a subtle diaste-
reomeric structural effect on ion translation, as well as both
solvent and concentration effects.

Equilibria: It would be useful to be able to estimate the
amount of ion pairing in dichloromethane for our various
salts, as this solvent is widely used. If the (solvated) ions,
A* and B™, at equal concentration (c), associate in dichloro-
methane to form an ion pair, AB, with population p, it can
be assumed that the measured D value for a cation or anion
in dichloromethane should be the weighted average of the
contribution from the tight ion pair, AB, and from the (sol-
vated) ions, A* or B™, as shown in Equation (2).

The D values for the ion pairs in CD,Cl, can be estimated
from their D values in CDCl;, correcting for the different
viscosities of the two solvents. For the D values of the (sol-
vated) ions in CD,Cl,, one might try to use the D values in
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A" + BT == AB
c(1-p) c(1-p) cp
Dincasured(A1) = pD(AB) + (1-p)D(CH,Cl,-solvated A™)
Dineasured(B7) = pD(AB) + (1-p)D(CH,Cl-solvated B)

2

MeOH. These are, however, not adequate, as they corre-
spond to strongly solvated ions.

Consequently, we have tried to estimate the D values for
the ions in CD,Cl, from their ionic radii using Equation (1).
The ionic radii can be derived from crystallographic data
and molecular models. Modern modelling programs, such as
Chem 3D®, allow the calculation of the Connolly solvent-ex-
cluded volume of a molecule (V,,,), which is the volume
within the surface created when a probe sphere, represent-
ing the solvent, is rolled over the molecular model.?*! As-
suming the molecules to be spherical (clearly not correct), a
radius r,,, can be calculated from V. These r.,, values will
tend to be smaller than the ry values, as they do not take
solvation into account.’ Nevertheless, we have attempted
to use them.

For the anions A-1 and A-2, the r.,’s have been estimated
using both X-ray data and a molecular model as input for
Chem 3D® (the model was optimised by the program by a
molecular mechanics energy minimisation). Both inputs
afford the same r,,, for A-1 (4.9 A) and similar values for A-
2 (53 A (X-ray) and 5.2 A (model)). We note that the esti-
mated r, for A-2 (ca. 5.2 A) is considerably smaller than
the ry; value in methanol (7.0 A). This is logical, as the 7.0 A
value corresponds to the strongly solvated and/or hydrogen-
bonded anion.

For the cations 3 and 4 the molecular models afford r,,
values of 4.7 A and 4.4 A, respectively. These radii are again
smaller than the ry values in methanol (ca. 5.2 A for 3 and
5.0 A for 4), although the difference is not as large as for
the anion A-2.%% Finally, for the PF¢~ ion, the estimated r.,
(2.5A) is in good agreement with the ry in methanol
(2.7 A).2

The p values shown in Table 3 are obtained by putting the
T.on Values noted above into Equation (1), then introducing

Table 3. p values for 10mw [3][A-1], [3][A-2], [4][A-1] and [4][A-2].1)

Salt p values
[3][A-1] cation 0.56
anion 0.61
average 0.58
[3][A-2] cation 0.62
anion 0.73
average 0.67
[4][A-1] cation 0.62
anion 0.77
average 0.69
[4][A-2] cation' 0.60
cation’ 0.68
anion 0.82
average' 0.71
average’ 0.75

[a] Cation' and cation? refer to the two different diasteromeric salts and
correspond to the (S,S) and (R,R) conformers, respectively.
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the resulting D values for the ions into Equation (2). We
have restricted this exercise to the four cases shown, for
which we have the most complete data set. Clearly, these p
values are gross estimates and they constitute upper limits,
as r,,, does not include the solvation shell of the ions. Never-
theless, and in spite of the crude assumptions made, these p
values can still be informative. Firstly, in all cases, there
seems to be a significant amount of ion pairing in CD,Cl,.*!
Secondly, there seems to be more ion pairing in both A-2
salts than in both A-1 salts.” Thirdly, the difference in p
value between cation and anion (e.g., 0.62 vs 0.73 in [3][A-
2]) suggests, reasonably enough, that there are different sol-
vation effects for the two species.”® If one were to make a
correction for the lack of solvation sphere, the amount
added to r., would be different for the cation and anion.
We know of no other physical method that would readily
reveal this type of difference.

Conclusion

Evidently, both organic and transition-metal salts reveal a
dependence of their D values on solvent and concentration.
In both the A-1 and A-2 salts, chloroform promotes strong
ion pairing. In CD,Cl, the ion pairing is not complete and,
in two A-2-based diastereomers, the ion pairing is selective
enough to be recognised through different D values. Al-
though the PGSE approach to recognizing ion pairing is
facile, the picture provided is only crude. Nevertheless, with
the help of these data, this subject can be discussed in a
more rational and less speculative fashion.

Experimental Section

The compounds [3][A-1], [3][A-2], [3][PF], [4][A-1], [4][A-2] and [4]
[PF,] were prepared by previously reported procedures.['*1°!

Diffusion measurements: PGSE measurements made use of a spin-echo
sequence in which two pulsed field gradients had been incorporated
(Stejskal-Tanner sequence).’*3! Molecular translation caused attenuated
signal intensities, as the molecules did not experience the same field
strength when the second refocusing gradient was applied. The experi-
ment was repeated with increasing gradient strength (G) and the D value
was determined from the slope of the regression line In(Z/1,) versus G2,
according to Equation (3) in which 7 is the observed intensity, I, is the in-
tensity without gradients, y is the gyromagnetic ratio of the observed nu-
cleus, d is the length of the gradient pulse, G is the gradient strength, A
(diffusion delay) is the delay between the midpoints of the gradients and
D is the diffusion coefficient

ln(é) = —(y6)2<A—g>DG2 (3)

A frequently employed modification of the Stejskal-Tanner sequence,
the so-called stimulated echo experiment, splits the & pulse into two /2
pulses.F!

All the measurements were performed on Bruker AVANCE spectrome-
ters (300, S00 MHz) equipped with a microprocessor controlled gradient
unit and a multinuclear probe (normal or inverse) with an actively shield-
ed Z-gradient coil. The shape of the gradient pulse was rectangular and
its strength varied automatically in the course of the experiments. The
calibration of the gradients on each spectrometer was carried out by
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means of a diffusion measurement of HDO in D,0O (Dypo=1.9x%
109 m? S—l).[_%z]

For the 'H and * F measurements, 6 was set to 1.25-3.5 ms and A was be-
tween 30 and 170 ms. The gradient strength was usually incremented in
steps of 3 or 4%, so that 15-25 points could be used for regression analy-
sis. The number of scans per increment varied between 8 and 48, depend-
ing on the concentration, spectrometer and nucleus. For “F, T, was
always determined before the measurement, and the recovery delay set
to 5T,. For 'H, this delay was always set to 5 s. Typical total experimental
times were 0.5-2 h for 'H and 2—4 h for "°F spectra.

For the *'P measurements, 0 was set to 1.75 ms and A =268 or 468 ms.""
The gradient strength was usually incremented in steps of 8-12 %), so that
10-12 points could be used for regression analysis. As the 7 values were
long (20-30s), the relaxation delay was set to 2-3times 7, and 28-
72 scans were accumulated per increment. Typical total experimental
times were between 8-16 h.

The measurements on the two diastereomers in [3][A-1], ([3][A-2], and
[4][A-2] were carried out in the 500 MHz machine with the Stejskal-
Tanner pulse sequence. This sequence resulted in a better shape and in-
tensity of the resolved multiplets of each diastereomer. The evolution
time before and after the 180° pulse was set to about 1/(2 J). For the am-
monium cation 4, the ZJ(H,H) value, 13 Hz, was used, whereas for the re-
maining ions, a *J ) value of 8 Hz was employed. The number of scans
was between 16 and 36. For the rest of the experiments the stimulated
echo pulse sequence was used.

To avoid convection in the low-temperature '"H-PGSE measurements on
[4][A-2], a set-up consisting of two commercially available coaxial NMR
tubes, separated by air and kept concentrical by a pyrex spacer, was em-
ployed.” The inner tube had an internal diameter of 1.96 mm and an ex-
ternal diameter of 2.97 mm. A standard 5 mm vessel was used for the
outer tube. Due to the smaller volume of sample, the number of scans
was set to about 100 and the total experimental time was 2-3 h. The o
values were higher than at room temperature (3—4 ms), to compensate
for the decreased mobility of the molecules at low temperature.

All of the observed data leading to the reported D values afforded lines
whose correlation coefficients were above 0.999. Based on our experience
from work on diffusion over several years, we propose a standard devia-
tion of £0.06x 107" m*s~! for the D values and +0.1 A for the hydrody-
namic radii.
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Star-Shaped Nanomolecules Based on p-Phenylene Sulfide Asterisks with a
Persulfurated Coronene Core

Marc Gingras,** Alain Pinchart,™ ¢! Carol Dallaire,'! Talal Mallah,"” and Eric Levillain'"

Abstract: Persulfurated p-phenylene
sulfide (PPS) molecular asterisks (6-9)
from “generations” 1 to 4 were effi-
ciently prepared. They represent a new
class of electron-accepting PPS star-

data confirmed for the first time that
an electronic delocalization through
the whole asterisk molecule exists in
the radical anionic or dianionic forms,
in spite of divalent sulfur bridges be-

tween phenyl groups. They could be
seen as globular spheres with a three-
dimensional electronic network and de-
localization. Electrochemical studies
indicated that sulfur substituents

shaped nanomolecules. Spectroelectro-
chemistry, cyclic voltammetry and UV-
visible studies were performed for the
asterisks and for functionalized p-phen-
ylene sulfide oligomers (1-4). These

dendrimers -

Introduction

At the interface of small organic compounds (<1000 Da)
and polymers (>20000 Da), the chemistry of mid-size mole-
cules (1000-20000 Da) represents a growing field in material

Keywords: aromatic substitution -
electrochemistry -
nanostructures - sulfur

[a] Prof. M. Gingras

Chemistry Laboratory of Organic and Metallic Materials (C.M.O.M.)
Faculty of Sciences, Université de Nice-Sophia Antipolis
28 Avenue Valrose, 06108 Nice Cedex 2 (France)

Fax: (+33)49-207-6578

E-mail: gingras@unice.fr

Dr. A. Pinchart, Prof. T. Mallah

Laboratory of Inorganic Chemistry, Batiment 420
Université de Paris-Sud, 91405 Orsay (France)

Fax: (+33)169-154-754

E-mail: mallah@icmo.u-psud.fr

Dr. C. Dallaire

MDS Pharma Services, Chemical Synthesis Laboratory
2350 Cohen Street, St-Laurent, Montréal

Québec, H4R 2N6 (Canada)

Fax: (4+1)514-335-8333

E-mail: Carol.Dallaire@mdps.com

Dr. E. Levillain

Groupe Systemes Conjugués Linéaires

Ingénierie Moléculaire et Matériaux Organiques
UMR 6501 du CNRS, 2, bd Lavoisier

49045 Angers Cedex (France)

Fax: (+33)241-735-405

E-mail: eric.levillain@univ-angers.fr

Dr. A. Pinchart

Université Libre de Bruxelles

Organic Chemistry Division

C.P. 150-06, 50 Ave. F. D. Roosevelt

Brussels (Belgium)

[b

—_

o
KB

[d

_—

le

—_—

2896 ——

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

strongly stabilize the reduced form of
the asterisk relative to coronene itself,
and the ease of reduction depends on
the PPS chain length.

science, in nanoscience, and in biological chemistry. This de-
velopment was facilitated by routine analyses from modern
mass spectrometry techniques.!! Giant monomolecular
structures, such as dendrimers® or various supramolecular
systems,’! have been common and popular over the last
years. Multiple functionalization at the periphery of those
entities has been a major goal for the quest of new or im-
proved properties, especially in dendrimer chemistry. How-
ever, the design of molecular templates with multiple func-
tional sites as highly branched molecules is also increasingly
attractive due to their simplicity, for example, radialenes,"!
functionalized porphyrins,”! hexasubstituted benzene deriva-
tives'® or other multidirectional molecules.”

Following this trend, we have created a class of nanomole-
cules, called molecular asterisks,”® from an expeditious con-
nection of poly(p-phenylene sulfide) oligomers” onto a cor-
onene core. Several objectives were pursued: 1) to create
highly branched asterisks as multifunctional and electron-ac-
cepting nanomolecules based on persulfurated aromatics, 2)
to study their fundamental physical-organic properties by
UV-visible and spectroelectrochemistry, and 3) to explore
the electronic properties (UV and delocalization) of those
nanomolecules by modulating their shape (star-shaped
versus linear PPS oligomers). The layout of this paper is
given in the following paragraphs.

Firstly, the importance of poly(p-phenylene sulfide) poly-
mers (PPS) as classic conducting and thermoplastic materi-
als is shown from their commercial exploitation by Phillips
Petroleum since 1967.0% They were the first malleable con-
ducting polymers (after doping) that did not contain a
purely carbon backbone.'"!! Our interest in this field is relat-
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of the fastest multidirectional
growing cores in dendrimer
chemistry (Scheme 1). Because
PPS oligomers were neglected
in the past, we have also pre-
pared several of them (1-4).)
We then delineate the UV-visi-
ble and electronic properties
of individual PPS oligomers for
a better understanding of our
results from the coronene
asterisks.

Secondly, persulfurated aro-
matics have been underexploit-
ed over the last 40 years; ' this
is especially true for persulfu-
rated coronene asterisks, for

Yield: 97%

Average yield
per substitution:
99.8%

6: PPS-G1-[coronene]-OiPr

Scheme 1. Efficiency in the persulfuration of coronene with 12 bonds broken and 12 bonds formed at 25°C.

ed to the concept of branching PPS oligomers at a central
electro-communicating template for modifying the shape
and the physical-organic properties of the macromolecules.
A persubstituted coronene unit with 12 arms represents one

Abstract in French: Des astérisques moléculaires (6-9) de
sulfure de p-phénylene (PPS) ont été préparés de facon effi-
cace. lls représentent une classe nouvelle de nanomolécules
PPS de forme étoilée pouvant accepter des électrons. Des
études de spectroélectrochimie, de voltamétrie cyclique et
d’UV-Vis ont été complétées sur les astérisques et sur des oli-
gomeres de PPS (1-4). Ces données confirment pour la pre-
miere fois une délocalisation électronique a travers tout L’as-
térisque moléculaire, soit sous la forme d’un radical-anion ou
celle d’un dianion, en dépit de ponts soufrés divalents entre
les groupes phényle. Les astérisques sont représentés par un
réseau globulaire tridimensionnel avec délocalisation électro-
nique. Les études électrochimiques ont indiqué que les substi-
tuants soufrés stabilisent fortement la forme réduite de I’asté-
risque, par comparaison avec le coronéne lui-méme, et la fa-
cilité de réduction dépend de la longueur des chaines PPS.

Chem. Eur. J. 2004, 10, 2895 —2904 www.chemeurj.org

which there is still a lack of fundamental physical-organic
studies. With a persulfurated benzene core, a few applica-
tions were found as liquid crystals,"”! as si-donors or precur-
sors for organic conductors,'! and as bioinorganic mimics of
ferrodoxins;™! also many X-ray structure determinations of
“host—guest” partners in inclusion chemistry have been re-
ported." In 1997, one of us and other collaborators report-
ed the first electrochemical study!"” and the molecular aster-
isks were developed in 1998.1] In 2002, a new class of mem-
brane for ion-selective electrodes appeared.® Our work en-
couraged studies toward micellar systems!™ and oligothio-
phene liquid crystals.””) An intriguing fact is the mild and
efficient coupling of sulfanylated PPS chains to perchloro-
coronene 5. As a specific example, the average yield per
substitution could be as high as 99.8 % in the coronene case
for twelve substitutions in a row, involving the breakage of
twelve C—CI bonds and the formation of twelve new C-S
bonds at room temperature (Scheme 1).2!! Perchlorocoro-
nene 5 was prepared in one step from coronene in a near
quantitative yield."

Thirdly, we collected and analyzed physical-organic data
from a growing set of coronene asterisks from “generations”
1 to 4. UV-visible and electrochemical properties provide a
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better understanding of the electronic delocalization within
PPS macromolecules. Spectroelectrochemistry indicates that
relatively stable radical anions and dianions are formed.

Results and Discussion

Synthesis: The preparation of the asterisks was achieved in
a convergent manner, because it facilitated the purification
(Scheme 2). If some arms were missing, it could provide a
major difference in the chemical properties of the product
and the impurities. Our procedures did not usually require
chromatographic separations, but simple triturations in etha-
nolic solvents. The asterisk size could be tailored by a con-
trol of the PPS chain length. The remaining task was to ex-
plore the syntheses of functionalized PPS oligomers and to
optimize their couplings, as will be shown in the next sections.

5 NaH, 60°C, 60 h

! !
¢

AN

Scheme 2. General syntheses of PPS-Gn-[coronene]-OiPr asterisks 7-9.
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© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

PPS oligomers: Many methods are known for synthesizing
poly(p-phenylene sulfide) polymers (PPS),”? but the
oligomers were often separated as minor components after
a PPS polymerization.”® Therefore, we achieved simple syn-
theses of p-phenylene sulfide oligomers with the chain
lengths varying from two to four phenyl rings and with a sul-
fanyl group at one end and a protected phenolic function at
the other (Scheme 2).”) Deprotection of terminal phenols
gives an asterisk with a hydrophilic periphery for possible
uses in aqueous media. The selection of protective groups
came after a long survey and various assays. Many of them
did not survive under highly nucleophilic conditions at
100-150°C with thiophilic metal salts (such as Pd or Cu
salts) during usual Ar—S coupling procedures. We finally
found that thiomethyl and isopropyloxy groups were the
best partners as orthogonal protective groups for a chemose-
lective deprotection of thiophenols. In our hands, the nucle-

www.chemeurj.org
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ophilic deprotection of arylthiomethyl groups with MeSNa
in DMF at 160°C, or in NMP at 200°C, most often provided
an unseparable mixture of thiol and starting material.*!
Classic reducing conditions with Na/NH;*! or Na/pyridine
at 100°C™ led to uncontrolled cleavage of C—S bonds in
the chains. For these reasons, we improved the methodology
by using the reagents iPrSNa or rBuSNa; the latter provided
almost quantitative yields of thiols, while the isopropyloxy
group came under slight attack by less-hindered thiolates.””)
Other synthetic strategies based on the introduction of a
sulfhydryl or a thiomethyl group from brominated or iodat-
ed p-phenylene sulfides were not efficient at a later stage of
the synthesis. Oligomers 1-4 were prepared following the
above considerations on a multiple gram scale, with the
avoidance of chromatographic separation. We next turned
our attention to the assembly of coronene asterisks.

PPS coronene asterisks: Reactions of PPS oligomers 1-4
with dodecachlorocoronene 5 provided the asterisks 6-9 by
means of the MacNicol reaction.”) In this way, we built up
one set of growing asterisks functionalized at the periphery
by isopropyloxy groups (Scheme 2: PSS-Gn-[coronene]-
OiPr; n=1, 2, 3, 4). The MacNicol reaction is sensitive to
the solvent used, and a polar aprotic solvent such as DMI
(1,3-dimethyl-2-imidazolidinone) was the most proficient.
We also needed to optimize the yields and the purification.
At first, dodecachlorocoronene 5 reacted with a twofold
excess of thiolate at 20°C, but only modest yield of 65 %
was obtained along with some difficulty in getting rid of the
excess starting material. Traditionally, most reactions of per-
chlorocoronene used an unnecessary twofold excess of
sodium thiolate. After optimizing the conditions at 60°C in
DML, a 1.1-fold excess of sodium thiolate afforded the aster-
isks (Scheme 2: n=1, 2, 3 4) in yields of 97 (G1), 95 (G2),
93 (G3), and 70% (G4). All of them were relatively air-
stable and could be stored at —10 to —20°C for years with-
out significant decomposition. They are crystalline dark red
solids often soluble in many solvents.

'H and *C NMR spectroscopy and elemental analyses
confirmed the structures and are indicative of a good purity
(see Experimental Section). At 80-100°C in C,Cl,D,, we
could distinguish every set of AA’,BB’ apparent hydrogen
doublets by 'H NMR spectroscopy; this proves the symmet-
rical nature of the molecules. If any substituents were miss-
ing or if any impurities were present, we could differentiate
those signals by '"H NMR spectroscopy by comparison with
the pure product. Most relative errors in the percentage of
H, C and S were satisfactory. Specific analysis for chlorine
indicated 0.00%; it indisputably demonstrates that twelve
substitutions occurred. We further ascertained the structures
by using several mass spectrometry techniques (FAB, DCI,
SIMS, and MALDI-TOF), which provided the correspond-
ing average isotopic molecular ions for each functionalized
coronene generation at m/z=2293.8 (G1: SIMS; 2294
caled), 3593.1 (G2: MALDI-TOF; 3593 calcd) or 3593.9
(G2: FAB), 4892.8 (G3: MALDI-TOF; 4890 calcd) and
6192 (G4: MALDI-TOF; 6188 calcd). The fragmentation
patterns show signals corresponding to a regular loss of
some arms in MALDI-TOF for larger asterisks, leading to a

Chem. Eur. J. 2004, 10, 2895 —2904 www.chemeurj.org
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delocalized cation made up of the core and the rest of the
molecule.

Spectroscopic properties: This study was performed with the
samples at a concentration of 1.00x107°m in dioxane at
25°C, at which the concentration and the absorption fits the
Beer-Lambert law, in order to avoid intermolecular interac-
tions. We focused our attention on a comparison of the gen-
erations and the role played by the PPS chain in the UV ab-
sorption of the asterisks. We were interested in knowing
more about the electronic delocalization through the sulfur
linkages, the communication between the core and the
chains, and the extent of perturbation associated with the
chain length.

PPS oligomers: In order to distinguish the role and the con-
tribution of the PPS chains in the absorption spectra and the
electronic distribution, we recorded the UV-visible spectro-
scopic properties of short PPS oligomers from one to four
phenyl groups, with and without an isopropyloxy group.
Only the results of the oligomers functionalized by an iso-
propyloxy group are shown in Figure 1. For compound 1 a

2.5-
.......... PPS oligomer 4
_.~" — — — PPS oligomer 3
2 .,-" N — - —  PPS oligomer 2
[ -':'I, \ R PPS oligomer 1
iy N
L 1 \
150 it . \\
il / N \
NN
Nt
S,

300 320 340 360

240 260 280
wavelentgh (nm)

Figure 1. UV-visible absorption spectra of PPS oligomers 1-4 in dioxane
at 5.00x 10 m.

band at 259 nm (¢=13050M 'cm™') was observed. This cor-
responds to a disubstitued benzene nucleus, and is attributed
to the benzene ring possessing an isopropyloxy group and a
sulfur atom in the para positions. The second-generation
(G2) functionalized PPS chain showed a band at 271 nm
and a shoulder at 290 nm, corresponding to an absorption
found in the second-generation asterisk PPS-G2-[coronene]-
OiPr (7). The last transition at 290 nm was assigned to a
phenyl ring substituted by two sulfur atoms in para posi-
tions. The intensity of this band increased with the genera-
tion number and the number of S-Ph-S units. A slight red
shift is observed as the chain increases its length from the
second (G2) to the third generation (G3). Similar reports
were made by Heitz in 1983.%° It was attributed to an elec-
tronic delocalization between the S-Ph-S units or to the ex-
tension of a conjugation in solution.
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PPS-Gn-(Coronene)-OiPr: All of the coronene asterisks dis-
played a maximum absorption from the persulfurated core
in the visible region at about 460 nm and a large absorption
band varying between 250-280 nm, depending on the PPS
chain (Figure 2). The molar extinction coefficients near
280 nm quickly expands with the generation number from
G1 to G4 (compounds 6-9). This is expected from the aug-
mentation of the S-Ph-S units.

Absorbance

250 300 350 400 450 500 550 600
Wavelength (nm)

Figure 2. UV-visible absorption spectra of PPS-Gn-[coronene]-OiPr aster-
isks 6-9 in dioxane at 5.00 x 10~°m.

For the asterisk with a coronene core (G1), we noticed a
band at 255 nm (e=154800m 'cm™!') for compound 6 that
corresponds to the absorption of the iPrO-Ph-S units. The
high value of ¢ reflects a large number of iPrO-Ph-S units
(twelve units). From G1 to G2, a new band appeared at
280 nm (£ =222400m"'cm™). It was attributed to the unit S-
Ph-S. The intensity of this last band increases with the gen-
eration number, thus confirming this assignment. The
second-generation asterisk 7 still conserved its band at
250 nm, assigned to the /PrO-Ph-S unit. However, it slightly
overlapped with the absorption of the stronger S-Ph-S band.
The absorption spectra of 8 (G3) and 9 (G4) did not signifi-
cantly change, except for their intensities and a broadening
of the band near 280 nm, due to the S-Ph-S units.

The persulfurated coronene cores almost showed a con-
stant absorption at a maximum of 460 nm from 6-9 (Gl-
G4), in spite of a light increase of the molar coefficients of
extinction. Compared to the absorption spectra of coronene
itself, which has a major maximum absorption near 419 nm,
we found that persulfuration caused a red shift of about
41 nm (to 460 nm). Again, the m—m* transition energy is
lowered by sulfur substituents. The absorption band at
460 nm was almost insensitive to the length of the PPS
chain. However, coronene has several transitions and it
complicates the interpretation of the results. The absorption
at 460 nm, in the blue-green region, is consistent with the
observed transmitted red color.

In summary, the UV-visible properties of the coronene as-
terisks in the ground state (neutral species) apparently did
not clearly indicate an electronic delocalization within the
PPS chains and between the chains and the core. However,
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the electrochemical data from the next section will be con-
clusive for a delocalization of electrons through the entire
coronene asterisk and through the PPS chains.

Electrochemical properties: Electroreduction of organosul-
fur compounds has been less studied than their oxidation. In
the work of Lehn, Gingras, and co-workers,'"! it was found
that hexakis(phenylthio)benzene derivatives, with substitu-
ents at the para positions of the terminal benzene rings, fol-
lowed a linear Hammett relationship with the o parameters
of the substituents during their reduction by cyclic voltam-
metry. In other words, an electron-withdrawing substituent
facilitated the electroreduction. A second point showed the
dependence on the aromatic cores in the reduction poten-
tials and in the number of electrons transferred. The
number of sulfurated substituents connected to the benzene
core was also important. For instance, pentakis(phenylthio)-
benzene was less easily reduced (—1.95V vs SCE) than
hexakis(phenylthio)benzene (—1.56 V vs SCE). Finally, mo-
lecular wires incorporating four or five sulfur substituents
and a bridging & system on a benzene core were less easily
reduced than the coronene asterisks.™™ A cation sensor with
electrochemical signaling made from a derivative of hexa-
kis(phenylthio) benzene and a macrobicyclic ligand was also
reported.”™ In spite of these nice studies, not much is
known with polysulfurated coronene.

Molecular asterisks from the first to the fourth generation
functionalized at the outer periphery by isopropyloxy
groups were measured by cyclic voltammetry; some of the
experimental conditions are given in Table 1 and Figure 3. It

Table 1. Reduction potentials of asterisks PPS-Gn-[coronene]-OiPr (6-9:
n=1-4) at half-wave (E,;, vs SCE) in DMF at 1 mm with 0.1 TBDHP as
electrolyte.

Asterisk E,; [V]

6 —1.06 —1.50
7 —0.92 —1.30
8 —0.86 —1.23
9 —0.83 —1.23

is known that a persulfurated coronene core reversibly ac-
cepts two electrons between —1.6 and —1.0 V (vs SCE)!"
for two consecutive one-electron transfers. The cyclic vol-
tammogram for coronene asterisk 6 (Figure 3) also indicated
two single-electron transfer waves at —1.06 and —1.50 V (vs
SCE). The count for the electron transfer was verified by
coulometry and electrolysis. Coronene itself has two reduc-
tive waves at —2.04 and —2.57 V (vs SCE).”! Again, a large
stabilization from the sulfur substituents facilitates the re-
duction to a radical anion and then to a dianion. The stabi-
lizing effects are close to 1.1 V in both reductions.

The increase of the PPS chain length is favorable to both
sets of electron transfer. In the case of the radical anion for-
mation, a difference of the reduction potentials of 0.14, 0.06,
and 0.03 V is observed in going from the first to the fourth
generation. However, there is virtually no change in the

www.chemeurj.org Chem. Eur. J. 2004, 10, 2895 —2904
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Figure 3. Cyclic voltammograms (top) and deconvoluted cyclic voltam-
mograms (bottom: calculated with CONDECON™) of PPS-G1-[coro-
nene]-OiPr (6, 1mm) and PPS-G4-(coronene-OiPr) (9, 1mm) in 0.2M
TBAHP/DMF.

properties on going from 8 (G3) to 9 (G4). In the case of
the dianion formation, a difference of reduction potentials
of 0.20, 0.07, and 0.00 V is observed in going from the first
to the fourth generation. A con-
stancy of the electrochemical
properties is obtained for 9

i (uA)

-1.0 -05 00 0.5 1.0 1.5
E (V vs. SCE)

Figure 4. Cyclic voltammograms of PPS-G4-[coronene]-OiPr (9, 1mm) in
0.2m TBAHP/CH,(I, obtained in the positive direction

the number of electron transfer has not been estimated and
further work will be performed in order to determine the
electrochemical behavior of PPS-Gn-[coronene]-OiPr in the
positive direction.

Spectroelectrochemical properties: In order to obtain addi-
tional information for the successive generations of aster-
isks, electroreductions of PPS-Gn-[coronene]-OiPr (6-9;
Table 2) were analyzed by time-resolved and near-IR spec-
troelectrochemistry under thin-layer conditions. In such con-
ditions, the stability of compounds is absolutely necessary

Table 2. Spectroelectrochemistry and UV-visible absorption for neutral, radical anion, or dianion PPS-Gn-
[coronene]-OiPr asterisks (6-9) under dry oxygen-free argon.

(G4). The analysis of those re-

sults again suggests a stabiliza-
tion of the properties in going
from the third to the fourth
generation. The following con-
clusions are found: an electron-

Amax [nm] (€) Amax [nm] (€) Amax [nm] Amax [nm] M.p. [°C]
neutrall® neutrall® radical anion™ dianion™
6 255 (154800) 460 (69000) 963 798 164.0-165.01
7 280 (222400) 460 (73200) 969 805 151.0-152.0
8 275 (394200) 460 (75200) 985 812 133.0-134.0
9 277 (575400) 460 (79000) 992 820 90 (decomp)

ic delocalization is felt through
the whole of the PPS chains
and through the entire mole-
cule, up to the fourth-generation coronene asterisk. An elec-
tronic communication exists between the core, the sulfide
linkages, and the phenylene sulfide arms. The electrochemi-
cal data indicate relatively stable charged species from the
quasi-reversible reductive patterns. Sulfur substituents are
excellent charge stabilizer in persulfurated aromatics. A de-
crease of the current intensities is observed on going from
the first to the fourth generation. It is thought that the mo-
bility of those macromolecules is hampered because of their
size. As expected, the diffusion coefficients and the electron
transfers are attenuated with increasing the asterisk size.

In the positive direction, several oxidation waves were ob-
served in CH,CI, (Figure 4). The electro-oxidation behavior
is independent of the asterisk size. The first oxidation wave
is an irreversible one-electron process. The increasing scan
rate (up to 100 Vs™!) did not allow us to detect a possible
reversibility. On the other hand, it is worth noting that the
second oxidation wave is a reversible multielectronic pro-
cess: is it the oxidation of the asterisk core? At this stage,

Chem. Eur. J. 2004, 10, 2895 —2904 www.chemeurj.org

[a] 0.001 ™ dioxane. [b] 0.2mM TBAHP/DMF.

and use of a glove box, containing dry, oxygen-free
(<1vpm) argon, avoid the oxidation of the asterisks in
DMF.

In a negative doped state, it is possible to observe the op-
tical characteristics of the radical anion and the dianion.
Figure 5 shows the electronic spectra of asterisk 9 in DMF
at the first and second reduced state. The first reduction
leads to the development of two new bands with maxima at
640 and 992 nm, characteristic of the radical anion. Beyond
the second reduction, the spectrum shows only a single
broad absorption band with a maximum at 820 nm, which
can be unequivocally assigned to the dianion. The same re-
sults were observed with decreasing the asterisk size. More-
over, and in agreement with CV data, a red shift (~30 nm
between asterisks 6 and 9 was also observed with increasing
size. These results show that it is possible to generate radical
anions and dianions from these asterisks in harsh thin-layer
conditions. Without oxygen and water, these reduced forms
are stable for several hours.
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Figure 5. Spectroelectrochemistry of PPS-G4-[coronene]-OiPr (9, 1mwm)
asterisk in 0.2M TBAHP/DMF obtained in the negative doped state.

Conclusion

In this work, we report the efficient synthesis of PPS
oligomers and highly branched PPS asterisks (6-9), as multi-
functional and electron-accepting nanomolecules with a per-
sulfurated coronene core. The asterisks were assembled by a
convergent approach by connecting sulfanylated p-phenyl-
ene sulfide chains (1-4) onto dodecachlorocoronene 5. Char-
acterization of the asterisks was achieved by a combination
of mass spectrometry techniques (DCI, FAB, SIMS,
MALDI-TOF), 'H and *C NMR spectroscopy, and elemen-
tal analyses. The data were indicative of a fully persulfurat-
ed coronene core.

Physical-organic properties of those nanomolecules were
evaluated by UV-visible spectroscopy, electrochemistry, and
spectroelectrochemistry. Prior to the analysis of these re-
sults, we collected UV-visible data of PPS oligomers. We
then assigned several UV absorption bands in order to eval-
uate the electrochemical and spectroelectrochemical proper-
ties. More importantly, it was found that an electronic deloc-
alization occurred through the entire asterisk (6-9) and it
could be seen as a somewhat globular sphere with a three-
dimensional electronic network. This delocalization was also
observed in the reduced form (radical anion or dianion)
from a red shift of the UV bands. On reaching asterisk 9
(fourth generation), many properties remained almost con-
stant, showing the limit of the delocalization. Electrochemi-
cal studies indicated that sulfur substituents strongly stabi-
lize the reduced form relative to coronene itself. The easy
electroreduction and oxidation of the asterisks suggests in-
teresting properties in material sciences, dendrimer, or
supramolecular chemistry. Due to the affinity of sulfur for
soft transition metals, as already shown in our studies for
making membranes of use in ion-selective electrodes, sup-
ported metallic nanoclusters could be an example of some
future utilizations. We are now investigating the solid-state
properties of those molecules toward nanomaterials.

Experimental Section

Instruments: 'H and”C NMR spectra were recorded in CDCl; or
CDCLCDCI, (TMS int. standard) with Bruker instruments AC200

2902 —— © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

(200 MHz), AC250 (250 MHz), AC400 (400 MHz) and Varian Unity 600
(600 MHz). Abbrevations s, d, t, sept., app, and m stand for singlet, dou-
blet, triplet, septuplet, apparent, and multiplet, respectively. FT-IR spec-
tra were recorded with a Perkin—Elmer 883 or Perkin—Elmer Spectrum
1000 instruments with dry KBr disks (about 1% w/w of sample).
MALDI-TOF MS spectra were recorded at the Institute for Biological
Sciences (IBS) of the National Research Council of Canada, Ottawa
(Canada); from a mixture of 0.5 pg of asterisk with 1 uL of a dithranol
matrix (10 pg dithranol per 1 pL of CHCIl;) with a PerSeptive Biosystems
Elite-STR mass spectrometer in linear mode. An external calibration was
achieved with an error of +0.3 Da for M <4000 Da; resolution 3500.
SIMS, EI, and CI mass spectra (70 eV) were recorded with a VG Micro-
mass 7070F at the Université Libre de Bruxelles (Belgium). DCI MS
(CH4/N,O) were obtained at the Université Catholique de Louvain (Bel-
gium). UV-visible spectra were recorded from a quartz cell (optical path:
1,0 cm) on a Cary 300 and Cary SE in dioxane at the mentioned concen-
tration. Melting points (uncorrected) were determined in an open capilla-
ry with an Electrothermal SMP3 (0.2°Cmin™".) apparatus. Microanalyses
were done at the Université Louis-Pasteur, Strasbourg and Université
Paris-Sud, Orsay (France).

Chemicals: Aluminium or plastic TLC precoated silica gel plates SIL G/
UV,s, Macherey-Nagel or Merck were used. Visualization: UV or ceric
ammonium sulfate/H,SO, ag/ammonium molybdate solution. Column
chromatography was achieved with silica gel Kieselgel 60 Merck (230-
400 mesh). Most reagents were purchased from Sigma-Aldrich or Acros
and used as received. DMF was dried over CaH, overnight and distilled
under reduced pressure. DMF and DMI were kept and dried over acti-
vated (250°C/3 h) 3 A molecular sieves. Powdered NaH 95 % was used as
received. The preparation and characterization of compounds 1-4 are
given in reference [9], and for 5 in reference [21b].

Asterisk PPS-G1-[coronene]-OiPr (6): Perchlorocoronene (20.0 mg,
0.031 mmol) was placed in a dry 10 mL, two-necked flask under N,. Thiol
1 (97.0mL, 114 mg, 0.67 mmol) and DMI (0.80 mL) were injected by
means of a syringe. Powdered 95% NaH (20.0 mg, 0.81 mmol) was
weighed and placed in a lateral Gooch tube connected to the flask.
Oxygen was removed by three freeze-thaw cycles with N,. After cooling
in an ice bath, NaH was added in small portions. A foam was formed and
the mixture turned deep red. Stirring was continued at 25°C for 3 days
(less time might be needed). A solution of 1M NaOH (20 mL) was added
while stirring vigorously, followed by toluene (5.0 mL). After separation
of the organic phase, it was washed further with 1M NaOH (2x10 mL).
After drying over MgSO,, filtration, and evaporation of the solvent, a
red oil was obtained (119 mg). The crude product was purified on a chro-
matography column (SiO,, ethyl acetate/hexane 3:7 v/v). A solid was ob-
tained (63.0 mg, 97%). M.p. 164.0-165.0°C (dark red microcrystalline
solid); R;=0.60; UV/Vis (dioxane, 1x107°M): An. (£)=255 (154800),
460 nm (69000); 'H NMR (250 MHz, CDCL): 6=1.22 (d,,,, /=58 Hz,
36H; CH;), 4.31 (sept, /=58 Hz, 6H; OCH), 6.50 ppm (s,,, 48H;
arom); “C NMR (62.9 MHz, CDCl;): 6=22.80 (CH,); 70.64 (CH),
116.84 (C), 129.72 (C), 131.40 (C), 156.78 ppm (C); DCI (CH,-N,0) MS
for C3,H;3,01,8,,: miz: 2295.2 [M*]; SIMS: m/z:: 2293.8 [M*]; elemental
analysis caled (%) for C;3,H;3,0.,S1,: C 69.09, H 5.76, S 16.75, Cl 0.00;
found: C 68.98, H 5.74, S 15.70, Cl1 0.00.

Asterisk PPS-G2-[coronene]-OiPr (7): Perchlorocoronene (200 mg,
0.28 mmol) and thiol 2 (1.02 g, 3.70 mmol) were placed in a dry 50 mL,
two-necked flask under N,. Anhydrous DMI (10 mL) was injected by
means of a syringe. Powdered 95 % NaH (101 mg, 4.44 mmol) was weigh-
ed and placed in a lateral Gooch tube connected to the flask. Oxygen
was removed by three freeze-thaw cycles with N,. After cooling in an ice
bath, NaH was added in small portions for 15 min, while stirring vigo-
rously. A foam was formed and the mixture turned deep red. Stirring was
continued for at 25°C for 1 h and then at 60°C for 60 h. After cooling, a
solution of 1M NaOH (5 mL) was added while stirring vigorously, fol-
lowed by CH,Cl, (10 mL). The mixture was poured into a solution of 1M
NaOH (100 mL) and the organic phase was separated. The aqueous layer
was further extracted with CH,Cl, (3x10 mL). The combined organic
layers were washed with H,O (50 mL). After drying over MgSO,, filtra-
tion, and evaporation of the solvent, a red oil was obtained. The crude
product was triturated in absolute EtOH (50 mL) and a red solid was
formed. Triturations were repeated with absolute EtOH (3 x50 mL) and
with hexane (50 mL). After drying under vacuum, a red solid was recov-
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ered (0.957g, 95%). M.p. 151.0-152.0°C (microcrystalline dark red
solid); R;=0.27 (SiO,, ethyl acetate/hexane 1:4); UV/Vis (dioxane, 1x
107M): A (€)=280 (222400), 462 nm (73200); '"H NMR (600 MHz,
GC,D,Cl, 80°C): 6=7.34 (d,y, J=7.8 Hz, 24H), 6.89 (s, 24H), 6.82
(dyppr J=7.8Hz, 24H), 6.46 (d,,, J=7.8 Hz, 24H), 4.40 (s,,, 12H),
1.24 ppm (s, 72H); “C NMR (62.9 MHz, CDCl,, 20°C): 6 =158.30, 135
(brm), 130-123 (brm), 116.80, 70.0 (CH), 21.9 ppm (CH;). DCI-MS
(CH,) for CyH 40015804 m/z: 3585 [M*]; FAB-MS (NBA): m/z: 3593.9
[M*]; MALDI-TOF MS (dithranol): m/z: 3593.1 [M*]; elemental analy-
sis caled (%) for CyH5005S,4: C 68.21, H 5.06, S 21.42, C1 0.00; found:
C 68.05, H 4.82, S 21.36, C1 0.00.

Asterisk PPS-G3-[coronene]-OiPr (8): The same general procedure as
for 7 was followed. The amount of reagents was varied as follows: dodec-
achlorocoronene (200 mg, 0.280 mmol), NaH (106 mg, 4.44 mmol), thiol 3
(1.42 g, 3.69 mmol), and DMI (10 mL). After heating in an oil bath at
60°C for 60 h and cooling, a solution of 1M NaOH (5 mL) was added,
while stirring vigorously, followed by CH,Cl, (10 mL). The mixture was
poured into a solution of 1M NaOH (100 mL) and the organic phase was
separated. The aqueous layer was further extracted with CH,Cl, (3%
10 mL). The combined organic layers were washed with H,O (50 mL).
After drying over Na,SO,, filtration and evaporation of the solvent, a red
oil was recovered. The crude product was triturated in absolute EtOH
(50 mL) and a red solid was formed. Triturations were repeated with ab-
solute EtOH (3x50 mL) and with hexane (50 mL). After drying under
vacuum, a red solid was recovered (1.27 g, 93%). M.p. 133.0-134.0°C
(microcristalline dark red solid); R;=0.27 (SiO,; EtOAc/hexane 1:4);
UV/Vis (dioxane, 1x107°M): A, (€) =275 (394200), 460 nm (75200); 'H
NMR (400 MHz, C,D,Cl,, 80°C, TMS): 6=1.35 (d, J=6.0 Hz, 72H), 4.49
(sept, J=6.0 Hz, 12H), 6.51 (d,p, /=8.3 Hz, 24H; arom), 6.83 (d,p /=
8.6 Hz, 24H; H ortho of OiPr), 6.94 (d,,,, /=8.25 Hz, 24H; arom), 7.08
(dupps J=8.3 Hz, 24H; arom), 7.16 (d,,,, J=8.3 Hz, 24H; arom), 7.33 ppm
(dapps J=8.6 Hz, 24H; H meta of OiPr); "C NMR (100 MHz, CDCl,,
25°C, TMS): 6=22.71 (CH;), 70.51 (CH), 117.42 (CH), 124.13 (C),
128.91 (CH), 129.94 (CH), 132.02 (CH), 132.82 (C), 133.01 (CH), 134.11
(C), 136.44 (C), 138.62 (CH), 139.01 (C), 159.04 ppm (C); MALDI-TOF
MS (dithranol, resolution ~3500) for CyyH,,501,S5: m/z: 4893 [M*]; ele-
mental analysis calcd (%) for C,;6H,,01,S5: C 67.78, H 4.70, S 23.53, Cl
0.00; found: C 67.77, H 4.63, S 23.65, Cl1 0.00.

Asterisk PPS-G4-[coronene]-OiPr (9): The same procedure as for 7 was
followed. The amount of reagents was varied as follows: dodecachloro-
coronene (20.7 mg, 0.0290 mmol), thiol 4 (189 mg, 0.384 mmol), and 95 %
NaH (13 mg, 0.51 mmol). After trituration with EtOH and hexane, 9 was
obtained as a red solid (125 mg; 70%). M.p. 85-86°C (decomp, amor-
phous dark red solid); R;=0.40 (SiO,; EtOAc/hexane 3:7); UV/Vis (di-
oxane, 1x107°M): Ay (£)=277 (575400), 460 nm (79000); 'H NMR
(600 MHz, CDCl;, 30°C, TMS): 6=1.31 (d, J=6.0 Hz, 72H), 4.51 (sept,
J=6.0Hz, 12H), 6.3 (m, 24H), 7.0 (d,,, /=84 Hz, 24H), 6.7-7.2 (m,
120H), 7.33 ppm (m, 24H); “C NMR (62.8 MHz, CDCl;, 20°C, TMS):
0=22.0, 70.0, 116.8, 122.9, 127.2-127.7 (br), 128.3, 130.4, 130.5-132.4 (br),
132.5, 135.8, 136.1, 139.3, 158.6; MS MALDI-TOF (dithranol, resolution
~3500) for CigH,7601,S4: m/z: 6192 [M*]; elemental analysis calcd (%)
for CysH,7601,S45: C 67.54, H 4.49; found: C 67.48, H 4.30.

Electrochemical section: Cyclic voltammetry was performed in a three-
electrode cell equipped with a platinum millielectrode of 0.126 cm? and a
platinum wire counter electrode. A silver wire served as a quasi-refer-
ence electrode and its potential was checked against the ferrocene/ferrici-
nium couple (Fc*/Fc) before and after each experiment. The electrolytic
media involved DMF and 0.2m of tetrabutylamoniumhexafluorophos-
phate (TBAHP). All experiments were performed in a glove box contain-
ing dry, oxygen-free (<1 vpm) argon, at room temperature. Electrochem-
ical experiments were carried out with an EGG PAR 273A potentiostat
with positive feedback compensation. Based on repetitive measurements,
absolute errors on potentials were found to be around +5 mV. The setup
for spectroelectrochemical experiments has been described previously.*!
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Synthesis of Functionalized 1,3-Thiazine Libraries Combining Solid-Phase

Synthesis and Post-Cleavage Modification Methods

Gernot A. Strohmeier,®! Willibald Haas,'™"! and C. Oliver Kappe*'*

Abstract: The solid-phase synthesis of
diverse sets of 1,3-thiazine-5-carboxy-
lates on Wang resin is described. Ace-
toacetylation, followed by Knoevenagel

acid through reaction with acyl imida-
zoles, was applied to increase the diver-
sity. To reduce contamination, an on-
bead purification of resin-bound 1,3-

thiazines that makes use of differences
in the reactivity of ester bonds toward
alkoxides is reported. A final four-step
post-cleavage modification of thiazine-

condensation and an acid-promoted
ring-closure reaction with thioureas
furnished polymer-bound 1,3-thiazines.
As an alternative to transesterification,
a de-novo synthesis of (-keto esters,
starting from polymer-bound malonic

synthesis
thiazines

Introduction

Organic chemistry has extended itself over the last decade
by an important facet, as indicated by the massive increase
of publications describing applications of polymeric supports
in synthesis .['l This vivid demonstration of its impact on the
chemical community is highlighted by the fact that only few
other changes in synthetic methodology have shown such
growing passion or had such a significant influence on the
way synthetic chemistry is performed today. The advantages
associated with this methodology are mainly devoted to four
factors.

1) The ease of synthetic manipulation by having only three
main steps: addition of reagents, filtering, and washing
the resin. This allows for automation.

2) The omission of purification, except for a washing step
after each manipulation. Only the final product after
cleavage requires purification.

3) Large excess of reagents can be used to drive reactions
to completion.
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5-carboxylates, derived by TFA cleav-
age from the Wang linker, leads to
esters or amides. Twenty 1,3-thiazines
were obtained in yields of up to 61 %
over either 9 or 13 steps.

chemis-
solid-phase

4) As a result of this straightforward concept, reactions are
easy to run in parallel mode.

In order to make full use of these benefits, some issues
have to be addressed, including the choice of solid support
and the mode of attachment and cleavage of molecules from
the resin.” It is evident that the selection of the linker
system has great impact on the chemistry being performed
and, therefore, must be carefully considered when planning
a synthetic strategy. The more flexible an anchor system is,
the more goals can be attained; that is, to produce several
defined products upon release, or to affect partial release
for monitoring reactions and for use in deconvolution meth-
ods. Apart from the diverse applications of linkers, they are
often just connections between molecules and the polymeric
supports during the course of synthesis. In continuation of
our interest in the solid-phase organic synthesis of N-hetero-
cycles,® we report herein a strategy for the preparation of
1,3-thiazine libraries (Scheme 1).

The particular scaffolds described here are 2-amino-1,3-
thiazine-5-carboxylates 12, which possess close structural
similarity to privileged structures!®! of the dihydropyrimi-
done (DHPM) type.F! In contrast to this last class of hetero-
cycles,””! 2-amino-1,3-thiazine-5-carboxylates of type 12 have
hitherto rarely been described in the literature. Further-
more, there appears to be very little published information
on both synthetic methods and biological-activity data. In
addition to our recently developed solution-phase strategy
toward this promising heterocyclic system,”’ we present a
solid-phase approach that allows for the synthesis of highly
diverse libraries of thiazines 12 (Scheme 1) by addressing all
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Scheme 1. Synthetic strategy towards 1,3-thiazine-5-carboxylates: a com-
bined solid-phase process and subsequent post-cleavage modification.

four possible diversity points (R'-R*) around the heterocy-
clic core.

Results and Discussion

Strategy development: It appeared to us that the ester func-
tionality in the S-position of thiazines 10 would serve as an
excellent anchor position to devise a solid-phase synthesis
strategy. This would initially require the attachment of a [3-
keto ester to the solid support (1—6) (Scheme 2).5" Subse-
quently, a Knoevenagel condensation with aldehydes 7
would furnish polymer-bound enones of type 8,3 which
could be cyclized to thiazines 10 by means of acid-catalyzed
ring closure with thiourea building blocks 9, in accordance
with our solution-phase studies.”’ For both the B-keto ester
attachment (1—6) and the subsequent Knoevenagel conden-
sation (6—8), we have recently reported efficient protocols
employing microwave-assisted solid-phase synthesis.""! In
order to address the 4-position of thiazines 10 by a diversity-
generating concept, we envisioned carrying out a f-keto
ester synthesis on the solid phase using activated carboxylic
acids to acylate polymer-bound malonic acid 4. In the final
step, the polymer-bound products should be released from
the support and transformed to carboxylic esters or amides
of thiazines 12. Altogether, the high flexibility embedded in
the concept should lead to multifunctionalized thiazines 12
as promising screening candidates.!**

Reaction optimization: The sequence began with the attach-
ment of a B-keto ester moiety to the standard polystyrene
Wang resin 1 (1.0 mmolg™") by transesterification of a suita-
ble precursor (142—6, Scheme 2). This process requires
high temperatures (140°C) in order to obtain complete con-
version in a short time frame. Although reactive tert-butyl
esters allowed for significantly faster conversions, the reac-
tion conditions were adjusted so that any p-keto ester 2
(mainly ethyl or methyl esters) would undergo complete
coupling to the resin (140°C, 90 min).['"%)

The limited access to diverse y-substituted -keto esters
from commercial sources additionally prompted us to devel-
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Scheme 2. Solid-phase synthesis of thiazines 12. a) 5 equiv 2, cat. DMAP,
dichlorobenzene, 140°C, 90 min, open-vessel conditions; b) 4 equiv 3, dry
THE, argon, 60°C, 18 h; c) 2 equiv TEA, THF, RT, 15 min; d) 5 equiv
MgCl,, DMF/THF 1:1, RT, 2 h; e) 4 equiv 5, 4 equiv CDI, DMF, RT, 2 h,
then add to resin, RT, 18 h; f) 0.5 HCI/DMF 1:2, RT, 10 min; g) 5 equiv
7, 30 mol% piperidinium acetate, dichlorobenzene/chlorobenzene 1:1,
115°C, 3 h; h) 5equiv 9, 2 equiv 0.75m HCI in EtOH (3 equiv for basic
aldehydes), THF/EtOH 2:1, 65°C, 18 h; i) 30 mol % KOH, THF/MeOH
4:1, 55°C, 6h, then 5% AcOH in THF/water 1:1; j) TFA/dichloro-
methane 1:2, RT, 1h; k)2equiv TFAA, DCM, RT, 1h; I)1.5equiv
(COQl),, dichloromethane/THF 1:1, cat. DMF, RT, 2 h; m) 2 equiv ap-
propriate alcohol or amine, 1.5 equiv pyridine, RT, 5 h; n) conc. NHj/
MeOH 1:1, RT, 3 h. DMAP =4-dimethylaminopyridine, TEA =triethyl-
amine, CDI=N,N'-carbonyl diimidazole, TFA A = trifluoroacetic acid an-
hydride.

op a de-novo solid-phase synthesis of the p-keto building
block. Though there was no precedent in the literature, it re-
quired only few optimization experiments to develop a suc-
cessful protocol. The first step consisted of the attachment
of malonic acid to Wang resin 1 by using Meldrum’s acid 3
at 60°C in THF under an argon atmosphere."” Higher tem-
peratures gave rise to side reactions that led to undesirable
polymer-bound byproducts. Having obtained the resin-
bound malonic acid 4, we continued with neutralization of
the acid and subsequent formation of the intermediate mag-
nesium salt by simple treatment with excess MgCl,. Follow-
ing the solution protocol from Masamune and co-workers,'‘!
carboxylic acids 5 were activated as imidazoles by using
N,N'-carbonyl diimidazole (CDI) and then added to the
polymer-bound magnesium malonate.'"” After agitation for
18 h and subsequent work up with diluted hydrochloric acid
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in DMF, the corresponding resin-bound (3-keto esters 6 were
obtained (conversion >95% as judged by weight gain, on-
bead FT-IR spectroscopy and analysis of cleaved products).
At the stage at which the polymer-bound B-keto esters 6
were obtained, the synthesis continued with a standard
Knoevenagel condensation with aldehydes 7, catalyzed by
piperidinium acetate.!"'! The application of open-vessel con-
ditions and a suitable mixture of solvents (dichlorobenzene/
chlorobenzene 1:1) in the Knoevenagel condensation step
enabled us to run the reactions at high temperature to
ensure short reaction times and, moreover, to avoid the use
of water-trapping agents such as trimethylorthoformate
(TMOF).'"! In contrast to most of the steps before, the ring-
closure reaction (8—10) required significantly more effort
to transfer from solution to solid-phase conditions. After
challenging optimization experiments we discovered that the
reaction is best performed in a mixture of THF (to allow for
the swelling of the resin) and absolute ethanol, the best sol-
vent under conventional solution conditions.'¥! Similar to
standard solution protocols, hydrochloric acid was found to
be the best catalyst for the ring-closure reaction on the solid
support. It has to be noted that the acid-labile Wang linker
survived the procedure without any undesired cleavage of
product. Higher reaction temperatures than the reported
65°C, or other acids, for example, methane sulfonic acid,
produced inferior results and jeopardized the success of the
cyclization step. On-bead FT-IR monitoring and analysis of
the cleaved thiazine acids 11 re-
vealed that the conversion to

the route towards the most suitable procedure for derivati-
zation of amino acids 11 was to find an activation method
for the carboxylate that was mild enough to avoid decompo-
sition of the presumably sensitive intermediates and, on the
other hand, offered high reactivity towards various nucleo-
philes. A prerequisite for the activation step was to protect
the primary or secondary amino functionalities (2-position,
R?) of thiazines 11. This problem was solved by acylation
with trifluoroacetic acid anhydride (TFAA). After some ex-
perimentation it was demonstrated that oxalyl chloride was
the best reagent to activate the carboxylic acid function of
thiazines 11. Following an evaporation step, treatment of
the crude acid chloride with the desired nucleophile (alcohol
or amine) in the presence of dry pyridine, cleavage of the
trifluoroacetamide protection (if necessary) with aqueous
ammonia, and final chromatographic purification provided
thiazines 12.

Library synthesis and diversity: The solid-phase strategy de-
scribed above was used to prepare a set of 20 thiazines with
diversity at all four conceivable positions (R'-R*). This data
set should enable the discovery of general trends of substitu-
ent effects on the efficiency of the method; this, in turn,
should aid in the prediction of the accessibility of other de-
rivatives. Yields were typically in the range of 30-60% for
the 9 (or 13) step synthesis, with very few exceptions for
which the yields were below 30% (Table 1). In contrast to

Table 1. Solid-phase synthesis of 1,3-thiazines 12.

thiazines reached (more or less)

. Ent R! R? R’ R* Yield [% ] Purity [%]®
completion for most of the Ty feld [%] urity (%]
building blocks tested. Howev- 122 Me styryl NH, Eto 15 80

. h li £ 12b Me 2-Cl-Ph NH, EtO 24 >98
er, to improve the quality of 450 e 2-Cl-Ph piperidine n-PrO 4 85
thiazines 10 bound to the poly- 124 Me 2-CF;-Ph NH, EtO 31 89
mer, we developed an on-bead 12e Me 2-CF;-Ph NH, CH,,NH 37 95
purification method to elimi- 12f Me 2-NO,-Ph NH, EtO 33 86
nate unconverted intermediates 2% Et Gty NHPh CeH O ! 95

12h n-Pr 3-Cl-Ph 2,4,6-Me-Ph-NH i-PrO 36 >98
from the support before enter- 15; Me 3-pyridyl NH, EtO 3 95
ing the cleavage step.'” After 12 Me 34-F-Ph NH, n-Pro 26 90
some experimentation we 12k Me 3,4-F-Ph NH, i-PrO 27 88
found that enones 8 or p-keto 12! Me 4-Me-Ph NH, n-BuO 44 95

12m Et 4-Me-Ph NH, (2-EtO)-Et0 10 98
esters 6 were by far more sus-  ,, Me 4-Me-Ph NH, 3-Me-BuO 61 97
ceptible to transesterification 124 Ph 4-Me-Ph NH, n-BuO 30 95
under these conditions (30 12p Me 4-NMe,-Ph  NH, EtO 52 80
mol% KOH in THEMeOH P4/ w07 o 26 50

. .. . re -CN- -Me- 2 n-Bu

4.1). .than thiazines 10. Having 125 3.NO,-Ph 4-Me-Ph NH, -PrO 10 25
purified the products 10 on- 3¢9 2.CL6FBn  4-Me-Ph NH, MeO 30 85
bead,  subsequent clezfufage [a] Overall yield over 9 (entries 12a-12p) or 13 steps (entries 12q-12t) based on initial loading of resin 1.
under standard  conditions

(TFA in dichloromethane) af-
forded thiazine acids 11 as tri-

[b] By LC-MS at 215 nm. [c] By means of de-novo (3-keto ester synthesis on solid-phase (steps b-f).

fluoroacetates. In order to increase the diversity of the final
library compounds, we decided to apply a post-cleavage
modification of the acid functionality in 11 to yield carboxyl-
ic esters or amides 12. At first this strategy appeared to be
rather complicated, but after all attempts to apply nucleo-
phile-cleavable linkers instead of the Wang resin had failed
(i.e., 104+ nucleophile —12),1'" it remained the only possibili-
ty to access C5-functionalized thiazines 12. The key issue on

Chem. Eur. J. 2004, 10, 2919-2926 www.chemeurj.org
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the solution-phase strategy that employed polymer-bound
sulfonic acid,” even aldehydes 7 bearing electron-withdraw-
ing substituents (-CF;, -NO,) in the 2-position of the aro-
matic system reacted smoothly. These results clearly demon-
strate the advantages of solid-phase synthesis, that is, the
use of large excesses of reagents to drive reactions to com-
pletion. Unlike with our solution-phase approach,””! inher-
ently basic building blocks were also compatible with the
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solid-phase strategy, as demonstrated by the use of basic al-
dehydes 7 (entries 12i and 12p). The de-novo synthesis of
B-keto esters on solid phases fitted perfectly into the se-
quence. Although this additional feature enlarged the strat-
egy by four steps, the yields of final thiazine products 12
were comparable. Especially for 12q (R'=cyclohexyl) we
observed excellent yields and purities, which indicated again
that vy-alkyl-substituted (-keto esters serve as excellent
building blocks for the assembly of thiazines 12.

The solid-phase sequence up to the polymer-bound
enones 8 was close to ideal for all investigated cases, as con-
firmed by on-bead FT-IR spectroscopy (see below). One of
the main reasons for lower yields obtained at the end was
associated with the ring-closure reaction (8§ —10). Enones 8
possessing an aromatic substituent as R! usually failed to
give complete conversion, thus making an on-bead purifica-
tion method essential for the crude resin-bound thiazines 10.
Furthermore, at this stage of the synthesis, thiazines 10 exist-
ed as salts (hydrochlorides). This may have had negative ef-
fects on the swelling of the resin and therefore affected the
diffusion of reagents through the beads. A second reason for
the occurrence of lower yields was that undesired decarbox-
ylation of thiazine acids 11 took place at the stage of cleav-
age and post-cleavage modification. It should be empha-
sized, however, that this last effect was not general and
could not be used to develop a reliable traceless cleavage
protocol.

Reaction monitoring and on-bead purification: Polymer-
bound acetoacetates 6 typically display two characteristic vi-
brational bands at 1720 and 1743 cm . After performing the
Knoevenagel condensation, only one of these centered vi-
brational band at 1723 cm™' remains (additional bands at
1700 and 1670 cm™").""! Thiazines 10 usually exhibit carbon-
yl bands with weaker intensity relative to acetoacetate and
enone (1702 cm™"), and a very strong characteristic band at
1544 cm™!. Wang resin bands are at 1612, 1602, 1514, 1493
and 1452 cm ™ (Figure 1).

Ring-closure reactions on the solid-support proceeded
smoothly with enones 8 with a simple alkyl substituent in
the 4-position (R'=Me); this resulted in complete conver-
sion after only 2-6 h at 70°C (Scheme 3). To ensure full con-

Figure 1. FT-IR analysis of different stages of thiazine synthesis leading
to 12/12. a) Acetoacetylation with ethyl acetoacetate; b) Knoevenagel
condensation with p-tolylaldehyde; c) ring-closure reaction with thiourea.
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Scheme 3. Kinetic investigations of the ring closure reaction: 5 equiv thi-
ourea 9, 2 equiv HCI in THF/EtOH 2:1, 200 mg resin per 3 mL solvent,
a) 70°C, b) 80°C.

version of the thiazine formation during library production
with any combination of building blocks, the reaction time
was set to 18 h at a temperature of 65°C. In the case of a
phenyl substituent, instead of a methyl substituent at the
crucial R' position, reactions were sluggish and did not
reach completion even after 120 h at 80°C (Figure 2).

100 4
80 -
S
c 60 - —+-a)
<]
B —=b)
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Figure 2. Kinetics of ring-closure reactions on Wang resin (1.0 mmolg™',
1% DVB) in a solvent mixture of THF/ethanol 2:1 and various combina-
tions of building blocks. a) Method A, R'=Me, R*=4-Me-Ph, 70°C;
b) method A, R'=Me, R*=3,4-F-Ph, 70°C; ¢) method B, R'=Ph, R*=4-
Me-Ph, 80°C; data points not shown in the figure: t[h](conversion[%]):
10.5h (18 %), 23 (25), 48 (31), 120 (35).

Since the ring-closure reaction of enones 8, bearing aro-
matic substituents in a-position (R'), to give thiazines 10
was very difficult to achieve, and it was assumed that incom-
plete conversion occurred (Figure2 and Scheme 3), we
aimed at an on-bead purification method to eliminate un-
converted intermediates from the support before entering
the cleavage step."") The main goal was to take advantage of
the significantly different susceptibilities of thiazines 10 and
enones 8 toward nucleophilic attack by alkoxides. In con-
trast to thiazine ester bonds, enones were considerably more
prone to undergo either base-catalyzed transesterification or
another stepwise degradation, for example, retro-Knoevena-
gel condensation and f-keto ester cleavage, thus resulting in
selective cleavage from the support (Scheme 4). After a few
optimization experiments, it turned out that 30 mol % potas-
sium hydroxide in a mixture of THF/MeOH (4:1) at 55°C
was the superior cocktail to affect the purification. As long
as no drastic conditions (higher temperatures, >2 equiv of
strong base) were applied, thiazines 10 remained on the
solid phase without any detectable decomposition. Figure 3
shows two selected examples that verify the effect of on-
bead purification. Example A (R'=Me) displays a situation
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Scheme 4. On-bead purification of thiazines 10.
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Figure 3. FT-IR monitoring of the on-bead purification. a) R'=Me, R*=

4-Me-Ph; b) R'=Ph, R*=3-NO,-Ph. Thin line: before on-bead purifica-
tion; thick line: after on-bead purification.

of almost complete ring-closure reaction and, therefore,
only a small change after removal of the impurities. In con-
trast, example B (R'=Ph)—a troublesome case—revealed
efficient cleavage of unconverted enone from the resin, thus
furnishing pure thiazine on the solid support. On-bead puri-
fication simplified the workup at the end of the synthesis.
Another important advantage is that application of the on-
bead purification could be used to minimize the interference
of impurities in on-bead-screening assays.

Conclusion

In summary, we have developed a solid-phase synthesis
strategy for the generation of combinatorial libraries of 2-

Chem. Eur. J. 2004, 10, 2919-2926 www.chemeurj.org

amino-1,3-thiazine-5-carboxylates supplementing our recent-
ly described solution-phase studies. The method addresses
all positions on the thiazine scaffold in order to generate
maximum diversity. Most notably, we have performed a de-
novo synthesis of f-keto esters on a solid support to over-
come the restrictions associated with limited substitution
patterns of commercially available building blocks. Final
post-cleavage derivatization gives rise to esters and amides
of thiazines. The solid-phase synthesis is conducted on stan-
dard Wang resin, which makes the concept economic and
therefore competitive with solution-phase protocols. In con-
trast to polymer-assisted solution methods, this concept tol-
erates basic building blocks without the need for major
changes.

Experimental Section

General: 'HNMR spectra were recorded on a Bruker AMX 360 at
360 MHz in the solvents indicated. Chemical shifts (0) are expressed in
ppm downfield from TMS as internal standard. The letters s, d, t, q, and
m are used to indicate singlet, doublet, triplet, quadruplet, and multiplet,
respectively. On-bead FTIR spectra were recorded on a Unicam Galaxy
Series FTIR 7000 (Mattson Instruments Inc.) using ground resin beads in
KBr pellets.'!! Polymer-supported reactions were carried out on an Ad-
vanced Chemtech Synthesizer PL4x6 in Teflon frits or in appropriate
10 mL sealed glass vials. Analytical HPLC analysis was performed on a
Shimadzu LC-10 system, equipped with LC10 V T(AP) pumps, an auto-
sampler (Sil-10AXL) and a dual wavelength UV detector set at 215 and
280 nm. Analytical liquid-chromatographic separations were carried out
on a C18 reversed-phase analytical column, LiChrospher 100 Rp-18 (E.
Merck, 119 x 3 mm, particle size 5 um) at 25°C using a mobile phase A:
water/acetonitrile 90:10 (v/v) 4+ 0.1% TFA and B: acetonitrile + 0.1%
TFA (HPLC solvents of gradient grade quality were purchased from
Acros; TFA was of analytical reagent grade, Aldrich) at a flow rate of
0.5mLmin"". The following gradient was applied: linear increase from
30% solution B to 100% B in 7 min, hold at 100 % solution B for 2 min.
Analytical LC-MS measurements were carried out on a HP 1100 Series
LC/MSD System using a Zorbax Eclipse XDB-C8,150x4.6 mm (particle
size 5 um). Mobile phase: A: 0.1 % formic acid in water, B: 0.1 % formic
acid in acetonitrile and C: methanol. Gradient: C constant at 4% (v/v),
linear increase from 18 to 78 % B in 10 min, hold at 78 % B for 4 min, re-
equilibration of the column at the initial settings for 6 min; Flow rate:
1 mLmin~"; UV detection at 220 nm.

Materials: Wang resin (1.0 mmolg™', Lot and Filling Code 408655/1
64900) was purchased from Fluka. All reactions were performed without
a protective gas atmosphere. All solvents were distilled using standard
procedures. Commercial reagents were used without further purification.

General procedure for the synthesis of compounds 11 and 12: Synthesis
of compound 11d (outlined for the main route leading to compound
12d). Wang resin 1 (200 mg, 1.0 mmolg™', 200400 mesh, Fluka) was
placed in an Advanced Chemtech Synthesizer PL4 x 6 frit, swollen in di-
chlorobenzene (2 mL) and subsequently heated to 140°C for 1.5 h (open
conditions) in the presence of catalytic amounts of DMAP and tert-butyl
acetoacetate (160 mg, 1.0 mmol, 5equiv). After cooling, the resin was
rinsed several times with toluene, THF, and MeOH. Knoevenagel con-
densation was initiated by heating the acetoacetylated resin, swollen in
dichlorobenzene/chlorobenzene 1:1 (2 mL), with piperidinium acetate
(9mg, 0.06 mmol, 0.3equiv) and 2-trifluoromethyl-benzaldehyde
(170 mg, 1.0 mmol, 5 equiv) at 115°C for 3 h (open conditions). Subse-
quent washing was performed with toluene, THF, MeOH, and again with
THE. The ring closure was conducted under closed conditions using thio-
urea (76 mg, 1.0 mmol, 5 equiv) and a mixture of 0.75m HCI in absolute
EtOH (0.53 mL, 0.4 mmol, 2 equiv), absolute EtOH (0.5 mL), and THF
(2mL) at 65°C over 18h. The resin was subsequently filtered and
washed with 10% triethylamin in DMF (2x), followed by DMF (2x),
MeOH (2x), THF (2x), and MeOH (2 x). Subsequently, 78 mm KOH in
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methanol (0.75 mL, 0.06 mmol, 0.3 equiv) and THF (3 mL) were added,
and the mixture was shaken for a period of 6 h at 55°C. The resin was
then filtered and washed with 5% acetic acid in THF/water 1:1 (2x),
THF (2x), MeOH (2x), and finally dichloromethane (2x). Cleavage
was conducted affected by adding dichloromethane (1.3 mL) and TFA
(0.7 mL) at room temperature for a period of 60 min. Finally the cleav-
age cocktail was filtered off, the resin washed with 5% TFA in dichloro-
methane (2x2 mL), and the combined filtrates evaporated to dryness.

General procedure for post-cleavage modification (outlined for the main
route leading to compound 12d): Dry dichloromethane (2 mL) and tri-
fluoroacetic anhydride (60 puL, 0.4 mmol, 2 equiv relative to amount of
resin used for the synthesis) was added to crude thiazine acid 11d. After
stirring at RT for 1 h the mixture was evaporated to dryness. The residue
was then dissolved in THF (1 mL) containing DMF (catalytic amounts),
treated with 0.38 M oxalyl chloride in dichloromethane (0.8 mL, 0.3 mmol,
1.5 equiv), and stirred for 2 h at RT. Following evaporation to dryness,
the thiazine acid chloride was dissolved in dry THF (2 mL). Pyridine
(24 pL, 0.3 mmol, 1.5 equiv) and ethanol (24 pL, 0.4 mmol, 2 equiv) were
added to this solution. After 4 h at RT and subsequent evaporation, con-
centrated aqueous ammonia (1 mL) and methanol (1 mL) were added.
After 3 h the solution was evaporated to dryness and the residue purified
by flash chromatography on silica gel (eluent: mixtures of ethyl acetate
and petroleum ether) yielding 2-amino-4-methyl-6-(2-trifluoromethyl-
phenyl)-6H-[1,3]thiazine-5-carboxylic acid ethyl ester 12d (21.6 mg, 31 %
rel. to original resin loading).

General procedure for the synthesis of -keto esters on the solid phase as
alternative to transacetoacetylation (outlined for the route leading to
compound 12q): Malonic acid resin: Wang resin 1 (1.0785¢g, 1.0
mmolg~!, 200-400 mesh, Fluka) and Meldrum’s acid 3 (620 mg,
4.3 mmol, 4 equiv) in dry THF (15 mL) were stirred at 60°C (exactly!)
under argon for 18 h. Finally the resin was filtered, washed with THEF,
MeOH, THF, MeOH, and dichloromethane, and dried to give malonic
acid Wang resin 4 (1.1939g, >98%). -Keto ester synthesis: Malonic
acid Wang resin 4 (250 mg, 230 umol) was treated with triethylamine (65
pL, 0.46 mmol, 2 equiv) in THF (3 mL) for 15 min and then washed with
THF (3x). Subsequently, dry MgCl, (110 mg, 5 equiv) and a mixture of
DMF/THF 1:1 (2mL) were added to the neutralized resin, and the
mxture was shaken for 2 h. Parallel to this process cyclohexylacetic acid
(135 mg, 0.95 mmol, 4 equiv) was activated by the use of N,N'-carbonyl
diimidazole (150 mg, 0.95 mmol, 4 equiv) in DMF (1 mL) over 2 h. Final-
ly, the activated carboxylic acid was added to the mixture containing the
resin and shaking was continued for another 18 h at RT. At the end the
resin was filtered and treated with 0.5M HCY/DMF 1:2 (3mL) over
10 min at RT. Following filtering and washing (2x each of DMF, MeOH,
THF, MeOH, dichloromethane), the thiazine synthesis was conducted as
described above.

Kinetics of the ring-closure reaction 8 —~10: The appropriate enone resin
8 (200 umol), thiourea 9 (80 mg, 0.95 mmol, 5 equiv) and a mixture of
0.75M HCl in absolute EtOH (0.53 mL, 2equiv), absolute EtOH
(0.5mL), and THF (2 mL) were heated to 70°C (80°C for R'=Ph) in a
closed vessel under gentle stirring. Resin samples were taken from the
mixture, washed with 10% triethylamine in DMF (2x), DMF (2x),
MeOH (2x), THF (2x), and MeOH (2x), dried, and analyzed by FT-IR
(comparison of bands of enone at 1725 cm™!, thiazine at 1700 cm™' and
1544 cm™' as well as Wang resin at 1452 cm~'.['!J

General procedure for on-bead purification: 78 mm KOH in methanol
(0.22 g KOH dissolved in 50 mL methanol, 0.75 mL, 0.3 equiv) and THF
(3 mL) were added to polymer-bound thiazine on Wang resin 10 (derived
from 200 mg Wang resin 1), and the mixture was shaken for 6 h at 55°C.
The resin was then filtered and washed with 5% acetic acid in THF/
water 1:1 (2x), THF (2x), MeOH (2x), and finally dichloromethane
(2x).

Library compounds (NMR and MS data, for yields and purities, see
Table 1)

Ethyl ester of 2-amino-4-methyl-6-styryl-6H-[1,3]thiazine-5-carboxylic
acid (12a): 'HNMR (360 MHz, CDCl,): 6=1.27 (t, 3H), 2.47 (s, 3H),
4.23 (q, 2H), 4.90 (d, 1H), 6.07 (dd, 1H), 6.42 (dd, 1H), 7.20-7.35 ppm
(m, 5H); MS (pos. APCI): m/z: 303.2 [M+1] (M =302.11).

Ethyl ester of 2-amino-6-(2-chlorophenyl)-4-methyl-6H-[1,3]thiazine-5-
carboxylic acid (12b): '"H NMR (360 MHz, [D¢]acetone): 6 =1.15 (t, 3H),
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2.47 (s, 3H), 2.85 (br, 2H, NH,), 4.05 (q, 2H), 5.70 (s, 1H), 7.03 (dd,
1H), 7.25 (m, 2H), 7.44 ppm (dd, 1H); MS (pos. APCI): m/z: 311.2
[M+1]* (M =310.05).

Propyl ester of 6-(2-chlorophenyl)-2-cyclohexylamino-4-methyl-6H-
[1,3]thiazine-5-carboxylic acid (12¢): 'H NMR (360 MHz, CDCl;): 6=
0.80 (t, 3H), 1.43 (s, 6H), 1.56 (sextet, 2H), 1.60-1.66 (m, 4H), 2.27 (s,
1H), 2.57 (s, 3H), 3.99 (t, 2H), 4.60 (br, 1H, NH), 5.71 (s, 1H), 6.99 (d,
1H), 7.14 (m, 2H), 7.34ppm (d, 1H); MS (neg. APCI): m/z 405.2
[M—1]* (M =406.15).

Ethyl ester of 2-amino-4-methyl-6-(2-trifluoromethylphenyl)-6H-
[1,3]thiazine-5-carboxylic acid (12d): 'HNMR (360 MHz, CDCLy): 6=
1.03 (t, 3H), 2.43 (s, 3H), 3.95 (q, 2H), 5.51 (s, 1H), 7.15 (d, 1H), 7.45 (t,
1H), 7.60 (t, 1H), 7.71 ppm (d, 1H); MS (neg. APCI): m/z: 343.2
[M—1]* (M =344.08).

Cyclohexylamide of 2-amino-4-methyl-6-(2-trifluoromethylphenyl)-6H-
[1,3]thiazine-5-carboxylic acid (12e): 'HNMR (360 MHz, [Ds]DMSO):
0=1.00-1.23 (m, 6H), 1.45-1.58 (m, 4H), 2.13 (s, 3H), 3.45 (m, 1H), 5.23
(s, 1H), 7.31 (d, 1H), 7.47 (t, 1H), 7.65 (t, 1H), 8.03 ppm (d, 1H); MS
(pos. APCI): m/z: 373.3 [M+1]* (M =372.11).

Ethyl ester of 2-amino-4-methyl-6-(2-nitrophenyl)-6H-[1,3]thiazine-5-car-
boxylic acid (12f): '"H NMR (360 MHz, CDCLy): 6=1.15 (t, 3H), 2.54 (s,
3H), 4.08 (q, 2H), 5.45 (br, 2H, NH), 6.05 (s, 1H), 7.24 (d, 1H), 7.41 (t,
1H), 7.52 (t, 1H), 798 ppm (d, 1H); MS (pos. APCI): m/z: 322.3
[M+1]* (M =321.08).

Cyclohexyl ester of 4-ethyl-6-pentyl-2-phenylamino-6H-[1,3]thiazine-5-
carboxylic acid (12g): 'H NMR (360 MHz, CDCl,): 6=0.88 (t, 3H), 1.24
(t, 3H), 1.30-1.64 (m, 14H), 1.72 (m, 2H), 1.88 (m, 2H), 2.67 (sextet,
1H), 2.90 (sextet, 1H), 4.04 (t, 1H), 489 (m, 1H), 7.12 (dd, 2H),
7.33 ppm (t, 3H); MS (pos. APCI): m/z: 415.3 [M+1]* (M =414.23).
Isopropyl ester of 6-(3-chloro-phenyl)-4-propyl-2-(2,4,6-trimethylphenyla-
mino)-6H-[1,3]thiazine-5-carboxylic acid (12h): 'HNMR (360 MHz,
CDClLy): 6=0.94 (t, 3H), 1.15 (d, 3H), 1.25 (d, 3H), 1.65 (s, SH), 2.09 (s,
3H), 2.26 (s, 3H), 2.45 (m, 1H), 2.82 (m, 1H), 5.01 (sep, 1H), 5.11 (s,
1H), 6.79 (s, 1H), 6.85 (s, 1H), 7.11 (d, 1H), 7.19 ppm (m, 3H); MS (pos.
APCI): m/z: 471.3 [M+1]* (M =470.18).

Ethyl ester of 2-amino-4-methyl-6-pyridin-3-yl-6H-[1,3]thiazine-5-carbox-
ylic acid (12i): '"H NMR (360 MHz, [Dg]DMSO): 6 =1.13 (t, 3H), 2.38 (s,
3H), 4.03 (q, 2H), 5.37 (s, 1H), 7.32 (t, 1H), 7.52 (d, 1H), 7.70 (br, 1H,
NH,), 839 ppm (s, 2H); MS (pos. APCI): m/z: 2782 [M+1]* (M=
277.09).

Propyl ester of 2-amino-6-(3,4-difluorophenyl)-4-methyl-6H-[1,3]thia-
zine-5-carboxylic acid (12j): '"HNMR (360 MHz, CDCl;): §=0.88 (t,
3H), 1.64 (sextet, 2H), 2.52 (s, 3H), 4.08 (t, 2H), 5.29 (s, 1H), 6.94 (s,
1H), 6.99-7.09 ppm (m, 2H); MS (pos. APCI): m/z: 327.2 [M+1]* (M=
326.09).

Isopropyl ester of 2-amino-6-(3,4-difluorophenyl)-4-methyl-6 H-[1,3]thia-
zine-5-carboxylic acid (12k): '"HNMR (360 MHz, CDCl;): 6=1.17 (d,
3H), 1.27 (d, 3H), 2.49 (s, 3H), 4.98 (br, 2H, NH,), 5.05 (sep, 2H), 5.27
(s, 1H), 6.93 (d, 1H), 6.98-7.08 ppm (m, 2H); MS (pos. APCI): ml/z:
3272 [M+1]* (M =326.09).

Propyl ester of 2-amino-4-methyl-6-p-tolyl-6H-[1,3]thiazine-5-carboxylic
acid (121): '"H NMR (360 MHz, CDCl;): 6=0.88 (t, 3H), 1.27 (p, 2H),
1.62 (sextet, 2H), 2.31 (s, 3H), 2.51 (s, 3H), 4.05 (q, 2H), 5.30 (s, 1H),
7.08 ppm (s, SH); MS (pos. APCI): m/z: 305.2 [M+1]* (M =304.12).
2-Ethoxyethyl ester of 2-amino-4-ethyl-6-p-tolyl-6H-[1,3]thiazine-5-car-
boxylic acid (12m): 'H NMR (360 MHz, CDCL,): 6 =1.16 (t, 3H), 1.25 (t,
3H), 2.30 (s, 3H), 2.84-2.94 (m, 2H), 3.44 (q, 2H), 3.60 (m, 2H), 4.24 (t,
2H), 531 (s, 1H), 7.05-7.10 ppm (t, 4H); MS (neg. APCI): m/z: 347.2
[M—1]* (M =348.15).

3-Methylbutyl ester of 2-amino-4-methyl-6-p-tolyl-6H-[1,3]thiazine-5-car-
boxylic acid (12n): '"H NMR (360 MHz, CDCL;): 6=0.85 (t, 6 H), 1.48 (m,
2H), 1.55 (m, 1H), 2.29 85, 3H), 2.49 (s, 3H), 4.10 (t, 2H), 5.18 (br, 2H,
NH,), 527 (s, 1H), 7.06 ppm (s, 4H); MS (pos. APCI): m/z: 333.3
[M+1]* (M =332.16).

Butyl ester of 2-amino-4-phenyl-6-p-tolyl-6H-[1,3]thiazine-5-carboxylic
acid (120): '"HNMR (360 MHz, CDCL): 6=0.73 (t, 3H), 0.96 (sextet,
2H), 1.15 (p, 2H), 2.33 (s, 3H), 3.82 (t, 2H), 5.38 (s, 1H), 7.12 (d, 2H),
7.21 (d, 2H), 7.36 ppm (br, 5H); MS (pos. APCI): m/z: 381.3 [M+1]*
(M =380.16).
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Ethyl ester of 2-amino-6-(4-dimethylaminophenyl)-4-methyl-6H-
[1,3]thiazine-5-carboxylic acid (12p): 'H NMR (360 MHz, [D¢]DMSO):
0=1.13 (t, 3H), 2.35 (s, 3H), 2.83 (s, 6H), 4.01 (q, 2H), 5.17 (s, 1H), 6.58
(d, 2H), 6.94 ppm (d, 2H); MS (neg. APCI): m/z: 318.3 [M—1]*, (M=
319.14).

Butyl ester of 2-amino-4-(4-cyanophenyl)-6-m-tolyl-6H-[1,3]thiazine-5-
carboxylic acid (12q): 'H NMR (360 MHz, CDCl;): 6=0.77 (t, 3H), 1.00
(sextet, 2H), 1.27 (p, 2H), 2.35 (s, 3H), 3.87 (t, 2H), 5.42 (s, 1 H), 6.75 (s,
1H), 7.11 (m, 3H), 7.53 (d, 2H), 7.68 ppm (d, 2H); MS (pos. APCI): m/
z:406.2 [M+1]* (M =405.15).

3-Methylbutyl ester of 2-amino-6-(2-chlorophenyl)-4-cyclohexylmethyl-
6H-[1,3]thiazine-5-carboxylic acid (12r): 'HNMR (360 MHz, CDCl;):
0=0.76 (d, 3H), 0.82 (d, 3H), 1.04-1.13 (m, 2H), 1.15-1.28 (m, 4H),
1.37-1.47 (sextet, 2H), 1.60-1.67 (m, 2H), 1.65-1.73 (m, 4H), 2.58 (q,
1H), 3.18 (q, 1H), 4.06 (t, 2H), 5.50 (br, 2H, NH,), 5.71 (s, 1H), 7.03
(dd, 1H), 7.14-7.19 (m, 2H), 7.38 ppm (dd, 1H); MS (pos. APCI): m/z:
435.0 [M+1]* (M =434.18).

Isopropayl ester of 2-amino-4-(3-nitrophenyl)-6-p-tolyl-6H-[1,3]thiazine-
S-carboxylic acid (12s): '"HNMR (360 MHz, CDCl;): 6=0.86 (d, 3H),
0.93 (d, 3H), 2.34 (s, 3H), 4.80 (sep, 1H), 5.45 (s, 1H), 7.14 (d, 2H), 7.21
(d, 2H), 7.55 (t, 1H), 7.75 (d, 1H), 8.23 (d, 1H), 8.30 ppm (s, 1H); MS
(pos. APCI): m/z: 412.3 [M+1]* (M=411.13).

Methyl ester of 2-amino-4-(2-chloro-6-fluorobenzyl)-6-p-tolyl-6H-
[1,3]thiazine-5-carboxylic acid (12t): '"HNMR (360 MHz, CDCl;): 6=
2.29 (s, 3H), 3.72 (s, 3H), 4.50 (d, 1H), 4.63 (d, 1H), 5.33 (s, 1H), 6.95
(dt, 1H), 7.05 (d, 2H), 7.09 (d, 2H), 7.14 ppm (m, 2H); MS (pos. APCI):
miz: 4052 [M+1]* (M =404.08).
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Unimolecular Reactivity of Strong Metal-Cation Complexes in the Gas
Phase: Ethylenediamine—-Cu*

Manuel Alcami,*'*) Alberto Luna,™ Otilia M6,'*! Manuel Yaiez,!!
Jeanine Tortajada,™ and Badia Amekraz'*

Abstract: The gas-phase reactions be-
tween ethylenediamine (en) and Cu™
have been investigated by means of
mass spectrometry techniques. The
MIKE spectrum reveals that the
adduct ions [Cu*(H,NCH,CH,NH,)]
spontaneously decompose by loosing
H,, NH; and HCl, the loss of hydrogen
being clearly dominant. The spectra of
the fully C-deuterated species show the

possible mechanisms for the loss of am-
monia. Conversely, methylene hydro-
gen atoms are clearly involved in the
loss of molecular hydrogen. The struc-
tures and bonding characteristics of the
Cut(en) complexes as well as the dif-
ferent stationary points of the corre-
sponding potential energy surface
(PES) have been theoretically studied
by DFT calculations carried out

at B3LYP/6-311+G(2df,2p)//B3LYP/6-
311G(d,p) level. Based on the topology
of this PES the most plausible mecha-
nisms for the aforementioned unimo-
lecular fragmentations are proposed.
Our theoretical estimates indicate that
Cu* strongly binds to en, by forming a
chelated structure in which Cu‘t is
bridging between both amino groups.
The binding energy is quite high

loss of HD, NH; and CuD but no
losses of H,, D,, NH,D, NHD,, ND; or
CuH are observed. This clearly ex-
cludes hydrogen exchange between the
methylene and the amino groups as

cations

Introduction

The study of metal-ion complexes is a very active area in
chemistry because these complexes are of the utmost impor-
tance in biochemistry, catalysis, and molecular recogni-
tion.'”! An important application in this field is the design
of systems able to remove heavy-metal ions from contami-
nated media. In this respect, bidentate or multidentate bases
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(84 kcalmol ), but also the products of
the unimolecular decomposition of
Cu*(en) complexes are strongly bound

as-phase
S Cut-complexes.

are suitable candidates to bind metal ions stronger than
water if one plans, for example, to remove the metal from
waste water streams. The ability to design a bidentate or
multidentate cavity requires a good knowledge of how the
metal ion interacts with the individual donor groups. In this
respect, some previous studies on complexes between di-
methyl ether,’®” Dimethoxyethane® polyethers,” glycolic
acid™ and glycerol™ with transition-metal ions in the gas
phase should be cited. However, in general, the formation
of the adduct with the cation is followed by a spontaneous
fragmentation of the system, so it is equally important to
assure that the products of these spontaneous unimolecular
processes also bind the metal cation strongly. An appropri-
ate answer to both questions can be achieved in combined
gas-phase experimental and theoretical studies. In this paper
we aim at presenting such a study for a typical bidentate
base such as ethylenediamine (en).

En is, in fact, one of the most frequently used metal li-
gands and its derivatives can be good precursors for the syn-
thesis of new chelating agents.””! Besides some of its deriva-
tives have anti-tumor activity.’¥ Many studies can be found
in the literature dealing with the formation of metal com-
plexes of en in solution,'*'” but similar studies considering
the structure and energy of metal complexes with en in the
gas phase are scarce.'! The gas-phase basicity of em has
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been reported in the literature, and only recently the unimo-
lecular reactivity of the protonated form has been studied.!'”)
To the best of our knowledge, there are no similar studies
considering the gas phase unimolecular reactivity of en cata-
lyzed by transition-metal cations.

En is a paradigmatic system for conformational investiga-
tion and therefore its molecular structure has been widely
studied by both experimental and theoretical methods.”**!
The existence of intramolecular hydrogen bonds, and the
possibility of intramolecular hydrogen transfer have also
motivated the interest in this system.?!

In this paper we analyze in detail the reactivity of en
versus Cut by means of mass spectrometry techniques and
density functional theory (DFT) methods. We will focus our
attention on the possible unimolecular decomposition that
can occur after complex formation, because we aim at show-
ing not only that en binds Cu* strongly, but also that the
products of the unimolecular decomposition of Cu(en)
complexes also bind Cu* strongly. As we will see later the
most important reaction is the loss of H,. Detailed ab intio
studies of the mechanisms of the elimination of H, catalyzed
by metals have been reported for alkanes."*? In this sense
en offers an excellent benchmark system to study alternative
dehydrogenation mechanisms, since the presence of two
amine groups opens a large variety of possible reaction
channels.

Experimental Section

All experiments were carried out using a VG analytical ZAB-HSQ
hybrid mass spectrometer of BEqQ geometry, which has previously been
described in detail.® Complexes were generated by the CI-FAB
method.”™** The CI-FAB source was built from VG Analytical EI/CI
and FAB ion source parts with the same modifications described by
Freas et al.®? A copper foil of high purity has replaced the conventional
FAB probe tip. “Naked” metal ions were generated by bombardment of
the target with fast xenon atoms (Xe gas 7-8 keV kinetic energy, 1-2 mA
of emission current in the FAB gun). Under these experimental condi-
tions naked metal ions, ®Cu* and Cu*, were generated in a ratio close
to that of their natural abundance. The organic samples were introduced
via a heated probe in a non-heated closed source. In that source, we can
assume that due to the relatively high pressure of the organic sample of
interest (10°-107° Pa), efficient collisional cooling of the generated ions
can take place. Therefore we will consider that excited states of the Cu*
ions which could be formed in these experimental conditions are not
likely to participate in the observed reactivity as already postulated by
Hornung et al.™® The ion beam of the Cu*(en) adduct complexes was
mass-selected (using an acceleration voltage of 8 kV) with the magnetic
analyser B. The ionic products of unimolecular fragmentations, occurring
in the second field-free (2nd FFR) region following the magnet, were an-
alyzed by means of Mass-analyzed Ion Kinetic Energy (MIKE)E"*" by
scanning the electric sector E. The CAD (Collision Activated Dissocia-
tion) experiments were carried out in the same way but introducing Ar
in the cell as the collision gas. The spectra were recorded at a resolving
power (R) of ~1000.

H,NCH,CH,NH, (en) and H,NCD,CD,NH, ([D,]en) were purchased
from Aldrich and were used without further purification.
Computational Details

The DFT calculations have been carried out by using the hybrid B3LYP
functional. This DFT approach combines the Becke’s three parameter
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non local hybrid exchange potential® with the non local correlation
functional of Lee, Yang and Parr.*” The geometries of the different spe-
cies under consideration have been optimized by using the all electron
(14s9p5d/9s5p3d) basis of Wachters—-Hay for Cu,***!l supplemented with
one set of f polarization function and the 6-311G(d,p) basis set for the re-
maining atoms of the system. The harmonic vibrational frequencies of
the different stationary points of the PES have been calculated at the
same level of theory in order to classify the stationary points of the PES
as local minima or transition states (TS), and to estimate the correspond-
ing zero point energies (ZPE). In general both, geometries and vibration-
al frequencies obtained using the B3LYP approach are in fairly good
agreement with experimental values.>*)

Final energies have been obtained at B3LYP level by using an enlarged
basis set, in which the standard 6-3114+G(2df,2p) basis set for first row-
atoms is combined with a (14s9p5d/9s5p3d) Wachters-Hay’s basis, supple-
mented with a set of (1s2pld) diffuse components and with two sets of f
functions and one set of g functions as polarization basis for Cu. We have
shown!**! for some smaller Cu* complexes that the binding energies so
obtained are quite reliable. Also importantly the B3LYP approach is free
of the pathologies which affect the description of Cu* complexes when
high level ab initio formalisms, as the G2 theory or even the CCSD(T)
methods are used.[*+447]

All calculations have been done by using the Gaussian 98 program.“*!

Results and Discussion

Gas-phase reactivity: Figure 1a shows the mass spectrum,
which results from the gas-phase reactions of copper ions
with en. The existence of ®*Cu and ®Cu isotopes leads to an
easy identification of copper containing ions. In ion-mole-
cule reaction conditions, besides production of Cu®, several
copper/organic product complexes were also observed. The
Cu™ ions react with neutral en to produce [Cu™(en)] adduct
ions at m/z 123, 125. The ion at m/z 121 corresponds also to
an adduct ion, which involves Cut and (en—H,) moiety.
This implies that the ion at m/z 123, as discussed latter, is a
mixture of two species [®Cu*(en)] and [*Cu*(en—H,)].
The observed weak ions at m/z 106, 108 (4 %, with respect
to the base peak) and m/z 92, 94 (4 %) could correspond to
[Cu*,C,,N,H;] and to [Cu*(NH=CH,)] complexes, respec-
tively. These ions could arise from the loss of NH; and CHj;-
NH, of [Cu*(en)] ions, respectively. The ions lower than
63 u could follow from [Cu*(en)] which losses CuH giving
rise to ion at m/z 59 ([NH,-CH,-CH=NH,]*, which turns to
decompose to give ions at m/z 44, 32, 30 and 28 (C,HN™,
CH;-NH; ", CH=NH,* and HCNH™).

Unimolecular reactivity of [Cu(en)]t adduct ions: MIKES
analysis (see Figure 1b and c¢) was performed on [Cu(en)]™*
adduct ions to obtain information related to the structure,
reactivity and thermochemistry of these Cu*/organic com-
plex ions. The results presented here refer to both isotopes
%Cu- and ®Cu-containing species.

The MIKE spectrum of the [*Cu(en)]* complex present-
ed in Figure 1b shows that the m/z 123 ion gives rise to
three spontaneous losses, the most important being that of
H, at m/z 121 which is the base peak of the MIKE spec-
trum. A minor fragmentation corresponds to the loss of am-
monia at m/z 106 (10%), already observed in the ion
source. The MIKE spectrum presents in addition other
weak peaks at m/z 92, 63 and 59 that corresponds to
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Figure 1. a) CIFAB spectrum that results from the reaction of Cu* (sputtered from a foil of copper) with neutral ethylenediamine (en). b) MIKE spec-
trum of ion at m/z 123. ¢) MIKE spectrum of ion at m/z 125. d) MIKE-CAD spectrum of ion at m/z 123. e) MIKE-CAD spectrum of ion at m/z 125.

[CH,=NH,Cu]*, Cu* and to the loss of CuH, respectively.
Under collision conditions one can note, in the resulting
MIKE-CAD spectrum displayed in Figure 1d that the rela-
tive intensity of the peaks, corresponding to the loss of NH;
and CuH, increases; this shows that these decomposing
channels are high energy demanding processes compared
with those leading to the loss of H,. One can note in addi-
tion the presence of an ion at m/z 65 corresponding to
5Cu* showing without ambiguity that the selected ion at m/z
123 is really a mixture of structures. MIKE and MIKE-CAD
spectra (displayed in Figure 1c and e) of [®Cu(en)]™ at m/z
125 reinforces those results.

Additional experiments have been carried out with deute-
rium labeled compounds in order to have additional infor-

Chem. Eur. J. 2004, 10, 2927 —2934 www.chemeurj.org
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mation on the hydrogen atoms involved in the different
fragmentations (hydrogen, ammonia and copper—hydride
eliminations). Figure 2a displays the isotopic mixture of dif-
ferent copper deuteriated [D4]en complexes. The MIKE and
MIKE—-CAD spectra of ions at m/z 127 and 129 corre-
sponding to [®*Cu*(NH,-CD,-CD,-NH,)] and [*Cu™(NH,-
CD,-CD,-NH,)] are presented in Figure 2b-e, respectively.
We can note that the interference arising from the [Cu*
(en—H,)] ions is excluded. The loss of H, is indeed totally
and specifically shifted to HD loss (with a difference of 3u).
It can be observed that [®Cu*([D,Jen)] (m/z 129) looses
HD. In the light of these results, the loss of molecular hy-
drogen is specific one hydrogen arises from one amino
group and the other from one methylene group. Also specif-
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Figure 2. a) CIFAB spectrum that results from the reaction of Cu™ (sputtered from a foil of copper) with neutral [D,]ethylene-diaminediamine ([D,]en).
b) MIKE spectrum of ion at m/z 127. ¢) MIKE spectrum of ion at m/z 129. d) MIKE-CAD spectrum of ion at m/z 127. ¢) MIKE-CAD spectrum of ion

at m/z 129.

ic are the losses of ammonia and copper—hydride. The am-
monia elimination concerns exclusively the hydrogen atoms
of the amino groups while the hydrogen involved in CuH
elimination comes from a methylene group.

Reactions mechanisms

Cu'(en) complexes: Before considering the possible mecha-
nisms involved in the observed unimolecular reactivity of
Cu*(en) complexes, we will analyze the structure and char-
acteristics of the possible Cu*(en) adducts, because they are
the starting point of the reaction process. As expected the
most stable complex between en and Cu™ corresponds to a

2930
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cis conformation of en (structure 1 in Figure 3) which per-
mits the interaction of Cu*t with both amino groups. There
are, however, other conformers, namely 2 and 3, in which
the metal cation interacts only with one of the amino groups
(see Figure 3). Many other species have been found as inter-
mediates in the unimolecular decomposition of Cu*(en) ad-
ducts and correspond to Cu* complexes involving different
isomers of en generated by appropriate hydrogen shifts. A
complete survey of the potential energy surface (PES) in-
volves more than thirty different local minima and the cor-
responding transition states (TSs) connecting them. The de-
tails of the whole PES will be reported elsewhere and in the
present paper, for the sake of conciseness, we will limit the

www.chemeurj.org Chem. Eur. J. 2004, 10, 2927 —2934



www.chemeurj.org



Strong Metal-Cation Complexes

2927-2934

1463 9

| 465 !

1.536 & b
2 3a
] Gl

1.437 f
I

3h
—60.0

Figure 3. Structures for neutral ethylenediamine and ethylenediamine+
Cu* adducts. All distances are given in A. Numbers refer to the relative
stability (in kcalmol™') with respect the En4+Cu® entrance channel.
Black circle denotes N atoms, white circles C atoms and grey circles Cu.

discussion to the main mechanisms behind the experimental
results. We have also investigated the structures of the prod-
ucts originated by the most relevant losses (H,, NH;, HCu)
detected in the mass spectra. The structures corresponding
to all these species are given as Supporting Information, to-
gether with their total energies.

The binding energy, defined as the energy of the complex
minus the energy of the neutral in its most stable conforma-
tion and the energy of Cu*, amounts to 84.1 kcalmol™! for
complex 1. This high binding energy is consistent with the
experimental observation that very small loss of Cu* is ob-
tained under MIKE conditions. The breaking of one of the
N—Cu bonds of adduct 1 to give 2 implies a destabilization
of the system of 17.6 kcalmol . The trans form (3a) is fur-
ther destabilized by 5.7 kcalmol™! due to the concomitant
breaking of the NH-«N intramolecular hydrogen bond. We
have also calculated the most important TS connecting the
different adducts. In agreement with previous calculations
on neutral en,?*? the interconversion among the different
rotamers imply relatively low energy barriers. A complete
survey of the interconversion mechanisms and barriers

Chem. Eur. J. 2004, 10, 2927 —2934 www.chemeurj.org
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among the different Cu*(en) rotamers is out of the scope of
our paper, but we can assume that a fast interconversion
among them will take place, because the stabilization energy
upon complex formation is much larger (84.1 kcalmol™)
than the corresponding energy barriers (typically of the
order of 20 kcalmol ™).

It is worth noting that the interaction with Cu™ implies a
noticeable activation of the C—N bonds (see Figure 3), and
in a lesser degree, of the C—C bonds. The C—N activation is
larger in complex 1, where the charge transfer to the metal
is 25 % greater than in the other structures.

From these structures different mechanisms can be envis-
aged leading to the observed experimental products: loss of
H,, loss of NH; and loss of CuH.

Loss of H,: Among all the possible mechanisms investigated
for the loss of H, the one presenting the lowest barrier in-
volves as the key step the insertion of Cu* into one of the
C—H bonds. The energy profile for such a mechanism is
given in Figure 4. The suitable starting point is adduct 3a
which is connected through the transition state TS3a4a with
complex 4a. It can be observed that the transfer of one of
the methylene hydrogens to Cu leaves a very basic CH
group, so that the metal, initially attached to the amino
group binds now to this CH group. From this complex an in-
ternal rotation leads to the more stable isomer 4b (as seen
in Figure 4, the internal rotation implies an almost negligible
energy barrier).

An internal reorientation of the CuH group inside 4b
leads to complex 5 which is 10.4 kcalmol™' more stable.
From that complex Cu™ acts as a carrier for a second hydro-
gen coming from the amino group forming the stable inter-
mediate 6. From this latest complex a loss of hydrogen can
be produced to obtain as final product a complex between
Cu™* and HN-CH-CH,-NH, which can exist in two different
conformations, the most stable lying 65.9 kcalmol™' below
the initial reactants en+Cu*.

Some other mechanisms leading to a direct loss of H,
from structure 1 or mechanisms involving previous hydrogen
transfer inside the En fragment have also been investigated
and they will be reported elsewhere. However, these alter-
native mechanisms present energy barriers higher, involve a
larger number of intermediate structures and in general
leads to final structures less stable than the one reported in
Figure 4. It is important to note that the fact that the loss of
CuH is also observed experimentally, and that this loss cor-
responds systematically to CuD in the case of [D,]en rein-
forces the assumption that the mechanism of Figure 4 is the
most efficient one for the loss of hydrogen.

Loss of ammonia: Several mechanisms, involving H-trans-
fers inside the En unit, can be envisaged leading to the loss
of NH;. The most efficient of these mechanisms is shown in
Figure 5 and involves a transition state that is located
20 kcalmol ! below the entrance channel. It corresponds to
a 1,4-hydrogen transfer between the two amino groups of
the Cu*(en) adduct 2a, which induces a simultaneous hy-
drogen shift between the methylene groups leading to a
very stable complex 7 in which Cu™ is covalently bound to
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Figure 4. Energy profile for the most favorable reaction mechanisms leading to the loss of H,. Energies and structures follow the same notation as in

Figure 3.

acetaldimine and ammonia. This complex would eventually
dissociate into acetaldimine—Cu*+ammonia (the dissocia-
tion into NH;-Cut+acetaldimine being less favorable by
10.0 kcalmol ™). It is worth noting that for [D,]en this mech-
anism would only lead to NH; loss in agreement with the
experimental evidence. To ensure the connectivity between
2a and 7 through the transition state TS2a7 we have carried
out ICR calculations, both forward and backward following
the transition vector defining TS2a7. In the forward direc-
tion the 1,2-H shift between the two methylene groups leads
to a breaking of the H;C—NH; bond, so in the final structure
the NH; fragment appears attached to Cu. In the backward
direction, the hydrogen shift between the methylene groups
disappears while a 1,4-H spontaneous transfer from the NH;
group to the CuNH group takes place, but no local mini-
mum corresponding to a NH;CH,-CH,-NHCu* structure is
found along the path. The structure shown in Figure 5 be-
tween 2a and TS2a7 shows the geometry of the transient
species obtained in the IRC calculation, but this structure is
not a minimum of the PES. In summary, on going from 2a
to 7 there is an initial barrierless hydrogen shift between the
amino groups follow by a second hydrogen shift, involving
an activation barrier, between the adjacent methylene
groups.
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It must be taken also into account that complex 2a can be
produced by a direct attachment of Cu? to ethylenediamine
or by isomerization from the global minimum 1.

Loss of HCu: The loss of HCu must necessarily have its
origin in species in which one of the hydrogen atoms is at-
tached to Cu. Among all the complexes studied in which a
CuH subunit is present structure 4 represents the most fa-
vorable precursors. Dissociation from structure 5 is also pos-
sible and would lead to the same final product, but would
imply the breaking of two bonds. The loss of CuH is exo-
thermic, with respect to the entrance channel, by 24.4 kcal
mol~!, and corresponds to the dissociation of complex 4 (or
5) to yield NH,-CH,-CH*-NH, as ion product. In the case
of [Dy]en the observed loss of CuD is compatible with the
loss of CuH from complex 4. It is worth noting that the loss
of HCu from complexes 4 competes with the loss of H, dis-
cussed in previous sections. As a matter of fact, the energy
required for the loss of HCu from these complexes is close
to the energy barriers involved in the mechanism for H,
loss. The alternative dissociation of these complexes into
NH,-CH,-CH-NH,+CuH* implies a much larger energy
and in fact structure 4 and 5 shows that the charge in the
CuH group is close to zero.
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Figure 3.

Conclusions

Along this paper we have presented several mechanisms, for
which the energy profiles are compatible with the observed
losses of H,, NH; and CuH and with the experiments involv-
ing tetra-deuterated en.

In the most favorable mechanism for the loss of H,, Cu*
plays a crucial role by acting as a “carrier” for hydrogen,
connecting one of the methylene hydrogen atoms with one
of the amino hydrogen atoms. Coherently, the C-tetradeuter-
ated species only looses HD. Some of the intermediates
formed in which a methylene hydrogen is attached to Cu
can eventually dissociate by loosing CuH (CuD in the case
of [D,]en).

As far as the loss of NHj; is concerned, the most favorable
mechanism is the one with origin in adduct 2, involving a H-
transfer from one amino group to the other, which is com-
patible with the experimental observation that the C-tetra-
deuterated species looses NH; exclusively.

The most exothermic process in Cu-+ethylenediamine
reactions corresponds to the loss of H, to yield Cu*
(NHCHCH,NH,) as the product ion, while the most exo-
thermic channel for the loss of NH; to yield CH;CHNHCu*
lies 8.5 kcalmol ! higher in energy.

Finally, it is worth mentioning that, according to our esti-
mates, en binds Cu* very strongly, with a binding energy of
84.1 kcalmol ™!, Also importantly, all product ions of the un-
imolecular fragmentation of Cu*(en) complexes also bind
Cu? strongly, so Cu™ is a very minority product both in
MIKE and in CAD spectra.

Chem. Eur. J. 2004, 10, 2927 —2934 www.chemeurj.org

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Acknowledgement

This work has been partially supported by the DGI Project No.
BQU2000-0245, by the Accién Integrada Picasso HF-2001-0042, by the
COST action D26/0014/03 and by the NATO grant SA CRG 973140. A
generous allocation of computational time at the CCC of the Universidad
Auténoma de Madrid is also gratefully acknowledged.

[1] K. Eller, H. Schwarz, Chem. Rev. 1991, 91, 1121-1177.
[2] A. Fontijn, Gas-Phase Metal Reactions, North Holland, Amsterdam,
1992.
[3] B.S. Freiser, Kluwer, Dordrecht, 1995.
[4] A. Sigel, H. Sigel, Metal ions in biological systems, Vol. 32, 33,
Marcel Dekker, New York, 1996.
[5] P.B. Armentrout, Ann. Rev. Phys. Chem. 2001, 52, 423-461.
[6] H. Koizumi, M. Larson, F. Muntean, P. B. Armentrout, Int. J. Mass
Spectrom. 2003, 228, 221-235.
[7] H. Koizumi, X. G. Zhang, P. B. Armentrout, J. Phys. Chem. 2001,
105, 24442452,
[8] H. Koizumi, P. B. Armentrout, J. Am. Soc. Mass Spectrom. 2001, 12,
480-489.
[9] J. A. Alvarez, H.-F. Wu, C.-C. Liou, J. Brodbelt, J. Am. Chem. Soc.
1996, 118, 9131-9138.
[10] L. Boutreau, P. Toulhoat, J. Tortajada, A. Luna, O. M6, M. Yifiez, J.
Phys. Chem. A 2002, 106, 9359-9368.
[11] L. Boutreau, E. Leon, L. Rodriguez-Santiago, P. Toulhoat, O. MG, J.
Tortajada, J. Phys. Chem. A 2002, 106, 10563-10577.
[12] P. Hajos, J. Chromatogr. 2002, 955, 1-8.
[13] Y. Ogawa, M. Iwama, K. Ohgi, T. Tsuji, M. Irie, T. Itagaki, H. Ko-
bayashi, N. Inokuchi, Biol. Pharm. Bull. 2002, 25, 722-727.
[14] P. Paoletti, Pure Appl. Chem. 1984, 56, 491-522.
[15] R. Ahlrichs, M. Ballauff, K. Eichkorn, O. Hanemann, G. Kettem-
bach, P. Kliifers, Chem. Eur. J. 1998, 4, 835-844.
[16] R.J. Holmes, R. A.J. O’Hair, W. D. McFadyen, Rapid Commun.
Mass Spectrom. 2000, 14, 2385-2392.
[17] A. Sungpet, T. Saithong, S. Kalapanulak, J. Membr. Sci. 2002, 202,
81-87.
[18] Y.-H. Liau, T.-M. Su, J. Am. Chem. Soc. 1992, 114, 9169-9177.

— 2933



www.chemeurj.org



FULL PAPER

M. Alcami et al.

[19] G. Bouchoux, N. Choret, F. Berruyer-Penaud, R. Flammang, J. Phys.
Chem. A 2001, 105, 9166-9177.

[20] S.J. Lee, B.J. Mhin, S.J. Cho, 1. Y. Lee, K. S. Kim, J. Phys. Chem.
1994, 98, 1129-1134.

[21] M. R. Kazerouni, L. Hedberg, K. Hedberg, J. Am. Chem. Soc. 1994,
116, 5279-5284.

[22] P. Bultinck, A. Goeminne, D. Vandevondel, J. Mol. Struct. 1995, 339,
1-14.

[23] S. Kudoh, M. Takayanagi, M. Nakata, T. Ishibashi, M. Tasumi, J.
Mol. Struct. 1999, 479, 41-52.

[24] K. Eller, Coord. Chem. Rev. 1993, 126, 93-147.

[25] B.S. Freiser, Acc. Chem. Res. 1994, 27, 353-360.

[26] R. Georgiadis, E. R. Fisher, P. B. Armentrout, J. Am. Chem. Soc.
1989, 111, 4251-4262.

[27] M. R. Sievers, P. B. Armentrout, Organometallics 2003, 22, 2599 -
2611.

[28] H. Schwarz, D. Schroeder, Pure Appl. Chem. 2000, 72, 2319-2332.

[29] A. G. Harrison, R. S. Mercer, E. J. Riener, A. B. Young, R. K. Boyd,
R. E. March, C. J. Porter, Int. J. Mass Spectrom. lon Processes 1986,
74,13-31.

[30] R. G. Cooks, Collision Spectroscopy, Plenum Press, New York, 1978.

[31] J. Chamot-Rooke, J. Tortajada, J.-P. Morizur, Eur. Mass Spectrom.
1995, 1, 471-478.

[32] R.B. Freas, M. M. Ross, J. E. Campana, J. Am. Chem. Soc. 1985,
107, 6195-6201.

[33] R.B. Freas, J. E. Campana, J. Am. Chem. Soc. 1985, 107, 6202-
6204.

[34] T. Drewello, K. Eckart, C. B. Lebrilla, H. Schwarz, Int. J. Mass Spec-
trom. Ion Processes 1987, 76, 13—16.

[35] G. Hornung, D. Schroder, H. Schwarz, J. Am. Chem. Soc. 1995, 117,
8192-8196.

[36] H. Mestdagh, N. Morin, C. Rolando, Tetrahedron Lett. 1986, 37, 33—
36.

[37] R. G. Cooks, J. H. Beynon, R. M. Caprioli, G. R. Lester, Metastable
Ions, Elsevier, New York, 1973.

[38] A.D. Becke, J. Chem. Phys. 1993, 98, 5648 -5652.

[39] C. Lee, W. Yang, R. G. Parr, Phys. Rev. 1988, 37, 785-789.

[40] A.J. H. Wachters, J. Chem. Phys. 1970, 52, 1033-1041.

[41] P.J. Hay, J. Chem. Phys. 19717, 66, 4377-4384.

[42] C. W. Bauschlicher, Chem. Phys. Lett. 1995, 246, 40-44.

[43] T. Ziegler, Chem. Rev. 1991, 91, 651-667.

[44] A. Luna, M. Alcami, O. Mo, M. Yanez, Chem. Phys. Lett. 2000, 320,
129-138.

[45] A. Luna, B. Amekraz, J. Tortajada, Chem. Phys. Lett. 1997, 266, 31—
37.

[46] T. K. Ghanty, E. R. Davidson, Int. J. Quantum Chem. 2000, 77, 291—
300.

[47] B. 1. Lynch, D. G. Truhlar, Chem. Phys. Lett. 2002, 361, 251-258.

[48] Gaussian 98, M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuse-
ria, M. A. Robb, J. R. Cheeseman, V. G. Zakrzewski, J. J. A. Mont-
gomery, 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. Mo-
rokuma, D. K. Malick, A. D. Rabuck, K. Raghavachari, J. B. Fores-
man, 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, revised A3 ed., Gaussian, Inc., Pittsburgh PA, 1999.

Received: May 23, 2003
Revised: January 21, 2004

Published online: April 26, 2004

2934

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

www.chemeurj.org Chem. Eur. J. 2004, 10, 2927 —2934



www.chemeurj.org




FULL PAPER

Computational Study of the Vibrational Spectra of a- and f-Keggin

Polyoxometalates

Adam J. Bridgeman*!*!

Abstract: The structures and vibration-
al frequencies of the o- and p-isomers
of the phosphomolybdate Keggin anion
[PMo,,0,)]" have been calculated by
using density functional theory. Good
agreement between the calculated un-
scaled vibrational frequencies and
those determined experimentally and
between the calculated and observed
IR traces has been obtained allowing
the IR and Raman spectra to be as-
signed. For the o-isomer, the agree-
ment with experiment using the current
level of theory is superior to that ob-
tained previously. For the f-isomer, for
which no non-empirical study has pre-
viously been reported, the agreement
with experiment is slightly poorer but
still allows the spectrum to be assigned

ture and vibrational spectra of these
large molydate cluster ions requires
large basis sets and a good treatment
of electron correlation and relativistic
effects. For the 53-atom [PMo,O4]*"
ions, the computational demands are
very high, requiring several months
computational time. The calculated IR
spectral traces for the two isomers are
quite similar due to the relative flexi-
bility of the molybdates, where the
slight weakening of the bonding of the
rotated trimetallic unit to the rest of
the cluster in the B-isomer is compen-
sated by contraction of the bonds

Keywords: density functional calcu-
lations - Keggin anions - polyoxo-
metalates - vibrational spectroscopy

within the unit, and the structure of the
[MOg¢] and [PO,] units in the two iso-
mers is nearly identical. The vibrations
characteristic of the bridging Mo-O-
Mo bonds involve both the “2-2” junc-
tions between rotated [M;O;] units
and the “1-2” junctions between rotat-
ed and unrotated units. The separation
of “ligand” and “interligand” vibra-
tions is not clear. The vibrational anal-
yses confirm the high symmetry,
namely T, and C;, for the a- and p-iso-
mers, respectively, assumed by previous
workers in this field. The characteristic
group frequencies for the Type I poly-
oxometalates containing both edge-
and corner-sharing I octahedra have
been identified.

unambiguously. To calculate the struc-

Introduction

The polyoxometalates constitute an extremely large and di-
verse class of compounds.!? Their remarkable chemical and
physical properties have led to a variety of potential applica-
tions in medicine, catalysis, solid-state technology, and
chemical analysis.*¥ Polyoxometalates are primarily built
by edge- and, occasionally, corner-sharing of MO; octahedra
and the resulting cages are usually approximately spherical.
Heteropolyoxometalates have a general chemical formula
[X,M,0, ], where M is most commonly Mo or W, and X is
a main-group or transition-metal heteroatom. The most im-
portant heteropolyoxometalates are undoubtably the Keggin

[a] Dr. A.J. Bridgeman

Department of Chemistry, University of Hull
Kingston-upon-Hull, HU6 7RX (UK)
E-mail: a.j.bridgeman@hull.ac.uk

Supporting information for this article is available on the WWW
under http://www.chemeurj.org/ or from the author. Full lists of all
the calculated frequencies and description of the vibrational modes
for o and B-[PMo,,0,]*".
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anions that have the formula [XM;,0,]*". The first polyoxo-
metalate, [PMo,,0,)>", was reported in 1826 by Berzelius.”!
In 1864, two isomeric forms, now known as the a- and [-iso-
mers, of [H,SiMo,,0,,] were observed by Marignac.

The structure of the a-isomer of [PW,0,]>~ was solved
in 1933 by Keggin.["! Figure 1a shows the a-Keggin structure
as an assemblage of (distorted) [MOg4] octahedra and a
[XO,] tetrahedron. The ion exhibits ideal 7, symmetry and
all M atoms are equivalent. The [MOg4] units are edge-
shared into four C;, [M;0;5] groups and these ‘ligands’ are
connected to the threefold axes of the central [XO,] tetrahe-
dron to give the molecular symmetry. As shown in Fig-
ure 1b, the metal atoms occupy the centers of distorted C,
octahedra with one terminal M—O, bond. The M—O,, bonds
are trans-orientated with respect to the terminal M—O;
bonds and feature four-coordinate oxygen atoms. The M—
0O, bonds and Mo—0,, bonds are cis-orientated with re-
spect to the M—O, bonds and feature two-coordinate oxygen
atoms. The M—O,,; bonds connect the [MOg] octahedra into
[M;0,5] groups. The M—O,., bonds connect the [M;O;]
units together to form twelve equivalent “2-2” junctions

—— 2935
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Figure 1. Structure and atom-labeling scheme for a a-Keggin anion show-
ing a) the assemblage of twelve [MOy] octahedra and a [XO,] tetrahe-
dron, b) individual atoms and bonds, c¢) the “2-2” junctions between
[M;0;] units.

with two metal atoms of one unit connected through the
bridging oxygen atoms to two metal atoms in another group
(Figure 1c¢).

B-Isomers appear to be much less common. The structure
of B-[SiW,0,]*" was first determined by crystallography in
1973 by Yamamura and Sasaki,® and the B-structure has
only been proven by X-ray crystallography for a handful of
systems. The B-isomer structure, shown in Figure 2a in poly-
hedral representation and in Figure 2b with atoms and
bonds, may be considered as derived from the a-structure
by rotation of one [M;0;5] group by 60° about its threefold
axis to give a structure with C;, symmetry. The six connec-
tions between the rotated [M;0,3] group, shown in Fig-
ure 2¢, and the other groups are “1-2” junctions with a
common metal atom in the rotated group connected by
bridging oxygen atoms to a two metal atoms in the unrotat-
ed group.

Vibrational spectroscopy is able to detect small structural
differences and has potential as a probe of the structures
and dynamics of Keggin anions.”' However, the assign-

2936 ——
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Figure 2. Structure and atom-labeling scheme for a 3-Keggin anion show-
ing a) the assemblage of twelve [MOq] octahedra and a [XO,] tetrahe-
dron, b) individual atoms and bonds, c) the “1-2” junctions between the
rotated and unrotated [M;0,3] units.

ment of the vibrational spectra of clusters such as Keggin
anions is problematic and complicated due to both their
large size and structural complexity. In comparison to the
extensive literature on the chemistry, properties, and appli-
cations of Keggin anions, relatively few high-level computa-
tional studies have been reported.'> ¥ I have recently com-
pleted detailed computational studies of the vibrational fre-
quencies and assignments of Lindqvist" and a-Keggin™
anions. In the study of the Lindqvist anions, the effects of
the computational method—basis set and density function-
al—were examined. Vibrational analyses on large anions
such as these are extremely computationally demanding, re-
quiring accurate geometries and treatment of electron corre-
lation and relativistic effects. The Hartree—-Fock method, for
example, is able to reproduce the geometries of these anions
quite well but performs very poorly when applied to vibra-
tional frequencies. Herein, I report the first nonempirical
comparison of the vibrational frequencies of o- and [-
Keggin anions which, as detailed below, has required an
even larger computational effort.

www.chemeurj.org Chem. Eur. J. 2004, 10, 2935-2941
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Computational Approach

In our previous study of the vibrational spectra of Lindqvist isopolyan-
ions,'” we examined the performance of a variety of computational
methods. The results suggested that the local density approximation
(LDA) with triple-¢ Slater-type orbitals (STO) and the ZORA relativistic
approach implemented within the ADF program®?!! is best able to
model both the structure and vibrational spectra of these polyanions
when treated as pseudo-gas phase species. However, the ADF program
uses numerical differentiation of analytic first derivatives of the energy
to calculate vibrational frequencies. This approach requires a large
number of single point calculations at geometries close to the equilibrium
structure, requiring high SCF convergence and integration accuracy for
53-atom structures with no symmetry. In my recent work on the vibra-
tional spectra of a-Keggin anions," this approach proved to be too com-
putationally demanding to be applied to a systematic comparison of the
effect of metal ion, heteroatom and cluster charge and instead I utilized
the analytical second derivatives available in the Gaussian 98 program.
Unfortunately, the smaller basis sets and poorer treatment of relativistic
effects available for programs based on Gaussian-type orbitals led to
severe problems when applied to the $-Keggin isomers and it proved not
to be possible to successfully converge sufficiently accurate structures for
vibrational analyses. As a result, the calculations reported here have
been performed by using the ADF approach which has previously been
shown to provide accurate structures for B-Keggin anions™ as well as
the best results for the vibrational spectra of Lindqvist anions."” Due to
the computational demands, the comparison has been restricted to o-
and B-[PMo,0,)>". The computational approach suggested to be most
accurate for the Lindqvist anions has been used with triple-{ STO (ADF
type TZ1P) on all atoms incorporating frozen cores (ADF type Mo.3d,
O.1's, and P2p) and the ZORA relativistic approach® and the Vosko—-
Wilk—-Nusair (VWN) form of the local density approximation.!

Spectral traces have been plotted by using ’spectralPlot’®! assuming Lor-
entzian band shapes and with an average band width chosen to reflect
that found experimentally.

Results

Structures of the a- and B-isomers of [PMo,,0,]* : Table 1
lists optimized M—O and X—O bond lengths together with
the available experimentally determined distances™*! for
the a- and B-isomers of [PMo,04]>". The vibrational analy-
ses reported below for a- and B-[PMo;,04]>" confirm that
these isomers have full 7, and C;, symmetry, respectively, in
the gas phase, as assumed in earlier computational studies

Table 1. Calculated bond lengths [A] for the a- and pB-isomers of
[PMo,,0,]*". The atom numbering is defined in Figure 1 and 2 with
primed atoms located on the rotated [M;O,5] unit of the § isomer. The
averaged experimental®?! bond lengths for o-[PMo;,0,]*~ are shown in
parenthesis. The bond lengths involving the unprimed atoms in the f§
isomer are mean values for the various bond types.

Bond [PMo,,0,*
a B

X-0, 1.554 (1.53) 1.555
X-0, 1.550
M-O, 1.706 (1.69) 1.706
M-O, 1.705
M-O,, 2.419 (2.40) 2419
M'—0,, 2.436
M—0, 1.917 (1.96) 1.919
M—O, 1.914
M-0O,, 1.907 (1.88) 1.905
M—O, 1.910
M=, 1.915

Chem. Eur. J. 2004, 10, 2935-2941 www.chemeurj.org

of the structures of these anions.”® For the a-isomer, the
agreement between the calculated and experimentally deter-
mined bond lengths is good and slightly better than that re-
ported previously,™ with significant improvement on the
geometry used for my previous vibrational analysis™® of this
anion. The crystal structure of the B-form of this phospho-
molybdate has not been reported. Only small differences in
the geometries of the [MOq] and [PO,] polyhedra are ob-
served in the o- and p-isomers. The [PO,] unit suffers a
slight trigonal compression in the -form, suggesting a small
decrease in its interaction with the rotated [M’;O;;] group
leading to a lengthening of the M'—O,, bonds. This weak-
ened interaction is presumably compensated by the slight
contraction of the M'—0O,,," and M'—O, bonds. The interac-
tion of the rotated group with the other [M;0,;] units is also
weakened with slightly longer M'—O,,," bonds. The bonding
in the unrotated [M;0;;] units does not appear to be greatly
affected by the lowering of the symmetry between the a-
and p-forms.

Vibrational spectra of the [PMo;,0,]*" o- and p-Keggin
anions: A Keggin [XMo,,0,]*" ion has 153 normal modes
of vibration. For the tetrahedral symmetry of the a-isomer,
these span the range given in Equation (1), where the IR
and Raman (R) activities are shown in parenthesis. Forty-
four Raman bands (9a; + 13e + 22t,) and twenty-two in-
frared (22t, coincident with 22t, Raman bands) might be ex-
pected in the vibrational spectrum.

I'y(a) =9a; (R) + 4a, + 13e (R) + 16t + 22, (IR, R)
(1)

For the C;, symmetry of the P-isomer, the vibrational
modes span the range given in Equation (2), where the IR
and Raman activities are again shown in parenthesis.

I'w(B) =3la, (IR, R) + 20a, + 5le (IR, R) 2)

Eighty-two coincident IR and Raman bands might be ex-
pected in the vibrational spectrum. The sixteen inactive t;
modes of the a-isomer are split into 16a, + 16e for the (-
isomer by the descent in symmetry with the latter becoming
both IR and Raman active. The twenty-two IR and Raman
active t, modes of the a-isomer are similarly split into 22a,
+ 22e modes for the B-isomer. The 9a; + 13e modes of the
a-isomer become IR-active in the f-form. The vibrational
spectra of Keggin anions have been reported by a number
of workers."!"! The most comprehensive experimental stud-
ies have been completed by Rocchiccioli-Deltcheff and co-
workers including comparisons of Keggin anions with differ-
ent cations” and heteroatoms,”>'? and studies of the effect
of isomerism."""! In this work, calculated frequencies corre-
spond to pseudo-gas phase anions and are compared to the
experimental IR and Raman values reported by Rocchiccio-
li-Deltcheff etal.™' with the large, weakly coordinating
cation [N(n-C,H,),*] (TBA), which was considered by these
workers to minimize the effects of anion-anion interactions
on the spectra.

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim — 2937
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The assignment of the vibrational spectra of the a-isomers
of [PM0,04]", [PW,04]"", [AsMo0,040]", [SiMo,0,0]*,
[GeMo,,04]*", [AIM0,,0,4]° ", and [GaMo,,0,]° has been
reported previously using the results of density functional
calculations with quasi-relativistic effective core potentials
to represent the atomic cores and double-{ quality Gaussian
type orbitals (GTO) for the valence orbitals together with
Becke’s three parameter hybrid functional B3LYP.'

Table 2 lists the calculated and experimental frequencies
and assignments for the assigned bands of a-[PMo;,0,]>"
from the present STO study, together with calculated inten-

Table 2. Calculated and experimental vibrational frequencies (in cm™') and approximate descriptions for the
assigned bands of a-[PMo,0,]*". The calculated IR intensities [kmmol '] and an indication (vs = very strong,
s=strong, m =medium, w=weak, vw =very weak, sh=shoulder) of the relative intensity in the experimental

IR and Raman spectra is also given.

terized by strong bands associated with Mo-O and P-O
stretching motions.

Although there is a significant improvement in the agree-
ment between the calculated and observed vibrational fre-
quencies, the assignments of the key vibrational bands de-
scribed in my previous work!"® and the approximate descrip-
tion of the vibrations is unchanged. Hence, only a brief de-
scription of the pertinent features will be discussed here.
Lyhamn and co-workers?” in their normal coordinate analy-
ses of the Keggin anions considered the internal motions of
the [M;0y;] units as ligands around the central XO, tetrahe-
dron linked together by the
bridging O, groups. In this ap-
proach, the vibrations of the
[M;0,;] give rise to “ligand vi-
brations” and the linking with

Mode Caled Observed? ! Assignment the bridging groups to “interli-
IR Raman gand vibrations”. With a prop-

t, Vi3 1053 (340) 1063 (m) V,s(P—0), v,(Mo—O,) (asymmetric coupling) erly defined force-field, this
a Vi 1016 986 (vs)!* vi(Mo—O)) method, of course, yields the
b Vas 998 (640) 965 (sh) 964 (m) Vu(Mo~0O)) same results as a complete mol-
e Vig 973 971 (sh) v,s(Mo—0O,)
t Vas 972 (880) 955 (vs) Voo(P-0), voo(Mo—0,) (symmetric coupling) ~ €cule approach. The approach
t, Vie 904 (195) 880(s) 894 (w) Va(M0-O,,-Mo) was reported to be a useful
t, Vi 806 (1625) 805 (vs) V4s(M0-O,-Mo) method of analyzing the atomic
& Vs 631 603 (m)"” Vi(Mo-Oy,-Mo), 6(Mo-O;-Mo) motions and for comparing the
t, Vs 479 (24) 464 (w) 465 (vw) 0(Mo-0,,-Mo) .
a, v, 420 451 (vw) 8(Mo0-0,,-Mo) spectroscopic features of the a-
t, ves 401 (178) 386(s) 370 (vw) 3(Mo-O,-Mo) and P-isomers. An essentially
t, Vs7 239 (10) 255(w) 0(041-M0-0,q1), 8 (02-M0-O,5) equivalent approach was used
¢ Vai ;g; 22 E“;?ﬂ] 6(&0‘%%2)‘]\/(;‘(’1)\4 0, Mo) to explain the similarities in the
ap V7 S Vs 0-Uy.), 0-0,,-MoO), . .
6 v 200 (4) 203 (w) 5(Mo-0,-Mo) Vlbratl(?nal spectra of the o
t, Yy 189 (4) 169 (w) 8(0,-Mo-0)) and f-isomers at a qualitative
t, Vel 150 (0) 154 (w) 6(Mo-O-Mo), 6(O-Mo-O) level by Rocchiccioli-Deltcheff
a Vg 108 109(s) 6(04-Mo-0,) et al.”!
t, Va3 79 (2) 84 6(Mo-0O-Mo), 6 (O-Mo-O)

As in my previous analysis,"®!

[a] Reported as polarized in DMF solution.

sities. A full list of calculated frequencies and a description
of the nature of the vibrations is available in the Supporting
Information. As indicated by our previous work on the
structures and vibrational frequencies of Lindqvist isopo-
lyanions,"” the computational method used in the present
work leads to a significantly improved modeling of the ob-
served vibrational frequencies of a-[PMo,,0,]’~ compared
to that obtained at the B3LYP-GTO level. The root mean
square (RMS) error between the calculated and experimen-
tal frequencies is reduced from 26 cm ™! in the GTO study to
20cm! in the present STO study for twenty-two assigned
IR and Raman bands. Figure 3a shows a graphical compari-
son between the calculated IR spectrum and that observed
experimentally.'”! The observed trace has been constructed
by converting the published spectrum of Thouvenot et al.l'"}
from transmittance to relative absorbance, assuming 5%
transmittance for the strongest bands. The calculated trace
has been constructed from the calculated frequencies and in-
tensities using Lorentzian band shapes. Although a more ex-
acting test of the calculated results than the frequencies, the
major features of the experimental trace are reproduced sat-
isfactorily, particularly in the region above 800 cm™ charac-
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the highest frequency IR band,

observed at 1063 cm™', corre-

sponds to asymmetric stretching
of the P-O and Mo—O, bonds. The observed and calculated
intensity of this band is quite low and this is initially surpris-
ing given the assignment. The motions of the P—O and Mo—
O, bonds are themselves coupled asymmetrically such that
the dipole moment produced, and hence the intensity of the
band, is quite low despite the large polarity associated with
the individual bonds. In contrast, the symmetric coupling of
these motions leads to the intense band (v,) at about
972 cm™' assigned to the very strong band observed at
955 cm™'. The weak feature at around 1100 cm™' in the ex-
perimental IR spectrum, and which also appears in that of
the B-isomer, appears to be due to an impurity as no calcu-
lated peak is present in this region.

The IR band at 998 cm™!, observed as an intense shoulder
on the band at 955 cm ™', is assigned as the v,; (Mo—0,) (Va4)
motion. The strong IR band at about 880 cm ™ is assigned to
an asymmetric stretch of the Mo-O,,-Mo bonds (v,), calcu-
lated to lie at 904 cm™, involving the movement of the
[M0;0;5] units with almost no internal motion of these
groups and so can be classified as an “interligand vibration”
as described by Lyhamn and co-workers®?” and Thouvenot
et al.'"! The very strong band at about 805 cm™ is similarly
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Figure 3. Comparison of the IR spectra for the a- and f-isomers of
[PMo,,0,]*": a) calculated (—) and observed (-----) spectral traces for
a-[PMo,,0,]*", b) calculated (—) and observed (-----) spectral traces
for B-[PMo,,0,4]*", and c) calculated spectral traces for a- (—) and f-
[PMo,O4* (----- ). The observed traces have been constructed from
those of Thouvenot et al.'” by converting transmittance to relative ab-
sorbance, assuming 5% transmittance for the strongest band.

assigned to the calculated intense peak at 806 cm ™' (v,;) cor-
responding to the internal “ligand” asymmetric stretch of
the Mo-O,;-Mo bonds within the [Mo;0,5] units with very
little “interligand” character.

The highest frequency, polarized Raman band lies at
about 986 cm™' can readily be assigned to the symmetric
stretch of the Mo—O, bonds (v;), calculated to lie at
1016 cm™". The v, (P-O) mode (v,) is predicted to occur at

Chem. Eur. J. 2004, 10, 2935-2941 www.chemeurj.org

948 cm ! and the absence of a polarized band in the Raman
spectrum in this region appears to be due to a small element
of v{ (Mo-0,) in this motion, coupled asymmetrically to the
P—O stretching motion. The Raman bands at about 971 and
964 cm™' are assigned to asymmetric Mo—O, stretching
motion (v, and v, respectively). The Raman band at
894 cm™ is assigned as an asymmetric stretch of the Mo-
0,,-Mo bonds (vy), calculated to lie at 904 cm™', which as
noted above can be classified as an “interligand vibration”.
The polarized Raman band at about 603 cm™! is assigned as
a combined stretching and bending motion of the Mo-O,-
Mo bonds of the [Mo;0y;] groups (v;). In the present work,
the frequency of this band is calculated to be 631 cm'—a
considerable improvement from the value of 532 cm™ calcu-
lated in my previous study."® The polarized Raman band at
about 246 cm ! is assigned to a motion involving symmetric
stretching of the Mo—O,. bonds and bending of the “intrali-
gand” Mo-O,.,-Mo bonds (v,).

Table 3 lists the calculated and experimental frequencies
and assignments for the assigned bands of B-[PMo;,O,]",
together with calculated intensities. A full list of calculated
frequencies and a description of the character of the vibra-
tions is available in the Supporting Information. Figure 3b
shows a graphical comparison between the calculated IR
spectrum and that observed experimentally.'’! Figure 3c
shows a comparison between the calculated IR traces for
the a- and B-isomers. The calculated bands for the p-isomer
appear to be shifted further from those of the a-isomer than
is observed experimentally. The origin of this is unclear but
may be related to the neglect of the solvent in these calcula-
tions which is liable to have a greater effect on the p-isomer
due to its dipole moment.

As discussed above, the lower symmetry of the (-isomer
leads to a large increase in the number of IR-active bands
due both to the relaxation of the selection rules and to the
splitting of the t, and t, bands. However, it is clear from the
calculated and experimental results that the expected in-
crease in complexity is not realized. The splitting of the v,
(P-O) mode, calculated to lie at 1053 cm™" in the a-isomer,
is predicted to be only 6 cm™! with no appreciable shift in
the band position, suggesting that the local T, electronic en-
vironment of the [PO,] unit is conserved in the B-isomer.
An unresolved splitting is also predicted for the strong IR
band at ca. 955cm™! due to v, (Mo—O,). The intense and
polarized Raman band at 986 cm™! in the a-isomer, assigned
to a symmetric stretch (a; v;) is predicted to be shifted by
only about 4 cm™! in B-isomer. The high frequency region,
dominated by Mo—O, and P—O stretching modes, is thus
very similar for the two isomers, consistent with the small
changes predicted in the length of these bonds. As suggested
above, the weak feature at around 1100 cm™ in the experi-
mental IR spectrum appears to be due to an impurity.

Larger differences are predicted for the strongest IR band
found at 805 cm™! in the o-isomer and assigned as an asym-
metric stretch (v,;) of the Mo—O,, bonds with an asymmet-
ric stretch (vy) of the Mo—O,, bonds assigned as a shoulder
on the high frequency side. For the B-isomer, the former is
predicted to split by about 32 cm™! into a, (v;) and e (vq)
modes, consistent with the appearance of a shoulder on the
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Table 3. Calculated and experimental vibrational frequencies (in cm ™) and approximate descriptions for the
assigned bands of B-[PMo,,0,]’". The calculated IR intensities (kmmol™') and an indication (vs=very strong,
s=strong, m =medium, w=weak, vw =very weak, sh=shoulder) of the relative intensity in the experimental
IR and Raman spectra is also given.

Mode  Caled Observed” % Assignment
IR Raman
a; v; 1055 (170) }1056(s) v,s(P—O’, P-0), v,(M0o—0O/)
e vs 1049 (280) V(P—0), v,(M0o—O,)
a, v, 1012 (10) 988 (vs)! v {(Mo—O,, Mo'—0,)
e vy 1002 (90) Vs (Mo—O,, Mo'—0y)
e vy 986 (380) 1987 (sh) v,(Mo'—O/, Mo'—0y)
a, vy 983 (420) V,(Mo—O,, Mo'—0Oy’)
e vss 978 (50) 965 (sh) 968 (m) Ve (Mo—O,, Mo'—0Oy)
a; vy 967 (590)  }953(s) v, (P—0, P-0’), v,(Mo—0O,, Mo'—O")
e vs 966 (706) 950(sh) v, (P—O, P-0O’), v,(Mo—0O,)
a; vg 887(430) 882(m) 885 (w) Vas(M0-O,,-Mo, M0’-0,,'-M0’)
a; v; 847 (1800) 863 (m) Vas(M0-O5-Mo, M0’-O,,,'-M0’), v,i(M0-O,,-Mo, M0’-0,.,'-Mo’)
e Vg 815(1980) 804 (vs) Vas(M0-O,-Mo), v,(M0’-O,,'-M0’)
a, vg 581(130) 595(w)  605(m)  v{(Mo-O,,-Mo, Mo’-O,'-Mo’)
e Vg S04 (50) 488 (w) 0(Mo-O,-Mo, Mo'-0,,'-Mo0’)
a; vy 425 (60) 401 (w) 0(Mo-O,-Mo, Mo'-0,,,'-Mo’)
e vy 382(45) 378 (m) 363(vw)  0(Mo-O,,-Mo, M0'-0,.,-M0’), 6(Mo0-0O,,-Mo, Mo-0,.,-Mo’)
a; v 350 (130)  339(m) 0(Mo-O,-Mo, Mo'-0,,'-M0’), 6 (Mo-O,,-Mo, Mo-0,.,-Mo’)
a, vy 311 (20) 300(vw)  6(M0-O,4-Mo, M0'-0,.,-M0’), 6(0,,-Mo-0O,, O,.,'-M0o’-0O,")
a; vy 249 (20) 244 () v{(Mo-O,, Mo-0O,/),

0(0-Mo-O, O'-Mo'-O’, O-Mo'-O’)

vibrations, to label them as in-
volving “ligand” or “interli-
gand” bonds. In the region of
the spectrum involving motions
of the Mo-O-Mo bridging
bonds, the vibrations are inti-
mately mixed so that the over-
all motion involves the whole
cluster. The molybdate cluster
is sufficiently flexible that the
structural change caused by ro-
tation of one [M;0O;] group is
spread over the whole mole-
cule. As outlined above, there
are only small differences in the
geometries of the [MO4] and
[PO,] units comprising the pol-
yanion and slight weakening of
the bonding of the rotated tri-
metallic unit to the rest of the
cluster is compensated by con-
traction of the bonds within the

[a] Reported as polarized in DMF solution.

band experimentally. As noted above, the main structural
differences between the isomers occur in the different envi-
ronments of the O,, atoms. In the a-isomer, the O, atoms
are all involved in the “2-2” junctions (Figure 1c). In the f3-
isomer, however, the O, atoms, which connect the rotated
[M;0;;] to the rest of the cluster, are involved in the “2-1”
junctions (Figure 2c), so that two distinct types of Mo—O,,
bonds are present. The asymmetric stretching mode of the
Mo—O,, bonds (v4 in the a-isomer) is split by about
80 cm™! into a; (v¢) and e (vs) modes. The Raman band at
about 885cm™! is assigned to the v; mode. The polarized
Raman band at about 605 cm ™' is assigned as a combined
stretching and bending motion of the Mo-O,.-Mo and Mo-
0,.-Mo bonds (vg). The frequency of this band is calculated
to be 581 cm™! representing a larger decrease from its value
of 631 cm™! for the a-isomer than observed experimentally.

The polarized Raman band at about 244 cm™ is assigned
to a motion involving symmetric stretching of the Mo—O,,
bonds and bending of the “intraligand” Mo-O,,-Mo bonds
(va1).

The shift of about 17 cm™" predicted for this mode (v; and
v, for the a- and P-isomers, respectively) is again much
larger than that observed experimentally. More significant
differences in the vibrational frequencies of the a- and (-
isomers are calculated for the low frequency region (>
400 cm ™). This region comprises bending vibrations of the
Mo-O-Mo bridging bonds of all types. However, as shown in
Figure 3c, the low intensity of most of the bands in this
region leads to only small apparent changes in the spectra.

The calculated IR spectral traces (Figure 3c) are very sim-
ilar suggesting that the vibrational spectra cannot be reliably
used to assign the structure of Keggin molybdates. As sug-
gested by the descriptions of the assigned vibrations in
Tables 2 and 3, it is not appropriate, for the majority of the

2940

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

unit. The “reduced rigidity” of

the molybdates framework

compared to that in tungstates
has been pointed out by Thouvenot et al.l'”! who also sug-
gested that, as a result, the tungsten analogues display larger
differences in the vibrational characteristics of the a- and -
isomers.

Conclusion

High-level density functional methods have been used to
calculate the structure and vibrational frequencies of the a-
and B-isomers of [PMo;,0,]". In general, the agreement
between the calculated unscaled vibrational frequencies and
those determined experimentally is very good, allowing the
IR and Raman spectra to be assigned. For the a-isomer, the
agreement with experiment using the current level of theory
is superior to that obtained previously. For the (-isomer, the
agreement with experiment is slightly poorer but still allows
the spectrum to be assigned. To calculate the structure and
vibrational spectra of these large molydate cluster ions re-
quires large basis sets and a good treatment of electron cor-
relation and relativistic effects. For the 53-atom
[PMo,,04]* ions, the computational demands are very high
requiring several months computational time. Such analyses
cannot yet be considered a standard task. Reassuringly, the
vibrational analyses confirm the high symmetry, 7, and C;,
for the o- and f-isomers, respectively, assumed by previous
workers in this field.

The calculated IR spectral traces for the two isomers are
quite similar so that vibrational spectroscopy is probably not
a reliable technique for identifying the isomeric form of mo-
lybdates. The similarity of the vibrational characteristics ap-
pears to be due to the relative flexibility of the molybdates
where the slight weakening of the bonding of the rotated tri-
metallic unit to the rest of the cluster in the (-isomer is

www.chemeurj.org Chem. Eur. J. 2004, 10, 2935-2941
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Table 4. Characteristic group frequencies for type I polyoxometalates.”! Except where indicated, the frequen- [10] R. Thouvenot, M. Fournier, R.

cies are based on both calculated and observed spectra.

Franck, C. Rocchiccioli-Deltcheff,

Inorg. Chem. 1984, 23, 598.

[XMo,0,0)" [MogO, 1
. 4 . 1 [11] R.I. Buckley, R.J.H. Clark,
assignment frequency [cm™'] assignment frequency [cm™']
o B Coord. Chem. Rev. 1985, 65, 167.
[12] M.-M. Rohmer, M. Bénard, J.-P.
V(X-0) IR vy vi and v, 940-1060 Blaudeau, J. M. Maestre, J. M.
IR s vy and Vs 800-960 Poblet, Coord. Chem. Rev. 1998,
v{(Mo—0O,) R v v, 960-999 R vy 980-999 178-180, 1019.
Vas(Mo=0y) IR vy v; and vs; 920-980 IR Via 957-970  [13] X. Lépez, J. M. Maestre, C. Bo,
v,s(Mo—0O,) R vy and vy v;, vssand vs,  920-980 R Vg 951-968 J. M. Poblet, J. Am. Chem. Soc.
V{(Mo-Oy-Mo) R v; Vs 600-630 2001, 123, 9571.
Vos(M0-O,-Mo) IR vy, Voo 700-810 IR Vis 796-810 [14] J. M. Maestre, X. Lépez, C. Bo,
Vas(M0-O5-Mo) IR vy Ve and v, 770-900 J.M. Poblet, N. Casai-Pastor, J.
v{(Mo-0,) R v Vo 245-247 R Vs 278-290 Am. Chem. Soc. 2001, 123, 3749.

[a] The atom numbering is defined in Figure 1a and 2a for a- and B-[XMo,O,,]*", respectively. For [Mo,O,]>", [15] J. M. Maestre, X. Lopez, C. Bo,

the label O, was used to denote the doubly bridging oxygens equivalent to O, in reference [19] The label O,
refers to the four coordinate oxygen (O,.) for the Keggin structure and the six-coordinate, central oxygen, la-

beled O, in for [MogOyo]*.

compensated by contraction of the bonds within the unit
and the structure of the [MOg] and [PO,] units in the two
isomers is nearly identical. The vibrations characteristic of
the bridging Mo-O-Mo bonds involve both the “2-2” junc-
tions between rotated [M;0,3] units and the “1-2” junctions
between rotated and unrotated units. The separation of
“ligand” and “interligand” vibrations is not clear.

Table 4 lists characteristic group frequencies for the
Lindqvist and Keggin molybdates. Both of these ions are
Type 1 polyoxometalates in Pope’s classification!!! as they
contain only a single terminal M—O group on each metal
center. As discussed above, Keggin anions contain both
edge- and corner-sharing type I octahedra, whilst Lindqvist
anions contain only edge-sharing groups.
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Synthetic and Spectroscopic Investigation of N-Acylated Sulfoximines™

Christian P. R. Hackenberger, Gerhard Raabe, and Carsten Bolm*!*!

Abstract: N-Acylated sulfoximines dis-
play unique chemical properties. Vari-
ous derivatives have been synthesized
and investigated by NMR and IR spec-
troscopy. The results of these studies
suggest that the bond between the sulf-
oximine nitrogen atom and the
carbonyl group has a less pronounced
double-bond character than the corre-
sponding bond in an amide. This as-
sumption is supported by the first X-

derivative. Ab initio calculations (MP2/
6-311++ G**) provide further insight
into the electronic nature of the N-acyl
fragment. Studies of the chemical be-
havior of N-acylated sulfoximines indi-
cate the presence of a highly electro-
philic carbonyl group. Thus, the N—

Keywords: acylation amides
hydrolysis -  sulfodiimines -
sulfoximines

C(O) bond can easily be cleaved under
mild basic conditions, and the acidity
of the hydrogen atoms a to the sulfox-
imine carbonyl group is high. As a con-
sequence of the latter property,
endo,endo-sulfoximidoyl — norbornene
derivatives readily isomerize to their
endo,exo counterparts, and sulfox-
imine-containing pseudopeptides can
easily epimerize at the stereogenic
center next to the N—C(O) carbonyl

ray crystal structure of a sulfoximidoyl

Introduction

Since their first discovery more than fifty years ago,!"! sulfox-
imines have found widespread interest in the chemical com-
munity.! They have extensively been used as chiral direct-
ing groups in asymmetric synthesis,”* and owing to their bi-
ological activity!"” interesting pharmaceutical applications
of sulfoximines have been found."” For their synthesis sever-
al preparative routes have been developed.”! Most of them
start from the corresponding sulfide and involve sequential
oxidation and imination steps.”) In this manner S-methyl-S-
phenyl-sulfoximine (1), which is a key intermediate for
more complex molecules, can easily be prepared in multi-
gram quantities.” Both enantiomeric forms of 1 are then
available by a well-established, efficient resolution of race-
mic 1 with camphor-10-sulfonic acid.

Whereas N-alkyl-®! and N-arylsulfoximines'” have exten-
sively been used in synthesis, N-acylated derivatives such as
2, the so-called sulfoximidoyls, have received much less at-
tention. Considering the ease of their preparation by simple
acylation reactions (Scheme 1) this is most surprising. The
few literature examples include the synthesis of thiadiazene

[a] Dr. C. P. R. Hackenberger, Prof. Dr. G. Raabe, Prof. Dr. C. Bolm
Institut fiir Organische Chemie der RWTH Aachen
Professor-Pirlet-Strasse 1
52056 Aachen (Germany)

Fax: (+49)241 8092391
E-mail: carsten.bolm@oc.rwth-aachen.de

[*] This work contains parts of the doctoral thesis of C.P.R.H.

2942

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

group.
HN\\S/CH3
O Ph
carbodiimide- (SH1 acylation
coupllng
—H,0
X

N-acylated sulfoximine
(S)-2

Scheme 1. Synthesis of N-acylated sulfoximines.

heterocycles by Jones, Sammes et al.,"? the development of
lactam analogues by Williams and Cram,™ and a recent
stereoselective cycloaddition by Mascarefias et al.'l We uti-
lized sulfoximidoyls for the preparation of N-alkylated sul-
foximines®™ and incorporated them as key components in
sulfoximine-based pseudopeptides such as 3. In the latter
case we observed that bis(sulfoximine) units induced turn
conformations in nonpolar solutions.®

In the course of studies on pseudotripeptide 3 we were
surprised to find unusual chemical shifts for the ®C NMR
carbonyl resonances of the sulfoximidoyl moiety and the
amide carbonyl group in the 3 position to the sulfur atom.
Whereas the former resonated at 0 =180.5 ppm, the latter
gave a signal at §=159.7 ppm."”! Since these values are sig-
nificantly different from those of standard amide carbonyl

DOI: 10.1002/chem.200306016 Chem. Eur. J. 2004, 10, 2942 -2952
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180.5 ppm  159.7 ppm

signals in a-peptides (0~
170 ppm), we wondered about

cleavage by Proteinase K The *C NMR carbonyl signals of (S)-2a-h span a range
I of about 30 ppm. Compounds with aliphatic R groups give

signals at 0~ 180 ppm, and those with aromatic substituents
at 0~ 175 ppm. The most upfield *C NMR carbonyl reso-
E nances for the N—C(O) group of (S)-2 were found for sul-
Ph foximidoyls bearing the electron-donating tert-butoxide sub-
4 stituent (6=157.7 ppm) and, surprisingly, the CF; group

(0=164.3 ppm).

Table 1. Preparations of sulfoximidoyl derivatives through acylation reactions of NH-sulfoximines with acyl
halides.

the reactivity of the two car- HNsx, _CH, RCOX. R N.__CH,

bonyl groups and the conse- ”S,‘_. base | \”S

quences thereof for the chemi- O Ph - HX O o Ph

cal properties of 3. Maybe the 1 2

unusual chemical shifts were Entry Acylating Reaction Product Yield 6("C) for
indicative of a specific reactiv- agent conditions [%] N-C(O) [ppm]
ity pattern that could be ex- CH;COBr NEt,, CH,Cl,, 0°C 2a 99 179.9
ploited for selective modifica- P (CH,),CCOClI NEt;, CH,Cl,, 0°C 2b 98 188.3
tion of 3. Initial enzymatic 3 CH;CH,COCI NEt;, CH,CL,, 0°C 2c 89 183.7
cleavage experiments with 4lal CLIB3£CH2)OGCOC1 NEt;, CH,Cl,, 0°C 2d 87 1832
proteinase K and pseudotri-

peptide 4 as substrate con- 5 cl pyridine, CH,Cl,, 0°C 2e 97 175.1
firmed this assumption.!'¥!

Whereas bond I in 4 was read- o)

ily cleaved by the enzyme,

bond I remained intact. Com- 6" cl pyridine, CH,Cl,, 0°C 2t 7 1732
pared to a standard peptidic cl

amide bond, II even exhibited 71b] Boc,0 KOfBu, THE, 0°C 2g 08 157.7
increased stability. 8 (CF,C0),0 NEt;, CH,CL, 0°C 2h 68 164.3

To answer the question
whether this behavior is
enzyme-specific or general, we
studied the properties of the N—C(O) bond (bond I in 4)
and evaluated its stability under various reaction conditions.
Furthermore, we hoped to establish a clear picture of the
electronic nature of the sulfoximidoyl moiety, which could
help to explain the unusual *C NMR chemical shifts of the
carbonyl groups.

Results

As shown in Scheme 1, there are two general approaches
for the synthesis of N-acylated sulfoximines such as 2. They
both start from NH-sulfoximines, which are acylated by
treatment with acyl halides (or anhydrides) or subjected to
carbodiimide-mediated coupling with carboxylic acids. The
reactions of NH-sulfoximine 1 will be presented in three
groups: couplings with simple acyl halides (Table 1), carbo-
diimide-mediated reactions with amino acid derivatives
(Table 2), and acylations with other carboxylic acids includ-
ing bicyclic hemiesters (Table 3). Relevant literature results
are included in the tables to allow a more detailed analysis
of the significant IR and C NMR data.

Table 1 summarizes the results of the syntheses of sulfox-
imidoyl derivatives (S)-2a-h from (S)-1 and simple acyl ha-
lides (or anhydrides) in the presence of base. Generally, the
desired products were obtained in excellent yields.
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[a] Taken from ref. [9b]. [b] Taken from ref. [15b].

Characteristic IR signals for sulfoximines bearing aliphatic
acyl groups were detected in the range of 1635-1641 cm™'.
For example, 2¢ gave absorptions at 1638 cm™ in CHCl,
and at 1635cm™" in KBr. In the latter case an additional
very weak signal appeared at 1581 cm ™.

With regard to enzymatic-cleavage experiments, the prop-
erties of sulfoximidoyls stemming from couplings between
NH-sulfoximines and protected amino acids™ are particu-
larly interesting. Although sulfoximines are rather weak nu-
cleophiles,™ standard DCC- and EDC-mediated couplings
afforded the desired products § in good to very good yields
(Table 2). Acylation of either enantiomer of 1 with natural
amino acids proceeded without any detectable racemization
and led to stereochemically homogeneous sulfoximidoyls.
Only in couplings with phenylglycine were two diastereo-
meric products in a ratio of 2:1 identified by NMR spectros-
copy (Table 2, entries 8 and 9). Apparently, the stereogenic
center at the a-carbon atom of the N—C(O) group of 5g had
partially epimerized. Even though the (benzylic) hydrogen
atom at this position is known to be rather acidic, the high
degree of epimerization was unexpected, since Carpino
et al. applied similar DCC/HOBt conditions in couplings of
phenylglycine derivatives to give dipeptides, and in this case
only 10% of isomerization was detected.” We therefore hy-
pothesized that the higher tendency of the sulfoximidoyls §
to epimerize must be attributed to the presence of the sul-
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Table 2. Preparations of sulfoximidoyl derivatives through couplings of NH-sulfoximine 1 with protected

amino acids./?!
R

OH
PGHN/'\H/ R

Next, the chemical stability
of the N—C(O) bond under
acidic and basic conditions was
probed with sulfoximidoyl 2¢ as

HNx~CHs o Ns_.-CH test substrate. The results are
S PGHN SgTe

Ol Ph DCC or EDC, HOBt ¥ /A summarized in Table 4. Appa-
. CH,Cl, 0°C 5 O Ph rently, the sulfoximidoyl bond
of 2c¢ is rapidly cleaved when
Entry Boc-protected Protecting Carbo- Product Yield o("*C) for the compound is treated with
amino acid group diimide [%] N-C(O) [ppm] 1on HCI (Table 4, entry 2). The
1 L-tyrosine benzyl DCC L,(5)-5a 97 180.3 hydrolysis occurs much more
2 L-lysine Cbz DCC L,(S)-5b 88 181.3 slowly with dilute HCI (IN;
3 L-lysine Boc DCC L,(S)-5¢ 78 181.2 . ’
4 L-hydroxyproline acetyl DCC L,(5)-5d 91 180.9 Table 4, entry 1). MOSt Interest-
5 L-hydroxyproline acetyl DCC L(R)-5d 94 1812 ingly, treatment with TFA does
6 L-serine acetyl DCC L(S)-Se 56 1772 not lead to N—C(O) cleavage at
7 L-histidine benzyl EDC L(S)-5F 480! 180.7 room temperature, and more
8 p-phenylglycine - EDC D/L(R)-5 & o1 1784 vigorous reaction conditions

9 p-phenylglycine - DCC p/L(S)-5g 90!l 178.4

[a] In all cases (S5)-1 was used, except in entries 5 and 8, where (R)-1 served as substrate. [b] Workup by extrac-
tion without column chromatography. [c] Epimerization of the product was observed (d.r.=2:1).

foximine group, which increases the acidity of the hydrogen
atoms next to the N—C(O) group.

Carbodiimide-mediated couplings were also utilized for
the synthesis of sulfoximidoyls with sterically more demand-
ing R groups. As shown in Table 3, products 10 were gener-
ally obtained in high yields.

Surprisingly, however, in the EDC-mediated coupling of
endo,endo-norbornene dicarboxylic acid monomethyl ester
(8) and its saturated analogue 9, epimerization at C3 occur-
red and led to predominant formation of the corresponding
endo,exo monoesters 10 ¢ and 10d, respectively.”"! The trans-
formations of 8 and 9 are noteworthy for two reasons. First,
since the endo,endo isomers of both starting materials are
readily available as single enantiomers by asymmetric alka-
loid-mediated alcoholysis of the corresponding anhy-
drides,?? the observed isomerization now allows conversion
of these endo,endo isomers to their endo,exo counterparts.
Second, the epimerization conditions are remarkably mild,
and even the weak base DMAP is sufficient to induce this
transformation. This contrasts with amides, for which much
stronger bases such as lithium amides are required for such
isomerizations.””! Since DCC couplings of endo,endo-8 with
amino acids cleanly afford endo,endo products,” it can be
excluded that the epimerization occurs at the stage of the in-
termediately formed active ester.

Saponification of methyl
ester 10c¢ with aqueous NaOH
afforded sulfoximidoyl carbox-
ylic acid 11 in 85% yield. Re-
crystallization of 11 from etha-
nol gave crystals which were
suitable for X-ray crystal struc-
ture analysis (Figure 1).*) To
the best of our knowledge, this
is the first solid-state structure of a sulfoximidoyl derivative
determined by this technique. The structural details of 11
and their relevance to the chemical reactivity of sulfoximi-
doyls are discussed below.
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lead only to partial destruction
of 2¢ (Table 4, entries 3 and 4).

Figure 1. Molecular structure of 11 in the solid state as determined by X-
ray crystal structure analysis (ORTEP plot; the ellipsoids are plotted at
the 30% propability level).*!

Under basic conditions the hydrolysis of 2c¢ is slow
(Table 4, entries 5-9). Remarkably, higher concentrations of
NaOH retard the N—C(O) cleavage. For example, treatment
of 2¢ with 1~ NaOH at 25°C results in complete hydrolysis
after 139 h (Table 4, entry 5). However, only 11% of 2¢ is
destroyed when 10N NaOH is used under otherwise identi-
cal conditions (Table 4, entry 7). We attribute the unexpect-
ed behavior to deprotonation of the sulfoximine methyl
group, which appears to protect the neighboring sulfoximi-
doyl moiety from being cleaved. Evidence for this hypothe-
sis was gained from experiments performed in D,O: the
methyl hydrogen atoms of 2¢ were exchanged by deuterium,
and recovered 2¢ bore a CDj; group.

To gain deeper insight into the electronic structure of acy-
lated sulfoximines and to evaluate their reactivity in com-
parison with that of simple amides, we performed ab initio
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Table 3. Synthesis of sulfoximidoyl derivatives 6 by DCC- or EDC-mediated coupling.
RCOOH
HNQS/CHa (6-9) R\n/NQ _CHs
o” Ph DCC or EDC, ) C{' Ph
1 DMAP, CH,Cl, 10
Entry Acid® Carbo- Product Yield o("C) for
diimide [%] N—C(O) [ppm]
Fe
OH
1 DCC 84 179.8
o
6
Q O
OMe
[b]
2 .‘ OH DCC 77 180.3/180.9
o
7
H
z H
3 CO,Me EDC 82 183.0
CO,H
endo,exo-10c
8
- H
o5 H
CO,Me
5 180.5
7 Nag-CHs
/B2
O Ph
endo,endo-10c
o~ H
H _rfrf N S/CHs
H 5 &
4 ED o .
COMe C ! 51 183.2
(o} OMe
CO,H
9 endo,exo-10d
S~ _H
td H
CO,Me
6 181.1
&7 Nag-CHe
-

endo,endo-10d

[a] Hemiester 7 was racemic; hemiesters 8 and 9 were enantiopure. [b] Obtained as a 1:1 mixture of diastereomers.

calculations (g,+MP2/6-311++G**) on several model
compounds shown in Figure 2.

Compound 12a [(CH,),S'(=0)(=N*C3(=0*)CH;)] was
used as a model for acylated sulfoximines, and acetamide
16a (H;C—C(=0O)NH,) as a representative amide. To check
the influence of conjugation between the C’=O* and the
S'=N? bonds on bond lengths and atomic charges, further
calculations were performed on 12b, in which, in contrast
to 12a with a planar S'(=0)(=N*C*(=0*))C backbone, the

Chem. Eur. J. 2004, 10, 2942 2952 www.chemeurj.org
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S'=N*C*=0* dihedral angle is 90°. Additional calculations
were performed on 13 [(CH,),S'(=0)(=N*C3(=0*)CH, )],
derived from 12a by abstraction of one of the acetylic
methyl protons, on 14 [(CH;),S'(=0)(=N*C*(0*)(OH)CH,)],
obtained from 12a by addition of an OH™ anion to the car-
bonyl group, and on cation 15a [(CH,),S'(=0)(=NH>C*-
(=0*—CH,)*] resulting from protonation of N* of 12a. To
determine which of the three basic centers of the model sul-
foximidoyl is the preferred site of protonation we also per-
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Table 4. Cleavage studies on sulfoximidoyl derivative 2¢ under aqueous
acidic or basic conditions.

Entry Base or Conditions Reaction Cleavage
acid time [h] [%]

1 1IN HCI CH,Cl,/25°C 1 2
16 17

65 100

2 10N HCI CH,Cl,/25°C 0.1 100
3 TFA CH,Cl,/25°C 65 0
4 TFA CH,Cl,/60°C 12 6
5 1~ NaOH CH,Cl,/25°C 19 18
139 100

6 1~ NaOH CH,Cl,/60°C 19 42
7 10N NaOH CH,Cl,/25°C 19 0
139 11

8 10N NaOH CH,Cl,/60°C 19 19
9 10N NaOH CH,Cl,/D,0/25°C 139 18t

[a] Compound 2¢ with a CDj; group was isolated.

16a

(0]

Y
19b

19a

19¢

Figure 2. Structures of the model compounds for acylated sulfoximines (12a, 12b), simple amides (16a, 16b),
and some derived species (13-15 and 17-19), optimized at the HF/6-311 4+ + G** level. The structures obtained
upon further optimization at the MP2/6-311+4+ G** level are visually indistinguishable from those given in

this figure.
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formed calculations on some cations (15b-15e) derived
from 12a by protonation of the oxygen atoms. Furthermore,
for reasons of comparison, the corresponding structures de-
rived from acetamide were calculated: 16b, 17 [H,C C(=
O)NH,], 18 [H;C—C(O)(OH)NH, ], and the cations 19a—
19d obtained from 16a by protonation of the nitrogen [19¢;
H;C(C=0O)NH;*] or the oxygen atom [19a, 19b, 19d;
[H;C(C=OH*)NH,].

Discussion

The results of the spectroscopic and structural studies as
well as the chemical behavior of the acylated sulfoximines
suggest that the sulfoximidoyl carbonyl group is highly elec-
tron deficient. In contrast to amide carbonyl groups it lacks
conjugative electron donation
by the adjacent nitrogen lone
pair through the N—C(O) bond.
Scheme 2 presents possible res-
onance structures. Canonical
form B corresponds to the sit-
uation in a peptide group with
a partial double bond between
the amide nitrogen atom and
the adjacent carbonyl group. In
the case of sulfoximidoyls, how-
ever, allene-like structure B
would correspond to an excited
state and will not significantly
contribute to the resonance
hybrid of the ground state (vide
infra). The ideal structure for a
conjugative interaction as in B
would have a linear S-N-C
moiety. However, the S-N-C
angle is 117.7° in 12a, and lin-
earization of this segment re-
quires about 19 kcalmol™' at
the MP2/6-311+4+46%* level.
The electronic nature of the
sulfoximine moiety is much
better represented by resonance
structure C. There, the lone
pair of electrons on the sulfox-
imine nitrogen atom is attracted
18 by the formally positively
charged sulfur atom, and the
bond order between the nitro-
gen and the carbonyl carbon
atoms remains almost un-
changed.

The different properties of
the N—C(O) bonds in amides
19d and acylated sulfoximines are
also reflected by the structural
and energetic changes that
occur upon torsion of this
bond.”) Thus, if the structure
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Scheme 2. Resonance structures of sulfoximidoyl derivatives. o) O@ HsC”
o e rsanp
of acetamide is reoptimized under the constraint that the RS R R_SE R
NH, and the CCO planes are orthogonal to each other 21 21 22

(16b), conjugative interaction between the nitrogen lone
pair and the carbonyl group is lost. Consequently, the
N—C(O) bond length increases (+0.051 A), while the length
of the C=0O bond decreases compared with the values for
fully optimized 16a. The total energy increases and the
energy of 16b is 21.8 kcalmol * higher than that of 16a. If
the SNC and OCC planes of 12 are fixed in mutually or-
thogonal positions as in 12b and the rest of the structure is
optimized, the increase in energy is only 8.6 kcalmol ™! rela-
tive to 12a. Again, this torsion leads to an increased
N—C(0O) (40.044 A) and decreased C=0 bond length (12b).
Both the increase in energy and the changes in bond lengths
might be explained by loss of a butadiene-like conjugation
between the S=N and the C=0 bonds in 12b. However, the
results of an experimental study on the electron density in
methane(triimido)sulfonic acid®” strongly suggest that, at
least in those compounds, the S—N bond should be de-
scribed as an ylidelike moiety ST—N~ (shortened relative to
an ordinary S—N single bond by strong electrostatic contri-
butions) rather than as a S=N double bond.

Support for the hypothesis that in sulfoximidoyls reso-
nance structure C dominates the resonance hybrid of the
ground state and therefore determines the electronic nature
of the N—C(O) bond stems from spectroscopic studies. As
mentioned before the "CNMR signals for the carbonyl
groups of N-acylated sulfoximines (Tables 1-3) appear at
about 180 ppm. These values are high compared to the cor-
responding signals of carbonyl groups in peptidic amide
bonds, and the significant downfield shift reveals the elec-
tron deficiency at the sulfoximidoyl C(O) units. Infrared
spectroscopy provides further evidence. Compound 2c¢ has a
single strong band in the carbamide region at 1638 cm™' in
CHCl;. Only in KBr two peaks appeared: a strong one at
1635 cm™! and a very weak one at 1581 cm™'. This is in con-
trast to the situation described for sulfodiimines 20 and
sulfur ylides 21. The former are aza analogues of sulfox-
imines, which are accessible by double imination of sulfides
followed by acylation reactions. They are well-studied com-
pounds,”! and the chemical behavior of acylated derivatives
has intensively been investigated by Haake et al..’””) For
these compounds two regions of intensive IR signals were
found, one at 1610-1640cm™ and another around
1565 cm™!. Whereas the former is attributed to amide-like
carbonyl bonds, the latter indicates a significant participa-
tion of a polar resonance structure such as 20’ (Scheme 3).*’)
Analogous data were obtained for the isoelectronic sulfur
ylides, which can be described by 21 and 21'.5" Because in
the case of N-acylated sulfoximines the IR band at about
1565 cm™! is absent (or too weak to be observed under the
conditions of the experiment) we conclude that the polar
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Scheme 3. Resonance structures of sulfodiimines 20/20, sulfur ylides 21/
21', and thiadiazindione 22.

structure B depicted in Scheme 2 has, if at all, only a minor
contribution to the electronic nature of the sulfoximidoyl
moiety.

Assuming that the bond length is related to the bond
order, comparison of the solid-state structure of 11 with
structural data of acylated sulfodiimines and related com-
pounds confirms the weak double-bond character of the ni-
trogen—carbon bond in the N—C(O) unit of 11. With a
length of 1.402(8) A in the solid state, this bond is signifi-
cantly longer than the corresponding bonds in thiadiazin-
dione 22 (1.363(3) A with a double bond character of 25 %,
as determined by Debeardermeaker and Allmann”"), pep-
tides (1.333(13) A,”* 60% double bond character)?? and
imines (1.26 A).’Y (The N—CO bond lengths calculated for
our model compounds in the gas phase are 1.382 A for 12a
and 1.378 A for acetamide 16a (MP2/6-3114+G**). The
fact that the experimentally determined N—CO bond length
in 11 exceeds that calculated for 12a is attributed to the
bulky substituents in the former compound.)

Moreover, in contrast to amides, in which the nitrogen
lone pair is approximately perpendicular to the N—C=0
plane and can therefore conjugatively interact with the C=0
bond, this is not the case for acylated sulfoximines. Here the
lone pair lies not only in this plane but is further polarized
towards the sulfur atom and is therefore not available to sig-
nificantly reduce the positive charge of the carbonyl carbon
atom. Calculation of the Merz-Singh-Kollman chargest*34
resulted in a value of 0.97 ¢, for the carbonyl carbon atom
of 12a, while the corresponding charge is 0.91 ¢, for acet-
amide.

The electron-withdrawing capability of the sulfoximine
group and its effect on the entire sulfoximdoyl fragment is
further reflected by the ease of epimerization at the a-
carbon atom. Apparently, the hydrogen atoms next to the
N—C(O) carbonyl group in compounds such as 10¢ and 10d
are more acidic than in comparable esters and amides, and
even weak bases such as DMAP lead to a significant epi-
merization at this position.

The experimental finding that a C—H bond in the o posi-
tion to the carbonyl group in an acylated sulfoximine such
as 12a can more easily be cleaved heterolytically than, for
example, a C—H bond in acetamide is also reflected by the
difference between their energies of deprotonation. Thus, at
the &+MP2/6-311++ G** level we calculated the change
in energy associated with the reaction 12a—13+H™* as
370.4 kcalmol ™!, while the reaction H,N—C(=0)CH;—
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H,N-C(=0O)CH, +H™" requires a higher energy of
376.7 kcalmol ™. Both values are significantly lower than the
energy of deprotonation of methane, which is 415.4 kcal
mol ™" at the same level of theory.

In the light of the structural data and their interpretation,
it is not surprising that both acidic and basic conditions can
be used to cleave the N—C(O) bond in 2¢. As revealed by
Table 4, various concentrations of HCI in dichloromethane
and dilute aqueous solutions of NaOH were effective in
such bond-breaking processes. In contrast, 2¢ was stable to
treatment with TFA in CH,Cl, or NaOH at high concentra-
tion. This behavior is particularly important because it
allows the selective conversion of acylated sulfoximines. If
desired the N—C(O) bond can easily be cleaved to liberate
both fragments (sulfoximine and acyl units). Alternatively,
the entire sulfoximidoyl unit can be retained while other
parts of the molecule react. The latter behavior already
proved synthetically relevant in conversions of functional-
ized sulfoximidoyl-containing pseudopeptides. There, tert-
butoxycarbonyl(Boc)-protected nitrogen atoms were readily
converted to free amino groups by treatment of the pseudo-
peptides with TFA in CH,CL,.['>'¥]

The cleavage reactions were also studied theoretically.
Since acidic cleavage of the N—C(O) bond in amides and
acylated sulfoximines is initiated by protonation of their
basic centers, we calculated the proton affinities (PAs)® of
12a and 16a at 298 K. The energetically more favorable site
of protonation of acetamide is the carbonyl oxygen atom
(PA =205.3 kcalmol™") to yield cation 19a, while the proton
affinity of the nitrogen atom is 12.5 kcalmol™! lower. Pro-
tonation of 12a occurs at the nitrogen atom with a proton
affinity of 219.6 kcalmol™', comparable to that of pyridine
(220.9 kcalmol™!) at the same level of theory (go-+MP2/6-
311++G**). The most stable oxygen-protonated structure
is 15b (PA=213.8 kcalmol™), while protonation of the
sulfur-bonded oxygen atom is about 16 kcalmol ' less favor-
able. The more than 14 kcalmol ™ higher PA of 12a might
indicate a higher reactivity of acylated sulfoximines under
acidic conditions as compared with simple amides.

The initial step in the cleavage of the N—C(O) bond
under basic conditions in both amides and the acylated sul-
foximines is addition of an OH™ anion to the carbonyl
group. A possible competitive reaction is the abstraction of
a proton from the a-carbon atom. The energetics of these
two reactions are shown in Figure 3. In accordance with the
experimentally observed higher reactivity of the acylated
sulfoximine as compared with simple amides, both reactions
are energetically more favorable for model compound 12a
than for 16a. However, for both the acylated sulfoximine
and acetamide the reaction energy associated with the addi-
tion of the OH™ anion to the C=O group is more negative
(—29.1 and —19.8 kcalmol ') than that for the abstraction of
a proton (—19.7 and —13.3 kcalmol ™).

Conclusion

The characteristic features of the sulfoximidoyl moiety,
which determine the reactivity of acylated sulfoximines, are

2948

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

16a + OH" 12a +OH"
0.0 0.0

17 + H,0

133 f

6.4
18 t 13+H,0
-19.8 -19.7
9.3

14

-29.1

Figure 3. Energetics of the reactions of 12a and 16a with OH™ obtained
at the g,+MP2/6-311 ++ G** level. All values in kcalmol ™.

electron-deficient

increased carbonyl
acidity —H L .
N~ _-R
' ~S
R )ﬁ( /I ’1.
O \O Ph

low double-bond character

Figure 4. Characteristic features of the sulfoximidoyl fragment in acyl sul-
foximines.

summarized in Figure 4. Due to the strongly electron-with-
drawing sulfur atom, the carbonyl carbon atom in an acylat-
ed sulfoximine is a highly electrophilic center which is prone
to attack by nucleophiles. In contrast to the situation in
amides, the lone pair of electrons at the neighboring nitro-
gen atom does not reduce this electron deficiency at the car-
bonyl group. The unusual downfield shift of the *C NMR
signal for the carbonyl group and IR and X-ray crystal struc-
ture data, which reveal a low bond order of the N—C(O)
bond, support this interpretation. Further evidence stems
from theoretical studies. As a consequence of the electronic
nature of the sulfoximine carbonyl group the a-hydrogen
atoms in the acyl part of sulfoximidoyls are more acidic
than those of simple amides. Upon treatment with base,
compounds having stereogenic centers at this position tend
to epimerize, as was observed in the phenylglycine deriva-
tives (R)- and (S)-5g and bicyclic compounds 10¢ and 10d.
In reactions with nucleophiles the high electrophilicity of
the sulfoximine carbonyl group explains the reactivity of
acylated sulfoximines. For example, under appropriate
(acidic and basic) conditions they can readily be hydrolyzed,
and enzymes recognize the N—C(O) bond as their preferred
cleavage site. Experiments utilizing this highly activated car-
bonyl moiety in other chemical transformations are ongoing.

Experimental Section

General: All reactions employing anhydrous conditions were performed
under argon by using standard Schlenk techniques. S-Methyl-S-phenyl
sulfoximines (S)-1 and (R)-1 were synthesized according to the literature
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procedure.”®! Compounds 2 were prepared by acylation with acyl halides
according to the published protocol,”!'*® and compounds 8 and 9 were
synthesized according to general procedure GP1. CH,Cl, was dried with
lithium aluminum hydride and distilled prior to use under an inert atmos-
phere. Unless otherwise specified all starting materials were purchased
from commercial suppliers and were used without further purification.
'HNMR and “C NMR spectra were recorded with TMS as internal stan-
dard. Mass spectra were obtained with a Finnigan SSQ 7000 and with a
Varian MAT 212 S spectrometer. FTIR spectra were recorded on a
Perkin-Elmer PE-1760 FT. Elemental analyses were carried out on a
Heraeus CHNO-Rapid instrument. Melting points were measured with a
Biichi B-540 and are uncorrected. Optical rotations were obtained with a
Perkin-Elmer PE-241. Flash chromatography was performed with Merck
silica gel 60, mesh 37-70 um. EE =diethyl ether, PE =petroleum ether.

The structures of all molecules shown in Figure 2 were preoptimized at
the Hartree-Fock (HF) level with the 6-3114+4G** basis set (HF/6-
3114+ G**). The obtained stationary points were characterized by cal-
culation and diagonalization of their force-constant matrices, and all
completely optimized structures (12a, 13, 14, 15a—e, 16a, 17, 18, and
19a-c) shown in Figure 2 turned out to be local minima. Starting from
these points further optimizations were carried out using the same basis
set and including correlation energy by means of Mgller-Plesset pertur-
bation theory to the second order (MP2P)). The zero-point energies &,
obtained at the HF level were scaled by a factor of 0.95 and added to the
correlated total energies. The resulting values (g,+MP2/6-311++ G**)
were then used to calculate the relative energies discussed in the text and
used in Figure 3. Total energies (g,+MP2/6-3114++G** in Hartrees,
1 Hartree = 627.5095 kcalmol'): 12a: —759.610974, 13: —759.020755, 14:
—835.288742, 15a: —759.958501, 15b: —759.949345, 15¢: —759.931316,
15d:  —759.923713, 15e: —759.913044, 16a: —208.635391, 17:
—208.035057, 18: —284.298293, 19a: —208.960154, 19b: —208.955562,
19¢: —208.940239, H,O: —76.253031, OH: —75.631426. All calculations
were performed with the Gaussian98°” suite of quantum-chemical rou-
tines running on the computational facilities of the computing center of
the RWTH Aachen.

General procedure GP1 for the carbodiimide-mediated coupling of N-
protected amino acids and other acid derivatives with sulfoximines:

a) DCC coupling (GPla): In a Schlenk flask N-protected amino acid
(1 equiv), sulfoximine (S)-1 or (R)-1 (1equiv), hydroxybenzotriazole
(HOBt, 1 equiv), and 4-dimethylaminopyridine (DMAP, 0.1 equiv) were
dissolved in CH,Cl, (10 mL mmol ") and cooled to 0°C, and dicyclohexyl-
carbodiimide (DCC, 1.1 equiv) in CH,Cl, (5mLmmol™) was added.
When a simple carboxylic acid was coupled, HOBt was omitted. Alterna-
tively, a 1M solution of DCC in CH,Cl, was used. After the mixture had
been stirred for 1 h at 0°C and 12 h at room temperature, the solvent was
evaporated under reduced pressure. The product was dissolved in ethyl
acetate (ca. 15 mLmmol '), and the precipitate was filtered off. After
column chromatography the product was obtained as colorless solid or
liquid.

b) EDC Coupling (GP1b): Coupling with N'-(3-dimethylaminopropyl)-N-
ethylcarbodiimide (EDC) was performed in the same manner as DCC
coupling by using 1 equiv of EDC or 1.1 equiv of EDC-HCI in the pres-
ence of triethylamine (1.1 equiv). The reaction mixture was extracted
with 1N HCl, a 10% aqueous solution of NaHCO;, and brine (for a
1 mmol scale: 3xca. 15 mL), and the combined organic layers were dried
(MgSO,) and concentrated. The product was purified by column chroma-
tography.

General procedure GP2 for the hydrolysis of 2 ¢ under aqueous acidic or
basic conditions: Sulfoximine 2¢ (42 mg, 0.20 mmol) was dissolved in
CH,Cl, (2 mL) and a 1N aqueous solution of NaOH (5 equiv), 1N HCI
(1 mL, 1 mmol) or a 10N aqueous solution of NaOH (25 equiv), or 10N
HCI (0.5 mL, 5 mmol) was added. When TFA was used, 65 equiv (1 mL,
13 mmol) were used. After the mixture had been stirred at the indicated
temperature (Table 4), the reaction was stopped by adjusting the pH to
slightly basic (pH 8). The aqueous phase was extracted with CH,Cl,
(2mL), and the organic layer was dried (MgSO,) and concentrated.
Analysis of the crude product by "H NMR spectroscopy allowed the de-
termination of the percentage cleavage.
(S)-N-Propionyl-S-methyl-S-phenylsulfoximine (2¢): [a]5=+19.0 (c=
0.79 in acetone); m.p. 50°C; 'H NMR (400 MHz, CDCl,;, 25°C, TMS):
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0=1.06 (dt, J,=1.3 Hz, J,=7.4 Hz, 3H), 2.36 (dq, J/,=1.2 Hz, J,=7.4 Hz,
2H), 3.27 (s, 3H), 7.50-7.64 (m, 3H), 7.89-7.93 ppm (m, 2H); *C NMR
(100 MHz, CDCl;, 25°C, TMS): 6=10.0, 33.1, 44.5, 127.3, 129.8, 133.9,
139.1, 183.7 ppm; IR (KBr): #=3056, 3023, 2977, 2924, 1635, 1581, 1445,
1354, 1284, 1213, 1092, 1073, 980, 839, 751 cm'; IR (CHCL): #=3017,
2936, 1638, 1449, 1354, 1323, 1278, 1197, 1099, 1075, 976, 733 cm™'; MS
(EL DIP, 70 eV): m/z (%): 184 (6), 183 (11), 182 (100, [M*—CH,CHj;)),
156 (21), 125 (7), 77 (20), 65 (15); elemental analysis (%) calcd for
C,0H;3NO,S: C 56.85, H 6.20, N 6.63; found: C 56.85, H 6.63, N 6.62.
(S)-N-Propionyl-S-trideuteromethyl-S-phenylsulfoximine (2¢-CD;): 2c¢-
CD; was isolated (together with remaining (S)-1) from a reaction mixture
obtained by following GP2. '"H NMR (400 MHz, CDCl;, 25°C, TMS):
0=1.13 (t, J=7.7Hz, 3H), 2.44 (q, J=17.7Hz, 2H), 7.52-7.69 (m, 3H),
7.81-8.05 ppm (m, 2H); "CNMR (100 MHz, CDCl;, 25°C, TMS): 0=
9.7, 32.8, 127.1, 129.3, 133.7, 139.3, 183.6 ppm; IR (KBr): 7=3063, 2973,
1640, 1447, 1278, 1215, 1097, 1076, 858, 785, 759, 711, 686 cm™'; MS (EI,
DIP, 70 eV): m/z (%): 215 (1, [M*+H]), 185 (100, [M*—CH,CH;]), 140
(31), 92 (55), 77 (79); HRMS calcd for C,;H,;)NO,SD;—C,Hs: 185.0464;
found: 185.0464.

(S)-N-Trifluoracetyl-S-methyl-S-phenylsulfoximine  (2h): [a]5 =+46.2
(c=1.00 in CHCl3); m.p. 79°C; "H NMR (400 MHz, CDCl,, 25°C, TMS):
0=3.38 (s, 3H), 7.55-7.62 (m, 2H), 7.68 (tt, J;=1.4 Hz, J,=7.4 Hz, 1H),
7.90-7.94 ppm (m, 2H); "CNMR (100 MHz, CDCl;, 25°C, TMS): 0=
44.6, 116.1 (d, J=286 Hz), 127.3, 130.3, 135.1, 136.8, 164.3 ppm (d, J=
37.9 Hz); "FNMR (375 MHz, CDCl;, 25°C): =-76.4 ppm (s, 3F); IR
(KBr): 7=3437, 3063, 3033, 3015, 2932, 1661, 1451, 1386, 1241, 1199,
1134, 1090 cm™"; MS (EI, 70 eV): m/z=182 (100, [M*—F;C]), 94 (24), 77
(48), 65 (24), 51 (38); elemental analysis (%) calcd for CoHgF;NO,S: C
43.03, H 3.21, N 5.58; found: C 43.01, H 3.41, N 5.51.
L-Boc-Tyr-Bn-(S)-Sulf (5a): [a]5=+57.0 (¢=0.50 in acetone); '"H NMR
(400 MHz, CDCl;, 25°C, TMS): 6=1.14 (s, 9H), 3.13 (d, /=5.8 Hz, 2H),
2.15 (s, 3H), 4.54 (q, J=6.3Hz, 1H), 5.02 (s, 2H), 5.16 (d, J=7.2 Hz,
1H), 6.88 (td, J=1.1, 8.5 Hz, 2H), 7.13 (d, J=8.2 Hz, 2H), 7.27-7.43 (m,
SH), 7.55 (t, /=83 Hz, 2H), 7.66 (t, J=7.4Hz, 1H), 7.84 ppm (d, J=
7.7Hz, 1H); "CNMR (100 MHz, CDCl;, 25°C, TMS): 6=28.7, 38.4,
443, 58.0, 70.3, 79.5, 114.9, 127.4, 127.7, 127.7, 128.1, 128.8, 129.7, 129.8,
130.8, 134.1, 137.3, 138.5, 155.4, 157.8, 180.3 ppm; IR (KBr): 7=3382,
2934, 1697, 1638, 1247 cm™; MS (EI, 70 eV): m/z (%): 391 (69, [M*
—BocHN*+H]), 182 (92), 91 (100); elemental analysis (%) caled for
CyH3,N,05S: C 66.12, H 6.34, N 5.51; found: C 66.43, H 6.36, N 5.62.
L-Boc-Lys-Cbz-(S)-Sulf (5b): [a]3 =—68.1 (¢=0.50 in acetone); 'H NMR
(400 MHz, CDCl,, 25°C, TMS): =1.34 (s, 9H), 1.40-1.54 (m, 2H), 1.55-
1.70 (m, 2H), 1.77-1.94 (m, 2H), 3.08-3.14 (m, 2H), 3.22 (s, 3H), 4.20 (q,
J=52Hz, 1H), 494 (brs, 1H), 5.00 (s, 2H), 5.17 (d, /J=7.1 Hz, 1H),
7.21-7.28 (m, 5H), 7.52 (t, J=8.0 Hz, 2H), 7.60 (tt, J=1.1, 7.4 Hz, 1H),
7.87 ppm (d, J=7.2 Hz, 2H); C NMR (100 MHz, CDCl,, 25°C, TMS):
0=22.5, 28.6, 29.6, 33.2, 41.0, 44.4, 56.6, 66.7, 79.5, 127.4, 128.3, 128.3,
128.7, 130.0, 134.2, 136.9, 138.5, 155.9, 156.7, 181.3 ppm; IR (KBr): 7=
3376, 2927, 1714, 1690, 1641, 1261, 1212 cm™'; MS (EL, 70 eV): m/z (%):
517 (1, [M™*]), 182 (100); elemental analysis (%) calcd for C,sH3sN;O,S:
C 60.33, H 6.82, N 8.12; found: 60.36, H 6.66, N 7.93.
L-Boc-Lys-Boc-(S)-Sulf (5c¢): [a]5=-70.1 (c=0.51 in acetone); '"H NMR
(400 MHz, CDCl,, 25°C, TMS): 6=1.35 (s, 9H), 1.36 (s, 9H), 1.23-1.48
(m, 4H), 1.58-1.69 (m, 1H), 1.79-1.90 (m, 1H), 3.00 (brs, 2H), 3.26 (s,
3H), 421 (q, J=7.1Hz, 1H), 4.61 (brs, 1H), 5.16 (d, /=74 Hz, 1H),
7.54 (t,J=79 Hz, 2H), 7.62 (tt, J=1.1, 7.4 Hz, 1H), 7.90 ppm (tt, J=1.1,
7.9 Hz, 2H); CNMR (100 MHz, CDCl,;, 25°C, TMS): §=22.8, 28.7,
28.8,29.9, 33.3, 40.7, 44.6, 56.8, 79.2, 79.5, 127.3, 129.9, 134.1, 138.5, 155.8,
156.1, 1812 ppm; IR (KBr): #=3392, 2978, 2932, 1698, 1654, 1223,
1170 cm™; MS (EI, 70 eV): m/z (%): 483 (3, [M*—H]); 184 (100); ele-
mental analysis (%) calcd for C;;H3;N;0.S: C 57.12, H 7.71, N 8.69;
found: C 57.04, H 7.43, N 8.60.
N-[N-tert-Butyloxycarbonyl-4-acetyl-L-prolinyl]-(S)-S-methyl-S-phenyl-
sulfoximine (L,(S)-5d): [a]]2)5=—3.5 (¢=0.10 in CHCl;); R;=0.46 (EE);
'"HNMR (400 MHz, CDCl,, 25°C, TMS): 0=1.42-1.47 (m, 9H), 2.05-
2.07 (m, 3H), 2.35-2.46 (m, 2H), 3.35-3.40 (m, 3H), 3.71-3.79 (m, 2H),
4.32-4.48 (m, 1H), 5.20-5.30 (m, 1H), 7.54-7.74 (m, 3H), 7.95-7.99 (m,
1H), 8.02-8.06 ppm (m, 1H); "C NMR (100 MHz, CDCl,, 25°C, TMS):
0=21.0, 28.4, 284, 35.9, 37.0, 44.0, 44.1, 52.0, 52.5, 61.3, 61.6, 72.0, 72.9,
79.7, 80.0, 126.9, 127.4, 129.3, 129.5, 133.6, 133.8, 138.3, 138.4, 154.0,
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154.1, 170.3, 181.1, 181.2 ppm; IR (KBr): #=2978, 2931, 1741, 1697, 1653,
1404, 1368, 1225, 1162, 1130, 754, 514 cm™'; MS (EI, DIP): m/z (%): 410
(1, [MT]), 350 (4), 337 (5), 228 (29), 182 (100), 172 (25), 141 (68), 112
(28), 68 (51), 57 (92); HRMS calcd for C,gHyN,0,S—OC,H,: 337.0858;
found: 337.0857.
N-[N-tert-Butyloxycarbonyl-4-acetyl-L-prolinyl]-(R)-S-methyl-S-phenyl-
sulfoximine (L,(R)-5d): [a]5=-2.9 (c=0.10 in CHCL); R;=0.46 (EE);
'HNMR (400 MHz, CDCl;, 25°C, TMS): 6=1.43-1.51 (m, 9H), 2.06—
2.08 (m, 3H), 2.35-2.48 (m, 2H), 3.36-3.40 (m, 3H), 3.74-3.81 (m, 2H),
4.34-4.50 (m, 1H), 5.26-5.32 (m, 1H), 7.58-7.65 (m, 2H), 7.66-7.74 (m,
1H), 7.94-8.00 (m, 1H), 8.03-8.10 ppm (m, 1H); *C NMR (100 MHz,
CDCl, 25°C, TMS): 6=21.0, 28.3, 28.4, 35.9, 37.0, 44.2, 52.0, 52.5, 61.1,
61.4, 72.0, 72.9, 79.8, 80.1, 126.3, 126.8, 127.3, 129.4, 129.5, 133.7, 133.8,
138.2, 138.4, 153.9, 154.3, 170.3, 180.8, 180.9 ppm; IR (KBr): 7=2978,
2932, 1740, 1696, 1654, 1405, 1367, 1226, 1162, 734 cm™'; MS (EI, DIP):
m/z (%): 410 (1, [M*]), 350 (8), 337 (6), 308 (6), 228 (34), 182 (100), 172
(26), 141 (67), 112 (23), 68 (40), 57 (47); HRMS calcd for C;yH,sN,O4-
S—OC,H,: 337.0858; found: 337.0858.
N-[N-tert-Butyloxycarbonyl-O-acetyl-L-serinyl]-($)-S-methyl-S-phenyl-
sulfoximine (Se): [a]5=+2.8 (¢=0.10 in CHCL); m.p. 88°C; R;=0.45
(EE/EtOH 8:1); '"H NMR (400 MHz, CDCl;, 25°C, TMS): 6=1.43-1.45
(s, 9H), 2.04-2.06 (m, 3H), 3.37 (s, 3H), 440 (dd, J,=3.0Hz, J,=
13.0 Hz, 1H), 4.51-4.57 (m, 1H), 4.68 (dd, J;=3.0 Hz, J,=13.0 Hz, 1 H),
545 (d, J=6.1Hz, 1H), 7.58-7.65 (m, 2H), 7.67-7.73 (m, 1H), 7.95-
8.05 ppm (m, 2H); *CNMR (100 MHz, CDCl,;, 25°C, TMS): 6=20.8,
28.3, 43.9, 56.0, 65.0, 79.6, 127.0, 129.6, 133.9, 138.0, 155.1, 170.6,
177.2 ppm; IR (KBr): #=3382, 2986, 2936, 1742, 1696, 1655, 1503, 1365,
1221, 1164, 1032, 748cm™'; MS (EI, DIP): m/z (%): 324 (1, [M*
—CH;COO+H]), 311 (3), 269 (1), 182 (100), 57 (8); elemental analysis
(%) caled for C;H,N,O(S: C 53.11, H 6.49, N 7.29; found: C 53.17, H
6.80, N 7.60.

Boc-L-His-Bn-(S)-Sulf (5f): [a]5=-2.7 (¢c=026 in CHCL); R;=0.50
(CH,Cl,/MeOH 9:1); '"HNMR (400 MHz, CDCl;, 25°C, TMS): 0=1.41
(s, 9H), 3.19 (dAB system, J,=4.9 Hz, J,=14.3 Hz, 2H), 3.36 (s, 3H),
4.51-4.56 (m, 1H), 5.03 (s, 2H), 5.74 (d, /J=7.4 Hz, 1H), 6.74 (s, 1H),
7.12-7.15 (m, 2H), 7.28-7.35 (m, 3H), 7.39 (s, 1H), 7.54-7.68 (m, 3H),
8.01-8.03 ppm (m, 2H); *CNMR (100 MHz, CDCl;, 25°C, TMS): 6=
28.8, 31.5, 44.0, 51.1, 56.9, 79.3, 117.6, 127.5, 127.7, 128.4, 129.2, 129.7,
134.0, 136.4, 136.7, 138.5, 139.0, 155.7, 180.7 ppm; IR (KBr): 7=3424,
3004, 2928, 1706, 1647, 1498, 1450, 1365, 1220, 1166, 1099, 1023, 861,
515cm™'; MS (EL, DIP): m/z (%): 483 (3, [M*4+H]), 482 (9, [M*+H]),
409 (10, [M*—Boc]), 301 (13), 300 (60), 182 (60), 139 (60), 91 (100); ele-
mental analysis (%) calcd for C,sH;N,O,S-H,O: C 59.98, H 6.44, N
11.19; found: C 60.04, H 6.73, N 10.95.

Boc-D/L-Phg-(R)-Sulf [D/L,(R)-5g]: Starting from p-Phg, a mixture of di-
astereomers was obtained. R;=0.55 (EE/PE 2:1); 'HNMR (400 MHz,
CDCl;, 25°C, TMS): 6 (main isomer)=1.42 (brs, 9H), 3.25 (s, 3H), 5.32
(d, J=72Hz, 1H), 591-593 (m, 1H), 7.30-7.79 ppm (m, 10H);
BCNMR (100 MHz, CDCl,, 25°C, TMS): 0 (main isomer)=28.4, 43.8,
60.8, 79.5, 126.9, 127.2, 127.5, 127.7, 128.5, 129.7, 134.0, 137.7, 155.0,
178.4 ppm; IR (KBr): #=3423, 3028, 2979, 1708, 1654, 1624, 1492, 1450,
1357, 1326, 1217, 1172, 980, 855, 807 cm™'; MS (EI, DIP): m/z (%): 315
(2, [MT—OC(CHs,)s)), 184 (11), 182 (70), 124 (42), 110 (31), 76 (30), 57
(100); HRMS calcd for C,H,,N,0,S—OC,H,: 315.0803; found: 315.0803.
Boc-p/L-Phg-(S)-Sulf [D/L,(S)-5¢g]: Starting from p-Phg, a mixture of dia-
stereomers was obtained. R;=0.55 (EE/PE 2:1); 'HNMR (400 MHz,
CDCl,, 25°C, TMS): 6 (main isomer)=1.40 (brs, 9H), 3.21 (s, 3H), 5.34
(d, J=69Hz, 1H), 5.83-5.85 (m, 1H), 7.30-7.79 ppm (m, 10H);
BCNMR (100 MHz, CDCl,, 25°C, TMS): 6 (main isomer)=28.3, 44.5,
60.9, 79.5, 127.3, 128.4, 128.5, 129.6, 129.8, 134.0, 138.2, 139.1, 154.9,
178.4 ppm; IR (KBr): #=3393, 3033, 2979, 2931, 1700, 1650, 1620, 1500,
1449, 1363, 1323, 1305, 1224, 1167, 853, 803 cm™'; MS (EI, DIP): m/z
(%): 315 (2, [M*—OC(CH,);]), 184 (10), 182 (100), 124 (47), 110 (29), 57
(90); HRMS caled for C,yH,,N,0,S—OC,H,: 315.0803; found: 315.0803.
(S)-N-Ferrocenoyl-S-methyl-S-phenylsulfoximine ~ (10a): [a]5 =+65.1
(¢=050 in CHCL); m.p. 143°C; R;=0.70 (EE/PE 1:1); 'HNMR
(400 MHz, CDCl,;, 25°C, TMS): =343 (s, 3H), 421 (brs, 5SH), 4.38
(brs, 2H), 4.87 (brs, 1H), 4.89-491 (m, 1H), 7.60-7.72 (m, 3H),
8.05 ppm (d, J=7.4 Hz, 2H); C NMR (100 MHz, CDCl,, 25°C, TMS):
0=44.8, 70.1, 70.8, 71.4, 127.4, 129.8, 133.8, 139.7, 179.8 ppm; IR (KBr):
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$=2925, 1596, 1453, 1374, 1289, 1209, 1157, 1088, 975, 946, 823, 779, 744,
683, 609, 574, 539, 498; MS (EI, 70 eV): m/z (%): 367 (M*, 7), 299 (1),
257 (1), 230 (7), 224 (17), 218 (11), 182 (6), 167 (20), 148 (81), 105 (16),
98 (48), 85 (64), 83 (100), 57 (94); HRMS caled for CygH,,NSFeO,:
367.0329; found: 367.0330.

Coupling of rac-anthracene acid methyl ester with (S)-S-methyl-S-phe-
nylsulfoximine to give 10b: [a]3=-2.7 (c=1.00 in CHCL); m.p. 84°C;
R;=0.37 (EE:PE 1:1); '"H NMR (400 MHz, CDCl,, 25°C, TMS): §=3.23
(s, 3H), 3.26 (s, 3H), 3.43 (dd, J,=2.8 Hz, J,=4.6 Hz, 1 H), 3.47 (dd, J,=
2.8 Hz, J,=4.6 Hz, 1H), 3.58-3.62 (m, 8H), 4.72 (m, 2H), 4.88 (m, 2H),
7.00-7.38 (m, 16H), 7.48-7.70 (m, 8H), 7.83 ppm (m, 2H); “C NMR
(100 MHz, CDCl;, 25°C, TMS): 6=43.9, 44.1, 47.0, 47.7, 48.0, 51.9, 52.2,
123.8, 124.5, 124.6, 124.7, 124.8, 125.9, 126.1, 126.1, 126.2, 126.2, 126.3,
127.0, 127.2, 129.4, 129.6, 133.8, 133.8, 138.5, 138.7, 140.8, 140.8, 141.2,
142.5, 142.7, 173.3, 173.4, 180.3, 180.9 ppm; IR (KBr): 7=3444, 3066,
3021, 2950, 2928, 2847, 2251, 1731, 1635, 1584, 1462, 1368, 1309, 1265,
1219, 1096, 1022, 971, 910, 848, 803, 732, 684, 584 cm™'; MS (EI, DIP): m/
z (%): 445 (5, [M*]), 203 (7), 202 (6), 182 (27), 179 (15), 178 (100), 99
(5), 99 (4), 98 (4), 86 (7), 84 (11), 77 (4), 56 (8), 47 (3); HRMS calcd for
CysHy3sNO,S: 445.1348; found: 445.1348.

(25,35)-3-exo-[ (S)-S-Methyl-S-phenylsulfoximidoyl)bicyclo[2.2.1]hept-5-
ene-2-endo-carboylic acid methyl ester (endo,exo-10c¢): [a]5=+83.1 (c=
0.63 in acetone); m.p. 124°C; R;=0.50 (EE/PE 2:1); 'H NMR (400 MHz,
CDCl;, 25°C, TMS): 0=1.40 (ddd, J,=1.3 Hz, J,=1.8Hz, J;=17.6 Hz,
1H), 1.62 (d, J=7.6 Hz, 1H), 2.79 (dd, J,=1.7 Hz, J,=4.5 Hz, 1H), 3.20-
3.22 (m, 2H), 3.36 (s, 3H), 3.50 (dd, J,=3.6 Hz, J,=4.2 Hz, 1 H), 3.64 (s,
3H), 6.08 (dd, J,=29Hz, J,=57Hz, 1H), 6.28 (dd, J,=34Hz, J,=
5.7Hz, 1H), 7.60-7.63 (m, 2H), 7.66-7.75 (m, 1H), 7.97-8.00 ppm (m,
2H); BC NMR (100 MHz, CDCl,, 25°C, TMS): 6 =44.6, 46.1, 47.4, 47.9,
48.8, 51.9, 52.3, 127.3, 129.9, 133.9, 135.4, 138.2, 139.0, 174.6, 183.0 ppm;
IR (KBr): #=3426, 3011, 2997, 2974, 2920, 1723, 1639, 1582, 1447, 1315,
1274, 1242, 1214, 1189, 1112, 1092, 1022, 975, 869, 846, 830, 751, 738, 685,
498 cm™'; MS (EL DIP): m/z (%): 333 (10, [M™]), 302 (8), 274 (6), 269
(8), 268 (45), 236 (12), 194 (5), 184 (6), 182 (100), 156 (38), 125 (8), 119
(10), 91 (12), 77 (13); elemental analysis (%) calcd for C;;H;QNO,S
(333.2): C 61.24, H 5.74, N 4.20; found: C 61.16, H 5.82, N 4.32.
(2S,3R)-3-endo-[(S)-S-Methyl-S-phenylsulfoximidoyl)bicyclo[2.2.1]hept-
5-ene-2-endo-carboxylic acid methyl ester (endo,endo-10c¢): [a]; =+27.2
(¢c=0.57 in acetone); m.p. 118°C; R;=0.45 (EE/PE 2:1); 'HNMR
(400 MHz, CDCl;, 25°C, TMS): 6=1.32 (d, J=8.2 Hz, 1H), 1.45 (td, J, =
1.6 Hz, J,=82Hz, 1H), 3.11-3.13 (m, 1H), 3.22-3.24 (m, 2H), 3.34 (s,
3H), 3.48 (s, 3H), 3.49-3.51 (m, 1H), 6.18 (dd, J,=3.0 Hz, J,=5.5 Hz,
1H), 6.36 (dd, J,=3.0Hz, J,=5.7Hz, 1H), 7.55-7.70 (m, 3H), 7.97-
8.00 ppm (m, 2H); "CNMR (100 MHz, CDCl,, 25°C, TMS): 6=43.8,
45.9, 473, 48.6, 48.9, 51.3, 53.3, 127.1, 129.4, 133.5, 134.2, 135.2, 138.7,
173.7, 180.5 ppm.
(25,38)-3-exo-[(S)-S-Methyl-S-phenylsulfoximidoyl]bicyclo[2.2.1]hep-
tane-2-endo-carboxylic acid methyl ester (endo,exo-10d): [a];=+62.9
(¢c=0.45 in acetone); m.p. 133°C; R;=0.30 (EE/PE 2:1); 'HNMR
(400 MHz, CDCl;, 25°C, TMS): 6=1.38-1.34 (m, 2H), 1.51-1.53 (m,
1H), 1.54-1.56 (m, 1H), 1.56-1.64 (m, 2H), 2.59-2.61 (m, 1H), 2.66 (d,
J=39Hz, 1H), 291 (dd, J,=1.5Hz, J,=5.2 Hz, 1H), 3.30-3.35 (m, 1H),
3.33 (s, 3H), 3.69 (s, 3H), 7.58-7.63 (m, 2H), 7.66-7.70 (m, 1H), 7.96-
7.98 ppm (m, 2H); *CNMR (100 MHz, CDCl;, 25°C, TMS): 6=24.7,
29.2, 40.0, 40.5, 42.5, 44.4, 49.1, 51.7, 53.3, 127.1, 129.6, 133.7, 138.9, 174.6,
183.2 ppm; IR (KBr): #=3421, 3011, 2972, 1720, 1635, 1476, 1449, 1330,
1308, 1252, 1219, 1189, 1119, 1092, 1016, 977, 751 cm™'; MS (EI, DIP): m/
z (%): 335 (7, [M*]), 306 (3), 183 (9), 182 (100); elemental analysis (%)
caled for C;H, NO,S: C 60.87, H 6.31, N 4.18; found: C 60.76, H 6.53, N
4.06.

(28,3R)-3-endo-[ (S)-S-Methyl-S-phenylsulfoximidoyl)bicyclo[2.2.1]-hep-
tane-2-endo-carboxylic acid methyl ester (endo,endo-10d): [a]§:+19.8
(c=0.65 in acetone); m.p. 122°C; R;=0.27 (EE/PE 2:1); 'HNMR
(400 MHz, CDCl;, 25°C, TMS): 6=1.41-149 (m, 4H), 1.58-1.60 (m,
2H), 1.70-1.76 (m, 1H), 1.99-2.03 (m, 1H), 2.49-2.51 (m, 1H), 2.63-2.64
(m, 1H), 2.83 (ddd, J,=1.6 Hz, J,=3.7 Hz, J/,=11.6 Hz, 1H), 3.22 (ddd,
Ji=1.6 Hz, J,=4.6 Hz, J,=11.6 Hz, 1H), 3.33 (s, 3H), 3.45 (s, 3H), 7.58-
7.63 (m, 2H), 7.65-7.67 (m, 1H), 7.99-8.01 ppm (m, 2H); “C NMR
(100 MHz, CDCl,, 25°C, TMS): 6 =23.6, 24.8, 40.1, 40.2, 41.4, 44.0, 46.9,
51.0, 51.5, 127.2, 129.5, 133.5, 139.5, 173.6, 181.1 ppm.
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(28,35)-3-ex0-(S)-S-Methyl-S-phenylsulfoximidoylbicyclo[2.2.1]hept-5-
ene-2-endo-carboxylic acid (endo,exo-11): Sulfoximine endo,exo-10¢
(200 mg, 0.60 mmol) was dissolved in methanol (3 mL) and 1N NaOH
(1.80 mL, 3 equiv) was slowly added. After stirring for 4 h at room tem-
perature the reaction mixture was extracted with 10 mL of ethyl acetate,
and the aqueous phase was acidified (pH 3) and additionally extracted
with ethyl acetate (3x10mL). The combined organic layers were dried
(MgSO,) and concentrated. Finally, the product was recrystallized from
ethanol to yield 163 mg (0.51 mmol, 85%) of 11 as colorless crystals that
were suitable for X-ray crystal structure analysis. [a]}; =+102.0 (c=1.00
in DMSO); m.p. 183°C; 'H NMR (400 MHz, [D,]DMSO, 25°C): §=1.26
(dd, J,=14Hz, J,=15Hz, J;=7.6Hz, 1H), 1.38 (d, /=7.6 Hz, 1H),
2.53 (dd, J,=19Hz, J,=4.8 Hz, 1H), 3.10-3.12 (m, 2H), 3.21-3.23 (m,
1H), 3.47 (s, 3H), 6.06 (dd, J,=2.8 Hz, J,=5.6 Hz, 1H), 6.31 (dd, J,=
3.1 Hz, J,=5.6 Hz, 1H), 7.66-7.70 (m, 2H), 7.74-7.78 (m, 1H), 7.94-7.98
(m, 2H), 11.90 ppm (brs, 1H); "C NMR (100 MHz, [D¢]DMSO, 25°C):
0=44.0, 45.8, 47.5, 47.9, 48.6, 51.9, 127.6, 130.1, 134.2, 135.8, 138.3, 139.3,
175.1, 181.8 ppm; IR (KBr): 7=3060, 2998, 2937, 2913, 1726, 1649, 1450,
1334, 1108, 1092, 992, 868, 839, 749, 684, 663, 501 cm™'; MS (EI, DIP): m/
z (%): 319 (2, [M*]), 301 (2), 274 (1), 254 (30), 236 (1), 210 (1), 183 (10),
182 (100), 156 (53), 140 (10), 125 (9), 119 (6), 109 (1), 99 (3), 97 (3), 93
(6), 92 (2), 91 (11), 77 (15), 66 (10), 65 (12), 51 (5); elemental analysis
(%) caled for C,(H;;NO,S: C 60.17, H 5.37, N 4.39; found: C 60.14, H
5.61, N 4.25.

X-ray crystallographic study on endo,exo-11: The compound
(CsHi;NO,S, M,=319.38) crystallizes in monoclinic space group P2,
(No. 4) with cell dimensions a=5.995(2), b=11.963(2), c=10.637(5) A,
and f=97.42(3)°. A cell volume of V=756.5(5) A*> and Z=2 result in a
calculated density of peeq=1.402 gcm™>. A total number of 3262 reflec-
tions were collected in the w/2© mode at 7=150 K on an Enraf-Nonius
CAD4 diffractometer with graphite-monochromated Cuy, radiation (A=
1.54179 A). Data collection (Friedel pairs) covered the range —7<h <6,
—14<k<14,and —13</<13 up to O, =72.8°. Lorentzian and polariza-
tion corrections were applied to the diffraction data, but no correction
was made for absorption effects (#=2.064 mm~') The structure was
solved by direct methods as implemented in the Xtal3.7 suite of crystallo-
graphic routines;**! GENSIN was used to generate the structure-invari-
ant relationships, and GENTAN for the general tangent phasing proce-
dure. 2927 observed reflections (/>20(I)) were included in the final full-
matrix least-squares refinement on F involving 266 parameters and con-
verging at R(R,)=0.037 (0.052, w=1/[12.00%(F)], a final shift/error
<0.0006, S=1.062, and a residual electron density of —0.63/0.32¢ A~
X, =—0.001(34)" for the structure shown in Figure 1. The positions of
hydrogen atoms could be located in a difference Fourier map and were
refined isotropically.
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Dynamic Chemical Devices: Modulation of Photophysical Properties
by Reversible, Ion-Triggered, and Proton-Fuelled Nanomechanical
Shape-Flipping Molecular Motions

Mihail Barboiu,'™ " Luca Prodi,'! Marco Montalti,'! Nelsi Zaccheroni,'®
Nathalie Kyritsakas,'" and Jean-Marie Lehn*!*!

Abstract: The terpy-derived (terpy=
terpyridine) ligand 1 has an extended
W shape in which the two appended
photoactive pyrenyl groups are held
apart. On binding of a zinc(11) ion with
a terpy group, ligand 1 is converted
into complex 2 whereby it adopts a U
shape, thus stacking the aromatic units.
This structural modification leads to a
very pronounced change in photophysi-

cent free ligand to a very weakly emit-
ting complex. The W/U structural
switching can be reversibly induced by
the addition of a competitive tren
ligand, which binds and releases a

Keywords: cation binding - fluo-
rescence molecular devices
molecular  switching supra-

molecular chemistry

zinc(11) ion under protonation/depro-
tonation cycles, thus leading to oscilla-
tions in light emission. Therefore, the
present system performs periodic mod-
ulation of optical output through a
nanomechanical shape-flipping motion,
triggered by metal ion binding and
fuelled by acid-base neutralisation
energy. Overall, it represents an ion-
triggered opto-mechanical supramolec-

cal properties: from a highly fluores-

Introduction

The design of functional chemical devices with the potential
for information storage is a major aspect of supramolecular
chemistry.""”) Mechano-devices? effecting triggered molecu-
lar motions induced by light excitation, electron transfer, or
ion binding provide the basis for controlled, dynamic struc-
tural changes based on rotations and translations® or coil-
ing—uncoiling processes.’! Photonic systems undergoing dy-
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ular device.

namic structural changes may be considered as encompass-
ing two types of behaviour: 1) light-induced nanomechanical
processes comprising molecular or supramolecular devices
that undergo reversible changes in shape when triggered by
light"? allowing the reversible modulation of a given prop-
erty, such as electronic conjugation,* and conversely, 2) ef-
fector-triggered structural (constitutional or conformational)
switching of optical properties comprising devices that trans-
form chemical processes, such as electron transfer or ion
binding, into specific molecular motions, resulting in the
modulation of output optical properties.!'!

DNA frameworks have been used in structural-optical
switching processes™ ! and in the design of molecular bea-
cons;* however, chemistry can develop effector-triggered
nanomechanical devices without resorting to molecules of
biological type, thus offering higher diversity, closer structur-
al and dynamic control as well as a more compact size.

Of special interest are photo-ionic devices undergoing re-
versible ionic modulation of the optical properties, such as
modulation of photochemical output properties through
shape changes induced by ion binding, particularly in view
of their ability to couple photonic and ionic processes. As
part of our studies on dynamic chemical devices,*! we de-
scribe herein the ionic modulation of photoluminescence
properties in a motional process involving reversible switch-
ing between a highly luminescent ligand L in a W-shaped
state and its poorly luminescent metallosupramolecular U-
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shaped complex [LZn], triggered by ion complexation—de-
complexation reactions, as depicted in Scheme 1a.

Recent studies of related systems have involved the
tuning of electronic coupling in hydroquinone-appended ter-
pyridines by ion complexation®® as well as tweezer-type
binding processes.”!

Ligand design and synthesis: In view of the strongly en-
forced (by about 25 kImol™)® transoid conformation about
the connecting NC—CN bond in o,a'-bipyridine (bipy), ex-
tended a,o’-(py,py) sequences, such as terpyridine (terpy)
units, are expected to adopt an open zigzag-type conforma-
tion, thus disposing o,0’-linked substituents at maximal dis-
tance. On the other hand, metal ion binding imposes the
cisoid arrangement, as is common in the very numerous
complexes of bipy. In the case of a terpy unit, tridentate
metal ion coordination converts the W-shaped transoid, tran-
soid form of the free ligand into
the cisoid,cisoid U-shaped form
corresponding to the well-
known tridentate terpy-type
complexation site (Scheme 1b).
Specifically, the conversion of
the bis terminally appended
a,0-pyrene-terpy derivative (1)
into the corresponding Zn"
complex (2) transforms an un-
wrapped free ligand into a
wrapped, compact coordination
complex (Scheme 2) through a 1
butterfly-type molecular motion
triggered by metal ion binding.
In complex 2, the two terminal
a,0/-linked m-donor pyrene units are situated in a face-to-
face arrangement suitable for the insertion of a flat aromatic

in the complex.

Abstract in French: Le ligand 1 dérivé de la terpyridine
(terpy) présente une forme en extension W dans laquelle les
deux groupes photoactifs pyrényles, greffés aux deux extrémi-
tés, sont maintenus éloignés. La complexation d’un cation
Zn" accompagné d’un groupe terpy conduit a un complexe 2
dans lequel le ligand adopte une forme en U, causant de ce
fait un rapprochement des extrémités et un empilement des
groupes aromatiques. Ce changement de structure produit
une modification trés prononcée des propriétés photophysi-
ques allant d’un ligand fortement fluorescent a un complexe
qui ne l'est que trés faiblement. La commutation W/U peut
étre induite réversiblement par addition d’un agent comple-
xant compétitif, le ligand tren, qui lie et relibére un ion Zn"
au cours de cycles de protonation/déprotonation, produisant
de ce fait des oscillations de I'émission de lumiére. Le systéme
décrit réalise ainsi une modulation périodique du signal opti-
que par leffet d’'un mouvement nanomécanique de change-
ment de forme, déclenché par la fixation d’un ion métallique
et dont I'énergie est fournie par la réaction de neutralisation
acide/base. Il représente un dispositif supramoléculaire opto-
mécanique a déclenchement ionique.
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Scheme 1. Concept and design of the ion-triggered photonic supramolec-
ular device: a) ionic modulation of the coupled fluorescence—extension/
contraction structural switching processes; the angular symbol represents
an additional ligand for the zinc(1) ion (shown as a sphere); b) conver-
sion of the extended transoid,transoid form of the free terpyridine-type
ligand into the compact cisoid,cisoid form of its metal complex.

2a 2b

Scheme 2. Formation of complex 2 displaying the parallel- (2a) and antiparallel-oriented (2b) pyrene moieties

m-acceptor, such as a complexed terpy unit, between their
parallel planes, thus yielding a compact n—x stacking subset
of three overlapping aromatic rings (Scheme 1la, Scheme 2).
Such a process generates a reversible conformational switch-
ing operation, which may simultaneously involve optical
properties and substrate binding as a result of a specific mo-
lecular motion in an iono-mechanical supramolecular device
using both appropriate metal ions and s-acceptor units. One
may consider that it amounts to an optical nanodevice func-
tioning through ion-triggered large-amplitude molecular
motion.

Ligand 1 was synthesised by using a repetitive twofold re-
action of the central pyridine bis-Michael acceptor unit 3!
with two 1-acetylpyrene building blocks (4) in a 55% yield
(see Experimental Section, Scheme 3). '"H NMR analysis of
a solution of 1 in deuterated chloroform produced a sharp
spectrum consistent with the transoid,transoid conformation
of the ligand. Strong deshielding was observed for the meta-
pyridine and the H4 pyrene hydrogen atoms indicating con-
tact with the nitrogen pyridine atoms, in agreement with the
unwrapped W conformation of compound 1.

Crystal structure of ligand 1: Suitable crystals of 1 for X-ray
structure determination were obtained by slow diffusion of
acetonitrile into a solution of 1 in chloroform at room tem-
perature. The molecular structure and packing are presented
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SPr
4 1

Scheme 3. Synthesis of ligand 1: a) Compound 3, fBuOK and THF at 60°C, then NH,OAc and AcOH at 80°C.

in Figure 1. Ligand 1 displays an unwrapped W-shaped
structure positioning the two pyrene substituents at a cen-
troid—centroid distance of about 16.5 A. The terpy unit ex-

Figure 1. Crystal structure of the extended W form of the free ligand 1:
a) stick representation; b) representation of the packing of m—m-stacked
polymeric aggregates; the nPrS substituents and hydrogen atoms have
been omitted for clarity.

hibits a slight deviation from planarity (py-py torsional
angle of about 18.6°), whereas the pyrene units are signifi-
cantly rotated with respect to the terpy plane (pyridine-
pyrene torsional angle of about 46.0°, Figure 1a). The rela-
tive arrangement of 1 in the crystal is very interesting and
deserves some more comments. As shown in Figure 1b, the
molecules of 1 are n—mn-stacked in polymeric aggregates pre-
senting tight contacts between one pyrene unit and two pyri-
dine rings of the next terpy unit (centroid—centroid distance
of 3.64 A). Accordingly, columnar arrays of alternating
stacked molecules are generated in the solid state as well as
in solution (see below) by self-organisation through st-donor
(pyrene) and m-acceptor (terpy) interactions.

Chem. Eur. J. 2004, 10, 2953 -2959 www.chemeurj.org
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Photophysical properties of
ligand 1: The absorption spec-
trum of 1 in dichloromethane is
very different from that expect-
ed from a simple sum of the
spectra  of  terpy!  and
pyrene!'! derivatives (Figure 2).
In particular, the typical struc-
tured bands of pyrene at 250-
SPr 280 and 310-360 nm are much
broader, presenting almost no
vibrational structure. In addi-
tion, the lowest energy band
shows a small redshift and a tail
up to 400 nm. Ligand 1 displays a large, nonstructured, very
intense emission band at 408 nm in dichloromethane (7=
2.6 ns, @ =0.33; Figure 2 and Table 1), and properties which

8
F 100
< 61 80 —
£ ~
S 2
o o
2 60 =
~ 4 o
e :
x I 40 %
@ 5]
F 20
0 0
700

Al nm

Figure 2. Absorption and fluorescence spectra (4., =348 nm) of ligand 1
(—) and of complex 2 (-—-) in CH,Cl, at room temperature; emission
intensity 7 (-----; right scale) in arbitrary units.

are almost independent of the solvent used. Corrected exci-
tation spectra performed with 4., between 380 and 500 nm
are all proportional to the absorption spectrum, indicating

Table 1. Photophysical properties of ligand 1 and its complex 2 at room
temperature.

Amax Emax Amax T P Solvent
[nm] [M'em™] [nm]  [ns]
1 348 59200 404 2.6 0.33 CH,Cl,
348 62500 401 2.6 0.34 CHCly/
CH,CN
2 340 70200 527 <0.5 <5x CH,(Cl,
107
341 71100 573 <0.5 <5x CHCly/
10° CH,CN

that the emissive excited state is populated with unitary effi-
ciency independently from the moiety of the ligand that is
excited. In this case, the fluorescence band is quite different
from those shown by pyrene derivatives'!!, which typically
display, in their monomeric form, a structured band with a
much longer lifetime (>100 ns in degassed solutions). This
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band differs also from that of pyrene derivatives forming ex-
cimers, since in these cases the band is even broader and
centred at lower energy (typically around 480 nm). Because
of the much lower Stokes shift observed in the present case
and in agreement with the crystal structure results, the attri-
bution of the observed band to an excimer-type emission, al-
though possible in theory due to the presence of two chro-
mophoric units, can be ruled out. Instead, the emission and
the lowest energy absorption bands can be assigned to a
transition mainly centred on the pyrene chromophore, with
only a partial charge-transfer character involving the terpy
moiety. This behaviour is slightly different from that found
for a bis(bipyridyl)pyrimidine ligand substituted with an an-
thracene chromophore;'? in this case, a stronger depend-
ence on solvent polarity was found, since a redshift of the
fluorescence band from 500 to 520 nm was observed on
passing from dichloromethane to butyronitrile suggesting a
substantial charge-transfer character for the transition re-
sponsible for the observed luminescence.

Formation and crystal structure of complex 2: Addition of
Zn(CF;S0;),/terpy mixtures (1:1 mol/mol) to suspensions of
1 in acetonitrile caused a rapid dissolution of the ligand to
give yellow solutions of the complex [Zn(1)(terpy)](CFs-
S0O;), (2). Complex 2 showed a very complicated and broad
"H NMR spectrum at 25°C, indicative of the presence of
several exchanging species in solution. At —30°C, the spec-
trum displays sharp signals for ligand 1, located in two dif-
ferent magnetic environments in a 1:1 ratio, consistent with
the presence of parallel- (2a) and antiparallel-oriented (2b)
pyrene moieties in the complex (Scheme 2).

The molecular structure and packing of complex 2 were
determined on crystals obtained from a solution of 2 in iso-
propyl ether/nitromethane (1:1v/v) at room temperature
(Figure 3).

Complex 2 results from the simultaneous binding of a
Zn** ion and a terpy unit, with octahedral coordination of
the Zn’* ions (average Zn—N bonds length of 2.14 A), and
favourable m—m stacking interactions between the m-donor
pyrene groups and the m-acceptor terpy unit. Ligand 1 pres-
ents a wrapped U-shaped conformation (Figure 3a) with the
two pyrene moieties positioned in a face-to-face arrange-
ment (centroid—centroid distance of about 6.90 A). It pro-
vides a slot suitable for the intercalation of a terpy unit co-
ordinated to the Zn** cation, leading to the formation of a
nt-donor—mn-acceptor—n-donor triad exhibiting a considerable
overlap between aromatic groups, with an average centroid—
centroid distance of 3.50 A. In the crystal, the complexes are
within van der Waals contact of the anions, and the solvent
molecules fill the voids between them. One may point out
the role of internal stacking interactions in the cohesion,
which are expected to cause a broadening of the bands of
the chromophore involved, as indeed observed (see below).

Photophysical properties of complex 2: The most relevant
photophysical data for complex 2 are gathered in Table 1,
while the absorption spectra in dichloromethane are shown
in Figure 2. Complexation with d'° Zn?>* ions does not usual-
ly introduce low-energy metal-centred or charge-transfer
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Figure 3. Crystal structure of complex 2 [Zn**(1)(terpy)]: a) stick repre-
sentation; b) representation of the arrangements of the entities in the
crystal; the nPrS substituents and hydrogen atoms have been omitted for
clarity.

states into the ligand, so that MC, MLCT, or LMCT bands
are not expected to be present in the absorption spectrum
of Zn** complexes. As a consequence, the absorption spec-
trum of 2 should be regarded as the sum of the transitions
involving the ligands present in the different species as per-
turbed by metal ion complexation*' and the m—m-stacking
interactions among them. The pyrene central band lying in
the 320-400 nm region experiences a blueshift but with a no-
ticeable increase of the absorption tail in the red part of the
spectrum. The overall effect can be explained by taking into
account two different phenomena: firstly, complexation with
the metal ion decreases the electronic density on the terpy
moiety, and as a consequence, perturbs the electronic struc-
ture of the pyrene unit leading to the observed blueshift of
the band; secondly, this process enables the terpy unit to be
more easily reduced so that a charge-transfer transition
from the pyrene unit becomes possible (E,=+1.18V
versus SCE in acetonitrile). A charge-transfer transition was
also observed in a Ru complex that had a ligand consisting
of a terpy unit covalently linked to a pyrene unit.'¥ Com-
plex 2 shows a very weak (@ <5x107), large and unstruc-
tured fluorescence band in the 480-750 nm region both in
dichloromethane and acetonitrile. The excitation spectrum
is also proportional to the absorption spectrum in this
case.'™ In agreement with the crystal structure results
above, the fluorescence band of complex 2 can be attribut-
ed, because of its shape, energy and solvent dependency, to
a charge-transfer transition from the pyrene moiety to the
coordinated terpy unit.

www.chemeurj.org Chem. Eur. J. 2004, 10, 2953 -2959
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Proton-fuelled reversible modu-
lation of photophysical proper-
ties by interconversion of ligand
1 and complex 2: We have re-
cently shown that the motions
generated by the reversible in-
terconversions between helical
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These systems represent a pro-
totype for a molecular actuator
or engine type of dynamic de-
vice fuelled by ionic processes.
The transformation of the W-
shaped free ligand 1 into the
corresponding U-shaped form
of the ligand in complex 2
offers the opportunity to set up
a reversible motional process in
which a molecular entity under-
goes sequential nanomechanical
interconversions between two
states, presenting different lu-
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minescence outputs in both
energy and intensity, triggered
by external chemical inputs. A
system that can produce rever-
sible pulses of Zn** ions was
achieved by taking advantage
of the properties of the N,N-
bis(2-aminoethyl)ethane-1,2-di-
amine (tren) ligand, which
forms a strong, pH-dependent
complex [Zn’*(tren)] with Zn?* ions."® From the analysis
of the absorption and emission spectra taken during the ti-
tration of 1 by Zn?", a stability constant of log K,=8.0 was
obtained for the 1:1 complex in organic medium.

Figure 4a shows the evolution of the aromatic and aliphat-
ic parts of the '"H NMR spectra as a function of triggering
agent: Zn**, tren, CF,SO;H, or LiOH.

The addition of one equivalent of Zn?* to a solution
(CDCIy/CD;CN =1:1 v/v) of free unwrapped ligand 1 and
terpy (1:1 mol/mol) leads to the wrapped Zn** complex 2.
This transformation is characterised by the disappearance of
the signals of ligands 1 and terpy and by the appearance of
deshielded signals of both Zn**-complexed terpy units, as
well as by the marked shielding of m—m-stacked pyrene and
terpy hydrogen atoms. In the fluorescence spectrum, the
almost complete quenching of the fluorescence of 1 can be
observed.

On addition of a strong Zn** complexant, such as tren,
the signals of the free ligands 1 and terpy reappear and the

Chem. Eur. J. 2004, 10, 2953 -2959 www.chemeurj.org
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Figure 4. a) Ionic modulation of the coupled fluorescence—extension/contraction switching process, followed by
the 250 MHz '"H NMR spectral changes occurring on structural interconversion in the system 1/2 on successive
addition of different triggering agents. b) Photoswitching cycles generated by ion/pH-induced iono-mechanical
structural interconversion of the coupled fluorescence—extension/contraction processes.

aliphatic part of the spectrum shows peaks that correspond
to the complex [Zn?>*(tren)], while the typical luminescence
of 1 is also restored. Lowering the pH by addition of
CF;SO;H induces protonation of the terminal nitrogen
atoms of tren causing the release of the complexed Zn**
ions,' which then bind again to ligand 1 leading to the
wrapped Zn** complex 2. The aliphatic part of the spectrum
shows the signals of protonated tren (H;"tren), while the ar-
omatic-proton signals correspond to unprotonated 1. Proto-
nation of 1 leads to very different spectra.'”! Again, the typi-
cal fluorescence of 1 disappears. Subsequent deprotonation
of the latter by addition of LiOH restores the NMR spec-
trum of the unwrapped form of 1 and of the complex [Zn**
(tren)] in addition to the fluorescence of 1. Repetitive inter-
conversions of 1 and 2 can be pursued in this way by succes-
sive additions of acid and base, controlling the repetitive ex-
change of Zn** between 1 and the tren ligand. The intercon-
version is complete within the time of mixing and recording
of the NMR spectra.
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Since the overall centroid—centroid distance between the
two pyrene moieties is about 16.5 A in W-shaped ligand 1
and 6.90 A in U-shaped complex 2, the 1/2 interconversion
generates a marked extension/contraction motion between
two states presenting different optical output signals. The
modulation of the coupled fluorescence—extension/contrac-
tion structural switching processes (Figure 4b) is induced by
coupled ion-binding/protonation events and fuelled by acid-
base neutralisation reactions.

Conclusion

Using a suitable molecular structural design and a simple
chemical mechanism, it is possible to control, through ion
binding, both molecular motions and linked modifications in
optical properties.

The system described here represents a molecular actua-
tor type of dynamic supramolecular device, displaying but-
terfly-like W/U extension/compression motions fuelled by
ionic processes, and undergoing iono-mechanical cycles gen-
erating a periodic switching of optical properties. Such cou-
pling of ionically triggered changes of shape and of photo-
physical properties also represent molecular signalisation
processes involving interconversion between ionic and con-
formational signals and resembling biological signal trans-
duction.

Experimental Section

General methods: All reagents were obtained from commercial suppliers
and used without further purification. THF was distilled over benzophe-
none/Na. All organic solutions were routinely dried by using sodium sul-
fate (Na,SO,). The solvents used for the photophysical measurements
were acetonitrile and dichloromethane from Merck (UVASOL). Column
chromatography was carried out on Merck alumina activity II-IIL'H
NMR, “C NMR, COSY and NOESY spectra and NMR ionic modulation
experiments were recorded on a 250 MHz Bruker spectrometer with
samples dissolved in CDCl; or CD;CN, with the use of the residual sol-
vent peak as reference. Mass spectrometric studies were performed in
the positive-ion mode using a quadrupole mass spectrometer (Micromass,
Platform II). Samples were dissolved in acetonitrile and were continuous-
ly introduced into the mass spectrometer through a Waters 616HPLC
pump (flow rate of 10 mLmin'). The temperature (60°C) and the ex-
traction cone voltage (V,=5-10 V) were usually set to avoid fragmenta-
tions. The microanalyses were carried out at Service de Microanalyses,
Institut Charles Sadron, Strasbourg.

The numbering used for the assignments of the '"H NMR signals (accord-
ing to the corresponding COSY and ROESY spectra) for ligand 1 are
given in Scheme 3.

UV/Vis absorption spectra were obtained by using a Perkin Elmer
Lambda 16 spectrophotometer. Uncorrected emission and corrected exci-
tation spectra were obtained with a Perkin Elmer LS 50 spectrofluorime-
ter. The fluorescence lifetimes (uncertainty +5%) were obtained with
an Edinburgh single-photon counting apparatus, in which the flash lamp
was filled with D,. Luminescence quantum yields (uncertainty +15%)
were determined using quinine sulphate in 0.5m H,SO, aqueous solution
(@=0.546).

Synthesis of ligand 1 and complex 2: Compound 3 was prepared accord-
ing to procedures described in the literature.
4,4"-Bispropylsulfanyl-6,6”-dipyren-1-yl-2,2":6',2"-terpyridine (1): A solu-
tion of fBuOK (550 mg, 4.90 mmol) in dry THF (15 mL) was added to a
refluxing solution of 3 (594 mg, 1.22 mmol) and 4 (600 mg, 2.45 mmol) in
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dry THF (20 mL) under argon over a period of 2 h. The solution was stir-
red overnight at room temperature and then acetic acid (6 mL) and
NH,OAc (4 g) were added to the reaction. The mixture was refluxed for
90 minutes, cooled, poured into water (100 mL), extracted with chloro-
form (3x100 mL), washed with saturated aqueous NaHCO; (100 mL)
and dried with Na,SO,. After evaporation of the solvent, the crude mate-
rial was purified by means of flash chromatography (alumina/chloroform)
to give 1 (373 mg, 38.9%). '"H NMR (CDCl,): 6=8.66 (d, /J=1.7 Hz, 2H;
H3), 8.62 (d, J=7.8 Hz, 2H; H2), 8.57 (d, J=9.3 Hz, 2H; H7’), 8.29 (d,
J=0.9 Hz, 2H; H6), 8.20-8.25 (m, 6H; H7, H9), 8.10-8.15 (m, 6H; HS,
H8, H10), 7.90 (t, J=7.8 Hz, 2H; H1), 7.61 (d, J=1.7 Hz, 2H; H4), 3.24
(t, J=79Hz, 8H), 1.88 (sext, J=7.9 Hz, 8H), 1.21 ppm (t, /=7.9 Hz,
12H); *C NMR (CDCL): 6=12.9, 24.7, 37.4, 116.1, 119.3, 124.8, 124.9,
126.2, 126.3, 126.6, 127.3, 127.6, 131.7, 138.1, 138.5, 1529, 157.5,
157.7 ppm; FAB-MS: m/z (%): 783.0 (100) [M+H]*; elemental analysis
caled (%) for Cs3HoN;S; (782.0 gmol™): C 81.40, H 5.03, N 5.37; found:
C 81.75, H 5.26, N 5.10.

Zinc complex 2: Formation from ligand 1 (10 mg, 0.013 mmol), Zn(OTf),
(4.6 mg, 0.013 mmol), terpy (3 mg, 0.013 mmol) and CD;CN (0.5 mL) at
room temperature. ES-MS: m/z (%): 540.2 (100) [Zn(1)(terpy)]**,
1229.38 (20) [Zn(1)(terpy)OTH]*.

X-ray crystallographic data for 1 and 2: Single crystals of
[Cs3sH3oN3S,2H,0] (1) were grown from an acetonitrile/chloroform mix-
ture. Yellow crystals were placed in oil and a single colourless crystal of
dimensions 0.16 x0.08 x0.02 mm was selected, mounted on a glass fibre
and placed in a low-temperature N, stream. The unit cell was monoclinic
with a space group of P12,1; cell dimensions: a=16.5598(7), b=
7.6555(3), ¢=18.508(1) A, a=y=90°, f=108.524(5)°, V=2224.8(2) A’
and Z=2 (M,=860, p=1.22 gcm); reflections were collected from
2.5°<60<27.41° for a total of 8995 of which 2160 were unique with 7>
30(I); number of parameters was 254; final R factors were R;=0.100
(based on observed data), wR,=0.127 (based on all data); GoF =1.065;
maximal residual electron density was 1.110 e A=,

Single crystals of [CgHysoNgS,Zn-2 CF;05S:2 CH;NO,] (2) were grown
from an isopropyl ether/nitromethane mixture. Yellow crystals were
placed in oil and a single colourless crystal of dimensions 0.15x0.06x
0.04 mm was selected, mounted on a glass fibre and placed in a low-tem-
perature N, stream. The unit cell was monoclinic with a space group of
C12/c1; cell dimensions: a=56.459(2), b=13.6160(5), c=18.9766(7) A,
a=y=90°, f=99.8(3)°, V=14374.6(8) A> and Z=8 (M,=6176, p=
1.39 gecm); reflections were collected from 2.5°< 6 <28.26° for a total
of 16620 of which 6635 were unique with />2¢(I); number of parameters
was 849; final R factors were R;=0.130 (for I/o0>4), wR,=0.170 (based
on all data); GoF=1.390; maximal residual electron density was
1218 e A

X-ray diffraction data for 1 and 2 were collected on a Nonius Kappa
charge-coupled device (CCD) diffractometer with graphite monochroma-
tised Moy, radiation (1=0.71073 A), ¢ scan mode to 173°, at the Labora-
toire de Cristallochimie, Université Louis Pasteur, Strasbourg. The struc-
tures of 1 and 2 were determined by using direct methods and were re-
fined (based on F* using all independent data) by full-matrix least-square
methods (SHELXTL 97). Hydrogen atoms were included at calculated
positions by using a riding model.

CCDC-227041 (1) and CCDC-227042 (2) contain the supplementary crys-
tallographic data for this paper. These data can be obtained free of
charge via www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cam-
bridge Crystallographic Data Centre, 12 Union Road, Cambridge CB2
1EZ, UK; fax: (4+44)1223-336-033; or e-mail: deposit@ccdc.cam.ac.uk).
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Triisobutylaluminium and Diisobutylaluminium Hydride as Molecular
Scalpels: The Regioselective Stripping of Perbenzylated Sugars and

Cyclodextrins

Thomas Lecourt, Alexandre Herault, Alan J. Pearce, Matthieu Sollogoub,* and

Pierre Sinay*!"!

Abstract: To explain the remarkable
regioselective de-O-benzylating proper-
ties of diisobutylaluminium hydride
(DIBAL-H) and triisobutylaluminium
(TIBAL) towards polybenzylated
sugars or cyclodextrins, we propose a
plausible mechanistic rationale critical-

sugar complex. For the reaction to
occur, one pair of adjacent oxygen
atoms should first be able to form a

Keywords: carbohydrates cyclo-
dextrins - diisobutylaluminium hy-
dride - regioselective de-O-alkyla-

chelation complex with the first equiva-
lent of aluminium reagent, either a
highly fluxional complex with tetra-
coordinate aluminium species or a pen-
tacoordinate one. The second equiva-
lent then induces the regioselectivity of
the de-O-alkylation by coordinating

ly involving the kinetic formation of a
product-generating 2:1 Al-benzylated

Introduction

The availability of efficient protecting group introduction
and removal strategies is a prerequisite for the harmonious
development of carbohydrate chemistry. The benzyl ether
function is probably the most widely used protecting group,
owing to its stability under a large variety of conditions and
its easy removal by mild catalytic hydrogenolysis. In con-
trast, methyl ethers, for example, are generally regarded as
permanent protecting groups, because of the usually harsh
conditions required for their removal. As a consequence,
numerous benzylation and de-O-benzylation reactions have
been described."! An underdeveloped but attractive route to
partially benzylated carbohydrates is provided by controlled
de-O-benzylation of easily available polybenzylated precur-
sors. This has more particularly been achieved in processes
such as catalytic hydrogenolysis,” catalytic hydrogen-trans-
fer cleavage,® acetolysis/ hypoiodite fragmentation,”
iodine-mediated addition—elimination sequences,”® or use of
Lewis acids such as tin tetrachloride and titanium tetrachlor-
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Fax: (+33)144-323-397
E-mail: Matthieu.Sollogoub@ens.fr
Pierre.Sinay@ens.fr

2960

tion - triisobutylaluminium

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

preferentially to one of the oxygen
atoms of the selected pair.

ide!” or a combination of chromium dichloride and lithium
iodide.”

A few years ago, we serendipitously observed mono-de-
O-benzylation as a side reaction during our exploration of
the scopel of the reductive rearrangement of 6-deoxyhex-5-
enopyranosides with triisobutylaluminium (TIBAL).'”) By
taking advantage of this unplanned finding, we promptly
discovered that use of TIBAL led to highly regioselective
mono-de-O-benzylation of perbenzylated mono- and disac-
charide derivatives.'"? We found out more recently that
diisobutylaluminium hydride (DIBAL-H) promoted a most
remarkable regioselective A,D-type bis-de-O-benzylation on
the primary rim of either a- or f-perbenzylated cyclodex-
trins,™ opening the door to further transformations into
novel cyclodextrin derivatives.'*' Having accumulated
these data, we would now like to discuss these results and to
propose a mechanism for this unprecedented mode of
action of TIBAL and DIBAL-H, acting as so-called “chemi-

cal scalpels”.l']

Results and Discussion

The first step: formation of a fluxional (or a pentacoordi-
nate?) complex: As shown in Table1 (entry1), when
methyl  2,3,4,6-tetra-O-benzyl-o-p-glucopyranoside (1)
was treated with a commercial solution of TIBAL in toluene
for 3h at 50°C, an almost quantitative transformation into
201 was observed. This is in sharp contrast with the robust-
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Table 1. Reactions of a variety of benzylated compounds with TIBAL and DIBAL-H.

1,2-cis (axial-equatorial)

Entry Starting Reagent Time Products Yield system. Entry 7 in Table 1 dem-
material [equiv] (h] [%] onstrates that TIBAL was simi-
ﬂ g&‘& larly able to induce a selective

BnO Bno .

1 Bro — TIBAL (5) 3 'Bno > 08 mono-de-O-methylation of
) OMe OMe compound 11 at O-2, although
0Bn the reaction was slow (less than

BnO % vi

5 ’hng%we TIBAL (10) i o reaction ~ 30% yield aftér 72 h) and some
3” de-O-methylation at O-1 was

also observed (followed by fur-

3 :Bn;o\ TIBAL (6) 96 ~ Ho‘\ 95 ther reduction to deliver the

OBn OBn . .
4021 51221 diol 12). As now shown in en-
oBn oH tries6 and 8 in Tablel,

4 B0 TIBAL (6) 96 Bn0. 15 DIBAL-H also preferentially
6 7 de-O-alkylates the 2-position,

s > TIBAL (3) » o reaction ~ but with a lower selectivity. A

OBn

BnO’ ]
nO
OBE) HO OMe
B0 2
6 BnO DIBAL-H (10) 6.5

OBn

TIBAL (10) 72

11
OBn

% Q
BnO BnQO'
8 %”% DIBAL-H (10) 2 rb”%

OMe OMe
11 2

OBn
OH
BnO
+ %@N
BnO

10
Q
AN
HO OMe
2
OBn
. B%Oﬁ&
MO0 1 83(6539)

striking feature was the superi-
ority of DIBAL-H over TIBAL
for the de-O-methylation pro-
OH cess (compare entries 6 and 8,
Table 1). The competing 6-de-
O-benzylation  observed in
entry 6 in Table 1 is discussed,

o126
on 74 (75/15/10)

(271 analysed and turned to our ad-

OBn . vantage later in this discussion
Bn&% 361 (78/22) At this stage, we may thus
2 OH propose that the debenzylation
process is initiated by the fa-
vourable kinetic formation of a
fluxional complex A. For con-
12 venience, though, we will depict

[a] A total of 34 % of starting material was also recovered.

ness of the corresponding ( anomer 3,”” (entry 2, Table 1)
which was recovered unaffected after a prolonged reaction
time. Together with the additional results shown in entries 3,
4 and 5 in Table 1, it may be concluded that efficient mono-
de-O-benzylation with TIBAL requires the presence of a

Abstract in French: Afin d’expliquer la remarquable régiosé-
lectivité des réactions de dé-O-benzylation des sucres ou des
cyclodextrines perbenzylés effectuées par le DIBAL-H ou le
TIBAL, nous proposons un mécanisme plausible mettant en
jeu la formation critique d’'un complexe actif 2:1 Al-sucre
benzylé. Pour que la réaction ait lieu, il est nécessaire qu’une
paire d’atomes d’oxygene soit d’abord capable de former un
chélate avec un premier équivalent de réactif, se présentant
sous la forme soit d’'un complexe hautement fluctuant d’espe-
ces tétracoordinées, soit d’'un complexe organoaluminique
pentacoordiné. Le second équivalent dicte ensuite la régiosé-
lectivité de la dé-O-alkylation en se coordinant préférentielle-
ment d un des deux atomes d’oxygeéne de la paire initialement
choisie.

Chem. Eur. J. 2004, 10, 2960 -2971 www.chemeurj.org
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A as B (Scheme 1). Whether B
is a real pentacoordinated com-
plex or just a written formalism

& & &
§/Oﬁ .- % ™ or %{zﬁ ,
Ry ] O— Ry O~ R;%% O
291{\ A N Z/A{‘\?QR‘
A B

Scheme 1. Formation of a highly fluxional complex A or a pentacoordi-
nate complex B.

is not known. The intermediacy of pentacoordinated trial-
kylaluminium complexes as key intermediates in various or-
ganic reactions is now well documented and has especially
been scrutinised by Maruoka and O0i.”*>? It could also ex-
plain selectivities in other reactions.®**!

TIBAL and DIBAL-H thus regioselectively select, for
geometrical reasons, the two oxygen atoms located at C-1
and C-2. Entries 7 and 8 in Table 1 imply that the regioselec-
tivity of de-O-alkylation at position 2 must be explained in-
dependently of the nature of the groups located on posi-
tions-1 and 2. We therefore now have to understand the
next step in terms of regioselectivity: that is, either a or b
cleavage (Scheme 1).
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A step forward in the analysis: the informative behaviour of
diethyleneglycol dibenzyl ether 13: An unexpected but illu-
minating regioselectivity was observed when diethylenegly-
col dibenzyl ether 13" was treated with DIBAL-H. As
shown in Scheme 2, no de-O-benzylation took place. Sur-
prisingly, mono-O-benzylated ethyleneglycol 14“! was the
only isolated reaction product (82 % yield).

)

BnO (0] OBn 829% BnO OH
13 14

Scheme 2. Compound 13 does not undergo any de-O-benzylation in the
presence of DIBAL-H. Reagents and conditions: i) DIBAL-H (5 equiv),
toluene (0.5m), 3 h, 50°C.

The initial formation of the plausible 1:1 complex C
(Scheme 3) cannot explain the observed regioselectivity of
the reaction, given that DIBAL-H can equally well de-O-al-
kylate or de-O-benzylate (see entries 6 and 8 in Table 1). It
seems reasonable, as a large excess of aluminium reagent is
used, that a second aluminium atom coordinates on another
oxygen atom. With those two aluminium atoms, a series of
complexes in equilibrium is possible; however, the site be-
tween two oxygen atoms once again seems by far the most
probable for coordination, because of its electron density
and steric availability, leading to the plausible product-gen-
erating 2:1 complex D (Scheme 3) with two aluminium
atoms, as shown in Figure 1.

Scheme 3. Proposed mechanism for the formation of alcohol 14.

2962
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Figure 1. Molecular model for D. Hydrogen atoms and isobutyls are
omitted for clarity.

The central oxygen atom in D is depicted as doubly coor-
dinated. It is notable that the complexation of diethyl ether
with two aluminium atoms has already been mentioned.*!!
Here again, whether the complex D is in fact a double pen-
tacoordinated or a highly fluxional system is not known, but
such knowledge is not at all necessary to explain the regio-
chemical outcome of the mono-de-O-benzylation process.
To account for the reactivity of such a species, however, it
might be clearer to use a more conventional formalism with
dative bonds and formal charges. We would therefore depict
the reactive form D as one in which one aluminium between
two oxygen atoms is coordinated by one of them and forms
a zwitterionic interaction with the second, which is itself co-
ordinated to a second aluminium atom. This formal di-coor-
dination of the central oxygen weakens its C—O bonds, and
the isobutyl aluminium reagent can deliver a hydride to
break this bond selectively and produce adduct E, which
gives alcohol 14 after hydrolysis (Scheme 3).

Complex F (Scheme 4) is probably not relevant because it
would lead to a de-O-benzylated product 15 and involve the

3k
/T Ph
d oo o
e @? /®

Al—

AR
w’e

G OH

Ph

14
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Scheme 4. Complex F, which would afford compound 15, is not formed.

location of one aluminium atom in an electronically less fav-
oured position.

In summary, the remarkable regioselectivity of the de-O-
alkylation of compound 13 could reasonably be explained
by the involvement of a second aluminium atom in the pro-
cess. The two isobutylaluminium molecules would be com-
plexed in the electron-richest sites of the molecule, in this
case the two dioxygenated “tweezers” delineated by the eth-
yleneglycol structure. The symmetry of this species allows
each aluminium atom to play the role of Lewis acid or re-
ducing agent indifferently, the reaction always leading to the
cleavage of the central C—O bond. Therefore, we propose
that the site of cleavage is dictated by the site of complexa-
tion with a second aluminium reagent.

Regioselectivity for simple carbohydrates: Adopting the in-
volvement of two molecules of aluminium reagent in the
process of de-O-alkylation, we can now explain the selectivi-
ty of the reaction in the case of sugar derivatives. As previ-
ously proposed, the first alane sticks to the most accessible
bidentate ligand, or di-oxygenated “tweezers”, forming a
fluxional or pentacoordinate complex H (Scheme 5) requir-
ing the 1,2-cis-diol pattern. A second aluminium atom then
complexes one of the two oxygen atoms of the “tweezers”
to orientate the de-O-alkylation by activating the C—O
bond. According to the model presented in Figure 2, the or-
bitals of the two oxygen atoms implicated in the process are
not equally accessible: the exocyclic anomeric oxygen atom
is axially oriented, and consequently one of its lone pairs is
hindered because it is located under the pyranoside ring,
whereas both lone pairs of the equatorial 2-oxygen atom are
equally available for coordination. Therefore, the second
aluminium atom coordinates much more easily to oxygen 2
than to the anomeric oxygen, thereby forming complex I
and directing the de-O-alkylation reaction towards 2-de-O-
benzylation (Scheme 5). The lower steric demand of
DIBAL-H in relation to TIBAL, allowing some approach
on O-1, can probably account for the drift in the regioselec-
tivity in the reaction with compound 1.

Interestingly, a related reaction has been observed in the
presence of AICl; with disilylated 1,2-cyclohexanediol 16,

OBn
AlR; o AIR;
1 BnO BnO
BnO b BnO
Ph—~ =:z “\\\OM
/Al\
\
H

S Ph/—o O OH by

through which compound 17
I\ was obtained and characterised
X-ray crystallography
(Scheme 6).[*%#1  The latter
structure led us to envisage an
intermediate such as G for this
reaction, comforting us in our
hypothesis of the intermediacy

15

of I for de-O-alkylation.

In summary, a mechanism involving two molecules of iso-
butylaluminium reagent, playing two different roles, allows
the regioselectivity of the de-O-alkylation reactions to be
explained. The first molecule of reagent is coordinated in
the lone-pair-rich site of the carbohydrate, between two 1,2-
cis oxygen atoms (the “tweezers”). The second aluminium
atom coordinates on the more available oxygen atom to ori-
entate the de-O-alkylation by acting as a Lewis acid and
therefore weakening a C—O bond; the dealkylation reaction
is then achieved by hydride transfer. When a set of dioxy-
genated “tweezers” is clearly identified and when the re-
maining orbital of one oxygen atom is clearly more accessi-
ble than the other one, then the reaction is regioselective.
Compound 1 is a typical example.

Towards DIBAL-H-mediated de-O-alkylation at the pri-
mary rim of cyclodextrins: As previously alluded to, we
would like now to come back to entry 6 (Table 1). As point-

I§

S

)

Figure 2. Simplified molecular model for complex H, showing the differ-
ence in availability of the second lone pair of each oxygen of the tweez-
ers. This model omits non-relevant benzyl and isobutyl groups.

OBn OBn
—PhMe H,0
0 BnO Q 2
® BnO o
—0 o /0
/ /%Me S /l\l ~QMe
PG 7 /e
I -\
1 J

Scheme 5. Proposed mechanism for the TIBAL-mediated de-O-benzylation at position 2 of perbenzylated methyl a-p-glucopyranoside.

Chem. Eur. J. 2004, 10, 2960 -2971 www.chemeurj.org
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e
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Scheme 6. Proposed intermediate for the known mono-desilylation of 16.

ed out, a competitive de-O-ben-
zylation occurred at position 6
when DIBAL-H was used as a
scalpel. This property of
DIBAL-H culminated in the
case of perbenzylated cyclodex-
trins,"® in which no competitive
de-O-benzylation at O-2 was
observed, in spite of a favoura-
ble 1,2-cis situation (Scheme 7).
We now have to understand the
mechanism of this 6-O-deben-
zylation, together with the rules
dictating the 2-O- versus 6-O-
regioselectivities, as exquisitely
observed in the case of cyclo-
dextrins.

Firstly, we wish to disclose
here an improved procedure for
the de-O-benzylation of per-
benzylated o- and p-cyclodex-
trins 19« and 198.* The ini-
tially reported reaction conditions involved 120 equivalents
of DIBAL-H for the a-CD and admittedly™’ could be con-
sidered as unpractical. We have since optimized the reaction
conditions and now directly use 15 equivalents of the com-
mercial 1.5m DIBAL-H solution in toluene, to obtain 87 %
of the diol 21a. In order to obtain a practical reaction time
(a few hours), the use of an excess of aluminium reagent in
the reaction—and generally in all de-O-benzylations of fully
benzylated sugars—is necessary. This is probably due to nu-
merous non-productive reversible complexations of DIBAL-
H or TIBAL on the various oxygen atoms present in the
molecule, and also to the existence of aluminium reagents in
aggregate forms.

We next performed the experiments presented in Table 2.
Entries 1 to 3 in Table 2 showed that the ring oxygen was re-
quired (entries 1 and 2, Table 2) for the reaction to occur

18a, n=1, R=R'=H
19c, n=1, R=R'=Bn

18p, n=2, R=R'=H
194, n=2, R=R'=Bn

ene, 2 h, 50°C.

2964
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when DIBAL-H was used; TIBAL was not suitable (entry 3,
Table 2). This was further confirmed in entries4 and 5 in
Table 2, in which the possible de-O-benzylation at O-2 has
been “turned off”. We next studied maltose derivatives,
which are related to cyclodextrins in structure. Perbenzylat-
ed methyl a-p-maltoside 271! gave a complex mixture of
products with DIBAL-H (entry 6, Table 2), whereas TIBAL
(entry 7, Table 2) performed a selective 2-O-debenzylation
at the reducing end;!" no similar reaction was observed at
the non-reducing end, probably due to steric hindrance. To
focus on the non-reducing end, we subjected the model cy-
clohexyl derivative 29! to the action of DIBAL-H (entry 8)
and isolated the two compounds 30 and 31, resulting from
de-O-benzylation at the O-2 and O-6 positions, in 81 %
yield, as a 1/1 mixture. Therefore, increasing the bulk of the
substituent at the anomeric position oriented DIBAL-H de-
O-benzylation towards position 6.

In summary, DIBAL-H will promote a 6-de-O-benzyla-
tion on sugars with hindered aglycons (e.g., perbenzylated

CIBn0

\ s

e OF—""D OBn

o o
@[ 7\

'_ ) Bro Y
—— ~ 0Bn

1) or i)
0
T5-87% I" OBn
O\j OBn BrLO
BnQ [D Bn

o |
BnD

— . 21, n=I

21, n=2

Scheme 7. Synthesis of the 6*,6” diol from a- and B-cyclodextrins. Reagents and conditions: i) BnCl, NaH,
DMSO, 18 h, RT; ii) DIBAL-H (120/140 equiv, 0.5m), toluene, 2 h, 50°C; iii) DIBAL-H (15 equiv, 1.5M), tolu-

cyclodextrins 19a/f or cyclohexyl glucoside 29) or with no
aglycon at all (e.g., deoxy glucose 25). TIBAL appears to be
the reagent of choice for clean de-O-benzylation at posi-
tion 2 of methyl a-p-glucopyranoside, but is inefficient for
the deprotection of simple pyranosides at position 6.

The typical entry 4 in Table 2 is again explained through a
2:1 complex. One equivalent of DIBAL-H first forms a
complex K (Scheme 8), implicating both the ring oxygen
atom and the 6-O-benzyl group; this is followed by an acti-
vation of the less hindered 6-O-benzyl by coordination to a
second DIBAL-H molecule acting as a Lewis acid. Delivery
of a hydride on the benzylic carbon from the so-formed
complex L gives intermediate M.

In this case the kinetically selected dioxygenated tweezers
involves the axial ring oxygen lone pair, forming a 1,2-cis-
fused bicyclic complex (Figure 3). It is predictable that such

www.chemeurj.org  Chem. Eur. J. 2004, 10, 29602971
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Table 2. Model compounds for de-O-benzylation at position 6.

of the remarkable bis-de-O-

Entry Starting Reagent Time Products Yield benzylation of perbenzylated
material [equiv] [h] [%] cyclodextrins. We had initially
O/\OBn proposed the involvement of
1 DIBAL-H (5) 96 no reaction - two aluminates on two opposite
2% oxygen atoms of the upper rim
OBn O/\OH of the cyclodextrin™!
2 53150) DIBAL-H (5) 4 51 89 (Scheme 9). We now favour a
mechanism involving two inde-
3 o8n TIBAL (5) 18 o reaction ~ pel_ldent 6-de-0-t?enzylati0ns.
23 This new proposal is supported
OBn OH by further developments in this

4 B"B%% DIBAL-H (10) 5 B’g%% 80 area in our laboratory.
25152 26152 Firstly, we found that the al-
oBn cohol 32" could also be direct-
5 BHB%G% TIBAL (10) 22 89 % of starting material - ly converted into the diol 21

’s nO (Scheme 10).

DIBAL-H (10) 12

OBn
B
B%%S% ’}3?6&' OBn
BnO BnO o)

BnO. 74

O Bg
7 0% TIBAL (10) 72
BnO
BnO

OMe

DIBAL-H (20)

W

complex mixture of products -

pX

OH OBn0
BnO BnO
O + BnO.
”% "% 81 (53/47)
OCy
30

Another, more convincing in-
dication of the independence of
the two de-O-benzylation pro-
cesses emerged when the ben-
zylated 6*,6P-capped a-cyclo-
dextrin 33" was bis-de-O-ben-
zylated to give the 6%,6F-diol 34
as a single isomer (Scheme 11).
OMe This remarkable result, dis-
cussed further in the next para-
graph in terms of selectivity,

Yo seems to rule out our initial
31 proposal of direct communica-
tion between the two opposite

OH!

Ph

Q \‘ /’Bu
OQ/P;I\,BU
BnO RN
BnO
BnO

Figure 3. R = iBu, the approach is difficult; R = H, the approach is
easier.

an axial approach of the bulky TIBAL reagent will be tem-
pered by steric hindrance, which is apparently less important
in the case of DIBAL-H.

Debenzylation of cyclodextrins

Mechanism of the AD-bis-de-O-benzylation of cyclodextrins:
The previous discussion sheds new light on the mechanism

AIR,
25

debenzylation sites.

The DIBAL-H mediated bis-
de-O-benzylation of perbenzylated cyclodextrins may now
be explained by the reasonable mechanism illustrated in
Scheme 12 in the case of a-CD. The same holds for f-CD.
An initial mono-debenzylation of one glucosidic unit occurs
on the primary rim via the intermediate N, according to pre-
vious trends. The high density of benzyl groups on the sec-
ondary rim probably precludes the potentially competing
debenzylation at O-2. Furthermore, in the case of rather
strained CDs, the interglycosidic oxygen lone pairs are no
longer properly oriented for a kinetic alumination; this dis-
favours the efficient formation of O-1,0-2 tweezers, in
agreement with previous observations (see Table 2). Steric
hindrance caused by the generated aluminium alkoxide O
directs the approach of a second aluminium pair to the far-
thest glucosidic tweezers—in the para position, we might
say—to afford intermediate P. This steric effect is probably

26

Scheme 8. Proposed mechanism for the DIBAL-H-mediated de-O-benzylation of the primary position.
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Scheme 9. Originally proposed mechanism for AD-type bis-de-O-benzylation of perbenzylated a-cyclodextrin.
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¢~ Tab-
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ano, | fo8n O BT
A Bno

Scheme 10. 6*,6P-Bis-de-O-alkylation of benzylated o-cyclodextrin. Reagents and conditions: i) DIBAL-H

(120 equiv), toluene, 0.5Mm, 2 h, 50°C.

E
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O
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Scheme 11. The bis-de-O-benzylation of compound 33 with DIBAL-H gave a single isomer 34. Reagents and

conditions: i) DIBAL-H (30 equiv), toluene, 1M, 2 h, 50°C.

reinforced by the presence of the benzyl ethers, resulting in
a very remarkable selectivity. Indeed the para-de-O-methyl-
ation of mixed CDs was less selective.”™ In a way, this steri-
cally driven deprotection may be compared well to the simi-
larly sterically directed “para-di-protection” of a-cyclodex-
trin with bulky groups, such as “supertrityl”.**l It is notewor-
thy that only 30 equivalents of DIBAL-H (0.5M) are neces-
sary to obtain alcohol 32, whereas 120 are required to de-O-
benzylate 32 further into 21a, giving a token of the steric
demand on the benzylated primary rim.

A step forward: the selectivity in the case of the capped a-cy-
clodextrin 33: Finally, we tried to explain the observed for-
mation of a single regioisomer 34 in the de-O-benzylation of

2966 ——
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the 6*,6P-capped a-cyclodextrin
33. First of all we had to deter-

4 mine the structure of the

PhCH,4 . X
- b A isomer. For this purpose, the
capped a-cyclodextrin 34 was
converted in a straightforward
(OBn);6 manner, as shown in

Scheme 13, into the derivative
36, in which all three pairs of
glucosidic units are now chemi-
OBn cally differentiated.

: \_\/T.-« The a-CD derivative 36 was
Y OBn“~"J. ~OBn then analysed by NMR spectros-
OB End = copy. The pair of peracetylated

BnQ sugars was easily characterised

by the observed deshielding of
the H-6 signals, due to the ace-
tylation of the primary position.
The two O-6 methylated units
differ from the others in the
BnO presence of a NOE signal be-
tween the methyl group and
one of the two H-6 diastereo-
topic protons. All signals of
each pyranoside ring were at-
tributed by COSY, and finally,
E the order of the connections be-
tween the units was determined
by NOE  experimentation
thanks to cross-peaks between
H-1 and H-4 of two successive
units (Scheme 14).5°]

By the previously proposed
mechanism, access to a ring
oxygen of the glucosidic unit is
necessary for the corresponding
6-O-debenzylation to occur. In-
spection of a molecular model
B (Figure 4) shows that the (B,E)
pair of ring oxygens of the AD-
capped a-CD 33 is more hin-
dered, by two benzyl moieties,
than the (A,D) and (C,F) pairs.
De-O-alkylation is next possi-
ble on two pairs of units: the
one bearing the bridge (A,D) and the one on its left (C,F)
(Figure 4, top view). Looking at the lone-pair orbitals of the
two remaining O-6 pairs, represented here by O-6* and
0-6" (Figure 4, front view), it appears that O-6%, as it is
bearing the bridge, indeed has one electron pair available
for complexation, but the other one is oriented towards the
inside of the CD cavity, and thus not kinetically available
for complexation by a second aluminium reagent. Given
that the two lone pairs of O-6 and O-6F are the most acces-
sible, the de-O-alkylation becomes only possible on the cor-
responding 6-positions, giving the observed selectivity. In
sharp contrast with the methylated derivative 20
(Scheme 7), the capping induces a conformation change
around C5—C6, which turns off the critical availability of

2o
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Scheme 12. Proposed mechanism for A,D-type bis-de-O-benzylation of perbenzylated a-cyclodextrin.
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Scheme 13. Synthesis of derivative 36. Reagents and conditions: i) Mel, NaH, DMF, RT, 3 h; ii) H,, Pd/C 10 %,
Pd black, EtOAc/MeOH (1:1), RT, 48 h, then Ac,O, pyridine, DMAP, RT, 18 h.

NOE
OAc OAc
NOE H?%( /\
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O CH3
AcO
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Scheme 14. "H NMR analysis of compound 36.

AcO, OAc

O one electron lone pair. By our

OAc mechanistic hypothesis, the re-
) markable regioselectivity of this
OAc  reaction is thus clearly ex-

° plained.

& OAC
o)
O .
Conclusion
" E&

We have tried in this investiga-

tion to explain the rules underly-
36 ing the regioselective de-O-
alkylation reactions promoted
by the two isobutylaluminium
reagents DIBAL-H and TIBAL.
The proposed mechanism in-
volves two molecules of alumini-
um reagent: the first one is trapped by the kinetically most
accessible oxygen tweezers to provide a pentacoordinate or
a highly fluxional chelate; the second one then directs the
mono-de-O-alkylation by preferentially coordinating to one
of the two oxygen atoms involved in the aluminium com-
plexation. This preference is again dictated by the steric
availability of the remaining lone electron pair of the corre-
sponding oxygen atom. These two events should both take
place for the regioselective mono-de-O-benzylation to
occur. Knowledge of the orientation of the lone pairs on
each oxygen atom in polybenzylated carbohydrate systems
is the key feature for understanding and eventual prediction

Chem. Eur. J. 2004, 10,2960-2971  www.chemeurj.org  © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim — 2967



www.chemeurj.org



FULL PAPER

M. Sollogoub, P. Sinay et al.

AIR; fits

Top View

Figure 4. Simplified molecular model of the AD-capped benzylated a-CD 33. Benzyloxy groups located
on the secondary rim of the CD as well as the hydrogen atoms are omitted for the sake of clarity. Top
view: Approach of AIR; is easier on two pairs of glucosidic units: (A,D) and (C,F). Each pair is repre-
sented by its O-5 in orange. Front view: Lone pairs in grey are accessible; lone pairs in red are more hin-

dered; O-6" has two available lone pairs; 0-6* has only one.

of the outcome of this remarkable process. Furthermore, it
is possible to tune the selectivity by use either of TIBAL or
of DIBAL-H: the first one, being more hindered, allows
better selectivities, while the second allows access to more
crowded “tweezers” (Scheme 13, Scheme 14, Table 1, and
Table 2).

Experimental section

General: Melting points were determined with a Biichi model 535 m.p.
apparatus and are uncorrected. Optical rotations were measured at 20+
2°C with a Perkin—Elmer Model 241 digital polarimeter, in a 10 cm,
1 mL cell. Chemical Ionisation Mass Spectra (CI-MS ammonia) and Fast
Atom Bombardment Mass Spectra (FAB-MS) were obtained with a
JMS-700 spectrometer. Elemental analyses were performed by the Serv-
ice de Microanalyse de L’Université Pierre et Marie Curie, 4 Place Jus-
sieu, 75005 Paris, France; '"H NMR spectra were recorded with a Bruker
DRX 400 instrument for solutions in CDCl; at ambient temperature. As-
signment were aided by COSY experiments. *C NMR spectra were re-
corded at 100.6 MHz with a Bruker DRX 400 spectrometer for solutions
in CDCl;, with the adoption of 77.00 ppm for the central line of CDCl,.
Assignments were aided by the J-mod technique and HMQC. Reactions
were monitored by thin-layer chromatography (TLC) on precoated
plates of silica gel (60 F,s,, layer thickness 0.2 mm; E. Merck, Darmstadt,
Germany) and detection by charring with sulfuric acid. Flash column
chromatography was performed on silica gel 60 (230-400 mesh, E.
Merck). DIBAL-H and TIBAL were both purchased from Aldrich as 1.5
and 1M solutions, respectively, in toluene. Extra dry DMSO is commer-
cially available from Fluka (ref. 41647).

General procedure for de-O-alkylation: DIBAL-H (1.5 solution in tolu-
ene) or TIBAL (1M solution in toluene) was added dropwise to a solu-
tion of benzylated compound in freshly distilled toluene, under argon at
room temperature, and the mixture was stirred at 50°C until TLC
showed completion of the reaction. After cooling at 0°C, the mixture
was carefully poured onto ice. HCI (1m) and EtOAc were added, and the
mixture was stirred vigorously for 30 min. After extraction with EtOAc,
the combined organic layers were washed with brine, dried over MgSO,,
filtered and concentrated under vacuum. The crude product was then pu-
rified by silica gel flash chromatography.

De-O-benzylation of methyl 2,3,4,6-tetra-O-benzyl-a-D-glucopyranoside
(1): TIBAL (5.4 mL, 5.4 mmol) was added to a solution of 1 (500 mg,
900 pmol) in toluene (5.4 mL) in the general procedure for de-O-alkyla-
tion, and the mixture was stirred for 3 h at 50°C. After purification by
silica gel chromatography (Cy/EtOAc 2:1), methyl 3,4,6-tri-O-benzyl-a-
p-glucopyranoside (2, 409 mg, 98 %) was obtained as a white crystalline
solid.

2968
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Compound 2: M.p. 78°C (diethyl ether/
hexane); [a]d = +95 (CHCL, ¢ = 1.05)
[1it.2%: m.p. 74-76°C; [a]® = +97 (CHCl,,
¢ = 1.0)]; '"H NMR (250 MHz, CDCl,):
6 = 2.14 (brs, 1H; OH), 3.41 (s, 3H;
OCHs;), 3.38-3.82 (m, 6H; 2-H, 3-H, 4-H,
5-H, 2x6-H), 4.80 (d, *J,, = 3.0Hz, 1H;
1-H), 4.49-4.86 (m, 6H; 3xCH,Ph), 7.17—-
7.41 (m, 15H; 15xaromatic-H) ppm; MS
(DCI, NH;): m/z: 482 [M+NH;+H]*.
Methyl 3,4,6-tri-O-benzyl-2-O-methyl-o.-D-
glucopyranoside (11): NaH (60% w/w,
15 mg, 375 umol) and iodomethane (28 puL,
375 umol) were added under argon at rt. to
a stirred solution of methyl 3.4,6-tri-O-
benzyl-a-p-glucopyranoside (2, 140 mg,
302 pmol) in THF (1.5 mL). After 2 h, the
reaction mixture was hydrolysed with
MeOH and concentrated under vacuum.
The residue was dissolved in EtOAc
(30 mL) and washed with water (2x20 mL)
and aq. sat. Na,S,0; (20 mL). The organic layer was dried over MgSO,,
filtered and concentrated under vacuum. After purification by silica gel
chromatography (Cy/EtOAc 3:1), methyl 3,4,6-tri-O-benzyl-2-O-methyl-
o-D-glucopyranoside (11, 139 mg, 96 %) was obtained as a colourless oil.
Compound 11: [a]¥ = +59 (CHCL, ¢ = 2.15); '"H NMR (400 MHz,
CDCL): 6 = 3.42 (dd, *J,5 = 9.5Hz, *J,; = 3.5Hz, 1H; 2-H), 3.47 (s,
3H; OCH,), 3.58 (s, 3H; OCH;), 3.68 (t, *J,5 = *J,5 = 9.5Hz, 1H; 4-H),
3.70-3.73 (m, 1H; 6-H), 3.76-3.81 (m, 2H; 6-H, 5-H), 3.96 (t, *J5, = /5,
= 9.5Hz, 1H; 3-H), 4.52, 487 (AB, J,; = 10.8 Hz, 2H; CH,Ph), 4.54,
4.67 (AB, Jo,g = 12.0 Hz, 2H; CH,Ph), 4.82, 4.96 (AB, J,z = 10.9 Hz,
2H; CH,Ph), 494 (d, *J,, = 3.5Hz, 1H; 1-H), 7.19-7.42 (m, 15H; 15x
aromatic-H) ppm; *C NMR (100 MHz, CDCL): 6 = 54.9, 589 (2x
OCH,), 68.4 (C-6), 70.1 (C-5), 73.4, 75.0, 75.6 (3x OCH,Ph), 71.5 (C-4),
82.0 (C-3), 82.2 (C-2), 97.5 (C-1), 126.9-128.7 (15 x CH-aromatic), 137.9,
1382, 138.8 (3xC-arom. quat.)ppm; MS (DCI, NH;): m/z :496
[M4+NH;+H]"; elemental analysis caled (%) for C,,H3,O4 (478.6): C
72.78, H 7.16; found C 72.71, H 7.04.

De-O-alkylation of methyl 3,4,6-tri-O-benzyl-2-O-methyl-a-D-glucopyra-
noside (11): DIBAL-H (1.3 mL, 1.95 mmol) was added to a solution of
11 (91 mg, 190 pmol) in toluene (2.6 mL), and the mixture was stirred for
2h at 50°C in the general procedure for de-O-alkylation. After purifica-
tion by silica gel chromatography (Cy/EtOAc 7:3), 2 (48 mg, 54 %) and
3,4,6-tri-O-benzyl-2-O-methyl-p-glucitol (12, 26 mg, 29 %) were obtained.
Compound 12: 'H NMR (400 MHz, CDCL): 6 = 2.10 (t, YJop; = Jomur
= 5.8Hz, 1H; OH), 3.15 (d, YJous = 4.8 Hz, 1H; OH), 3.50 (s, 3H;
OCHs;), 3.56-3.63 (m, 2H; 1-H, 2-H), 3.68, 3.72 (AB of ABX, J,3 =
9.8Hz, Jox = 5.0Hz, Jgzx = 3.6 Hz, 2H; 6-H, 6'-H), 3.72-3.79 (m, 1H;
1"-H), 3.81 (dd, *J,5 = 40 Hz, *J,5s = 72 Hz, 1H; 4-H), 3.88 (dd, /5, =
4.0 Hz, *J5, = 5.2 Hz, 1H; 3-H) 4.06 (dddd, *Js, = 7.2 Hz, Ju,x = 5.0 Hz,
Json = 4.8 Hz, Jyx = 3.6 Hz, 1H; 5-H), 4.57, 4.64 (AB, J,5 = 11.4 Hz,
2H; CH,Ph), 4.58, 4.63 (AB, J,g = 11.9 Hz, 2H; CH,Ph), 4.70, 4.74 (AB,
Jag = 11.4 Hz, 2H; CH,Ph), 7.26-7.40 (m, 15H; 15 x aromatic-H) ppm;
BC NMR (100 MHz, CDCly): 6 = 58.5 (OCH,), 61.2 (C-1), 70.9 (C-5),
71.1 (C-6), 73.2, 73.5, 742 (3xOCH,Ph), 77.0 (C-4), 78.8 (C-3), 80.9
(C-2), 127.5-128.5 (15x CH-aromatic), 137.8, 137.9, 138.9 (3xC-arom.
quat.) ppm; MS (DCI, NH;): m/z: 484 [M+NH;+H]*; HRMS (DCI,
CH,): found 467.244; C,H;,0q calcd 467.2434.

Preparation of perbenzylated a-cyclodextrin (19a): a-Cyclodextrin 18a
was dried under vacuum over P,Os until its weight became constant.
NaH (60% w/w, 17.75 g, 443 mmol) was then added to a stirred solution
of dried a-cyclodextrin 180 (12 g, 12.33 mmol) in DMSO (250 mL),
under argon at room temperature. Benzyl chloride (51 mL, 443 mmol)
was then added dropwise over 1 h. After 18 h, the reaction mixture was
then carefully hydrolysed with MeOH (50 mL), diluted with water
(500 mL) and extracted with Et,0 (3x500 mL). The combined organic
layers were washed with brine (500 mL), dried (MgSO,), filtered and
concentrated. After purification by silica gel chromatography (toluene,
then toluene/EtOAc 9:1), perbenzylated a-cyclodextrin 19 @ was obtained
as a white foam (30.4 g, 95%).
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Compound 19a: [a]¥ = + 34 (CHCL, ¢ = 1.0); 'H NMR (400 MHz,
CDCL): 6 = 3.50-3.54 (m, ¥/ = 11.0Hz, */,; = 9.5Hz, *J,, = 3.4 Hz,
12H; 2-H, 6-H), 3.92 (brd, ¥, = 9.5Hz, 6H; 5-H), 4.04 (dd, ¥ =
11.0 Hz, %55 = 2.8 Hz, 6H; 6-H), 4.09 (1, %/, = YJ,5 = 9.5 Hz, 6H; 4-
H), 419 (t, J,, = J,, = 9.5Hz, 6H; 4-H), 4.36, 444 (AB, J,; =
12.1 Hz, 12H; CH,Ph), 4.49, 454 (AB, Jo; = 12.6 Hz, 12H; CH,Ph),
4.92,524 (AB, J,5 = 11.0 Hz, 12H; CH,Ph), 5.13 (d, J,, = 3.4 Hz, 6H;
1-H), 7.17-7.31 (m, 90H; aromatic-H) ppm; *C NMR (100 MHz,
CDCL): 6 = 69.0 (C-6), 71.5 (C-5), 72.7, 75.6, 73.3 (3x OCH,Ph), 78.9
(C-2), 792 (C-4), 80.9 (C-3), 98.6 (C-1), 126.9-128.3 (CH-aromatic),
138.1, 138.3, 139.3 (3 x C-arom. quat.) ppm; MS (FAB): m/z (%): 2617.1
(100) [M+Na]*; elemental analysis caled (%) for C,,H;6503 (2595): C
74.98, H 6.52; found C 74.85, H 6.62.

Preparation of perbenzylated p-cyclodextrin (18f): By the same procedure,
perbenzylated p-cyclodextrin 19 was obtained as a white foam (95%).
Compound 198: [0]? = + 34 (CHCL, ¢ = 1.0); 'H NMR (400 MHz,
CDCL): 6 = 3.52 (dd, *J,5 = 92 Hz,’J,; = 33 Hz, 7H; 2-H), 3.58 (d, *J
= 10.6 Hz, 7H; 6-H), 3.98-4.10 (m, 28 H; 3-H, 4-H, 5-H, 6-H), 4.39, 4.43
(AB, J,g = 12.2 Hz, 14H; CH,Ph), 4.50, 4.54 (AB, J,3 = 12.8 Hz, 14H;
CH,Ph), 4.81, 5.11 (AB, J,g = 11.0 Hz, 14H; CH,Ph), 522 (d, *J,, =
33 Hz, 7H; 1-H), 7,15-7,30 (m, 105H; aromatic-H) ppm; “C NMR
(100 MHz, CDCL): 6 = 69.2 (C-6), 71.4 (C-5), 72.6, 73.2, 754 (3x
OCH,Ph), 78.6 (C-4), 78.7 (C-2), 80.8 (C-3), 98.4 (C-1), 126.9-128.3 (CH-
aromatic), 138.1, 138.3, 139.2 (3xC-arom. quat.) ppm; MS (FAB): m/z
(%): 3050.7 (100) [M+Na]*; elemental analysis calcd (%) for CgH,;030;5
(3027): C 74.98, H 6.52; found C 75.04, H 6.65.

De-O-benzylation of perbenzylated a-cyclodextrin (19«): DIBAL-H
(1.9 mL, 2.9 mmol) was added dropwise to 19a (504 mg, 194 pmol), and
the mixture was stirred at 50°C The reaction was carefully monitored by
TLC (Cy/EtOAc 3:1), and the mixture was hydrolysed after 20 minutes,
as usual. After purification by silica gel chromatography (Cy/EtOAc 3:1),
21a (410 mg, 87 %) was obtained as a white foam.

Compound 21a: [a]¥ = + 33 (CHCl;, ¢ = 1.0); 'H NMR (400 MHz,
CDCly): 6 = 3.35 (brt, *Joye = 5.3 Hz, 2H; OH), 3.44-3.47 (m, 4H; 2x
2-H), 3.61 (dd, */,5 = 9.6 Hz, *J,, = 3.9 Hz, 2H; 2-H), 3.66-3.70 (m, 2H;
6-H), 3.73-4.04 (m, 20H), ; 4.06 (dd, *J;, = 9.6 Hz, *J;, = 8.5 Hz, 2H; 3-
H), 4.14 (brt, *J5, = *J5, = 9.1 Hz, 2H; 3-H), 4.25 (brdd, *J;, = 9.7 Hz,
*J;4 = 7.3 Hz, 2H; 3-H), 436 (d, J = 12.6 Hz, 2H; CHPh), 4.41 (d,
%] = 12.6 Hz, 2H; CHPh), 4.51-4.53 (m, 6H; 3x CHPh), 4.54 (d, ¥ =
12.6 Hz, 2H; CHPh), 4.58 (d, %J = 12.6 Hz, 2H; CHPh), 4.59 (d, %/ =
12.4 Hz, 2H; CHPh), 4.60 (d, %/ = 12.1 Hz, 2H; CHPh), 4.75 (d, *J,, =
3.4 Hz, 2H; 1-H), 4.76 (d, *J,, = 33 Hz, 2H; 1-H), 4.81 (d,”J = 11.0 Hz,
4H; 2x CHPh), 4.83 (d, ”J = 11.8 Hz, 2H; CHPh), 4.93 (d, */ = 11.8 Hz,
2H; CHPh), 4.94 (d, % = 10.4 Hz, 2H; CHPh), 5.23 (d, %J = 10.7 Hz,
2H; CHPh), 549 (d, *J = 10.4 Hz, 2H; CHPh), 5.77 (d, *J;, = 3.9 Hz,
2H; 1-H), 7.11-7.31 (m, 80H; aromatic-H) ppm; “C NMR (100 MHz,
CDCL): 6 = 61.6 (C-6), 69.5, 69.6 (2xC-6), 71.2, 71.6, 72.0 (3xC-5),
721,729, 73.2, 73.25, 73.3, 73.9 (6 x OCH,Ph), 74.1 (C-4), 76.1, 76.4 (2
OCH,Ph), 77.6, 79.0, 79.7 (3xC-2), 80.6, 80.9 (2x C-3), 81.0 (C-4), 81.6
(C-3), 81.7 (C-4), 97.6, 97.7, 98.2 (3xC-1), 126.3-128.3 (CH-aromatic),
137.7, 137.8, 137.9, 138.2, 138.6, 137.7 (6x C-arom. quat.), 139.2 (2xC-
arom. quat.) ppm; MS (FAB): m/z (%): 2437.0 (100) [M+Na]*; elemen-
tal analysis calcd (%) for CigH;5605 (2415): C 73.61, H 6.51; found C
73.46, H 6.62.

De-O-benzylation of perbenzylated p-cyclodextrin (198): DIBAL-H
(2.0 mL, 3 mmol) was added dropwise to 19 (600 mg, 198 umol), and
the system was stirred at 50°C. The reaction was carefully monitored by
TLC (Cy/EtOAc 3:1), and the mixture was hydrolysed after 20 minutes,
as usual. After purification by silica gel chromatography (Cy/EtOAc 3:1),
21 (425 mg, 75 %) was obtained as a white foam.

Compound 21f: [a]¥ = +34 (CHCL, ¢ = 1.0); '"H NMR (400 MHz,
CDCLy): 6 = 2.69 (brs, 1H; OH), 2.78 (brs, 1H; OH), 3.44-3.54 (m, 5H;
5x2-H), 3.60-4.15 (m, 37H; 2x2-H, 7x3-H, 7x4-H, 7x5-H, 14x6-H),
4.44-4.88 (m, 33H; CHPh), 4.89 (d, *J,, = 3.3 Hz, 1H; 1-H), 4.98 (d, *J;,
= 3.7Hz, 1H; 1-H), 5.00 (d, *J;, = 40Hz, 2H; 1-H), 5.02 (d, */,, =
3.4 Hz, 1H; 1-H), 5.04 (d, *J;, = 3.5Hz, 1H; 1-H), 5.06 (d,”J = 123 Hz
1H; CHPh), 5.21-5.25 (m, 3H; 3xCHPh), 530 (d, %/ = 10.7Hz 1H;
CHPh), 5.56 (d, *J,, = 3.8 Hz, 2H; 1-H), 5.67 (d, *J,, = 3.7Hz, 2H; 1-
H), 7.12-7.33 (m, 95H; aromatic-H) ppm; *C NMR (100 MHz, CDCl;):
0 = 61.4 (2xC-6), 68.7, 68.9, 69.1, 69.2, 69.3 (5% C-6), 71.4 (2xC-5), 71.5
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(C-5), 71.6 (2xC-5), 71.7, 71.9 (2xC-5), 723, 72.4, 72.5, 72.6 (4x
OCH,Ph), 72.8 (2xOCH,Ph), 72.9, 73.1, 73.2 (3xOCH,Ph), 73.3 (2x
OCH,Ph), 73.4 (OCH,Ph), 74.2 (CH), 74.3, 74.5, 74.7 (3 x OCH,Ph), 75.0
(CH), 74.5, 75.9, 76.0, 76.1 (4x OCH,Ph), 78.6, 78.7, 78.8, 79.0, 79.4 (5x
C-2), 79.5, 79.6, 79.7, 79.8, 80.1, 80.5, 80.6, 80.7 (8 x CH), 80.75 (2x CH),
80.8 (2xCH), 81.1, 81.3 (2xCH), 97.4, 97.6, 98.0, 98.2, 98.4, 99.1, 99.2
(7xC-1), 126.7-128.3 (CH-aromatic), 137.7, 137.8 (2xC-arom. quat.),
137.9 (2xC-arom. quat.), 138.0 (2xC-arom. quat.), 138.1 (2x C-arom.
quat.), 138.3 (C-arom. quat.), 138.4 (2x C-arom. quat.), 138.5, 138.8 (2x
C-arom. quat.), 138.9 (2x C-arom. quat.), 139.0, 139.2, 139.3, 139.4 (4 x C-
arom. quat.) ppm; MS (FAB): m/z (%): 2870.3 (100) [M+Na]*; elemen-
tal analysis caled (%) for C;;5H 3,035 (2847): C 73.82, H 6.51; found C
73.82, H 6.59.

De-O-benzylation of o-cyclodextrin monoalcohol (32): DIBAL-H
(6.4mL, 9.6 mmol) was added dropwise to a solution of 32 (200 g,
80 umol) in toluene (12.8 mL) by the general procedure for de-O-alkyla-
tion, and the system was stirred at 50°C for 2 h. After purification by
silica gel chromatography (Cy/EtOAc 3:1), 21a (156 mg, 81 %) was ob-
tained as a white foam.

1,5-Anhydro-2,3,4,6-tetra-O-benzyl-p-glucitol (25): A solution of 1-
bromo-2,3,4,6-tetra-O-acetyl-a-p-glucose (1.8 g, 4.38 mmol) in Et,0
(5mL) was slowly added to a stirred suspension of LiAlH, (1.19 g,
45 mmol) in Et,O (27 mL) under argon at 0°C. After 1 h at room temper-
ature, the reaction mixture was hydrolysed carefully with water and then
filtered through a celite pad.’® The aqueous layer was neutralised with
IR120 H*, concentrated under vacuum and dried over P,Os. The crude
residue was dissolved in DMF (20mL), and NaH (60% w/w, 1.4 g,
35 mmol) and benzyl bromide (4.35 mL, 35 mmol) were carefully added.
After 3 h of stirring at room temperature, the reaction mixture was hy-
drolysed with methanol and concentrated under vacuum. The residue
was dissolved in CH,Cl, (100 mL) and washed with aqueous saturated
NH,Cl (2x50 mL) and aqueous saturated NaCl (50 mL). The organic
layer was dried over MgSO,, filtered and concentrated under vacuum.
After purification by silica gel chromatography (Cy/EtOAc 4:1), 1,5-an-
hydro-2,3,4,6-tetra-O-benzyl-p-glucitol 25 (1.473 g, 65 %) was obtained as
a colourless oil.

Compound 25: [0]d = +28 (CHCL, ¢ = 1.1) [lit? [a]d = +27
(CHCl,, ¢ = 0.5)]; '"H NMR (400 MHz, CDCl;): 6 = 3.22-3.30 (m, 1 H;
2-H), 3.42 (ddd, *Js;, = 9.5Hz, %Jsq = 42 Hz, *Js¢ = 2.2 Hz, 1H; 5-H),
3.60 (t, N3 = N5 = 9.5Hz, 1H; 4-H), 3.65-3.70 (m, 3H; 1-H, 3-H, 6-
H), 3.72 (dd, /¢ = 10.5Hz, *Jos = 2.2 Hz, 1H; 6-H), 4.08 (dd, *J,; =
113 Hz, *J;, = 47Hz, 1H; 1-H), 4.53, 487 (AB, J,3 = 10.7 Hz, 2H;
CH,Ph), 4.55, 4.63 (AB, J,3 = 12.1Hz, 2H; CH,Ph), 4.70, 4.76 (AB,
Jas = 11.5 Hz, 2H; CH,Ph), 4.89, 5.01 (AB, /.5 = 11.0 Hz, 2H; CH,Ph),
7.30-7.40 (m, 20H; 20 x aromatic-H) ppm; *C NMR (100 MHz, CDCl;):
0 = 68.1 (C-1), 68.9 (C-6), 73.2, 73.5, 75.1, 75.5 (4x OCH,Ph), 77.7 (C-4),
78.4 (C-2), 79.2 (C-5), 86.3 (C-3), 127.6-128.5 (20 x CH-aromatic), 137.8,
138.0, 138.1, 138.7 (4xC-arom. quat.) ppm; MS (DCI, NH;): m/z: 542
(100) [M+NH,;+H]*.

1,5-Anhydro-2,3,4-tri-O-benzyl-D-glucitol  (26): DIBAL-H (29 mL,
432 mmol) was added to a solution of 1,5-anhydro-2,34,6-tetra-O-
benzyl-p-glucitol (25, 226 mg, 432 umol) in toluene (5.8 mL) by the gen-
eral procedure for de-O-alkylation, and the system was stirred at 50°C
for 5 h. After purification by silica gel chromatography (Cy/EtOAc 2:1),
1,5-anhydro-2,3,4-tri-O-benzyl-p-glucitol (26, 151 mg, 80 %) was obtained
as white crystals.

Compound 26: M.p. 79°C [1it"? m.p. 76-77°C]; [a]¥ = 418 (CHCl;, ¢ =
1.0) [lit"? [a]d = +17.6 (CH,ClL, ¢ = 02)]; 'H NMR (400 MHz,
CDCL): 6 = 1.77 (dd, *Joue = 7.1 Hz, oy = 5.9 Hz, 1H; OH), 3.27
(dd, *J,, = 11.0 Hz, *J,, = 103 Hz, 1H; 1-H), 3.32 (ddd, *J5, = 9.7 Hz,
3Js¢ = 4.6Hz, 3Is¢ = 2.7Hz, 1H; 5-H), 3.52 (t, *J,5s = *J,; = 9.1 Hz,
1H; 4-H), 3.64 (dt, *J,; = 3,5 = 9.0Hz, ), = 52 Hz, 1H; 2-H), 3.65-
3.73 (m, 2H; 3-H, 6-H), 3.86 (ddd, /¢, = 11.8Hz, Jyoy = 5.9 Hz,
*Jgs = 2.7Hz, 1H; 5-H), 4.03 (dd, %J;, = 11.1 Hz, J,, = 49 Hz, 1H;
1-H), 4.68, 4.77 (AB, J,p = 11.4 Hz, 2H; CH,Ph), 4.68, 4.92 (AB, J,5 =
11.4 Hz, 2H; CH,Ph), 4.88, 5.28 (AB, J,z = 11.0 Hz, 2H; CH,Ph), 7.30-
7.40 (m, 15H; 15x aromatic-H) ppm; *C NMR (100 MHz, CDCl;): 6 =
62.3 (C-1), 67.9 (C-6), 73.3, 75.1, 75.5 (3x OCH,Ph), 77.6 (C-4), 78.5 (C-
2), 79.7 (C-5), 86.2 (C-3), 127.6-128.5 (15x CH-aromatic), 138.0, 138.1,
138.6 (3 x C-arom. quat.) ppm; MS (DCI, NH;): m/z: 452 [M+NH;+H]*.
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De-O-benzylation of cyclohexyl 2,3,4,6-tetra-O-benzyl-a-D-glucopyrano-
side (29): DIBAL-H (2.3 mL, 3.45 mmol) was added to a solution of 29
(107 mg, 172 pmol) in toluene (4.6 mL) in the general procedure for de-
O-alkylation, and the system was stirred for 5 h at 50°C. After purifica-
tion by silica gel chromatography (Cy/EtOAc 4:1), cyclohexyl 3.,4,6-tri-O-
benzyl-a-p-glucopyranoside (31, 35 mg, 39 %) and cyclohexyl 2,34-tri-O-
benzyl-a-p-glucopyranoside (30, 39 mg, 42 % ) were obtained.

Compound 30: [a]¥ = +60 (CHCL, ¢ = 1.0) [lit*™ [a]¥ = +60
(CHCl,, ¢ = 0.57)]; '"H NMR (400 MHz, CDCL): 6 = 1.18-1.49 (m, 6H;
c-H, d-H, e-H), 1.71-1.79, 1.90-1.99 (2m, 4H; b-H, f-H), 2.09 (d,
Jone = 9.2 Hz, 1H; OH), 3.61-3.71 (m, 1H; a-H), 3.66 (t, *J,; = *J,5 =
8.7 Hz, 1H; 4-H), 3.70 (dd, /¢, = 10.5 Hz, /o5 = 2.0 Hz, 1H; 6-H), 3.74
(dt, %3 = on = 92Hz, *),; = 3.8 Hz, 1H; 2-H), 3.78 (t, *J3, = /s,
= 8.5Hz, 1H; 3-H), 3.81 (dd, /45 = 10.5Hz, *J;5s = 3.8 Hz, 1H; 6-H),
3.92 (ddd, J5, = 10.0 Hz, *J5c = 3.8 Hz, *J5¢ = 2.0 Hz, 1H; 5-H), 4.52,
497 (AB, J,; = 10.6 Hz, 2H; CH,Ph), 453, 4.68 (AB, J,; = 12.1 Hz,
2H; CH,Ph), 4.98, 5.02 (AB, J,3 = 11.1 Hz, 2H; CH,Ph), 5.07 (d, %/, =
3.8 Hz, 1H; 1-H), 7.30-7.40 (m, 15H; 15 xaromatic-H) ppm; “C NMR
(100 MHz, CDCl;): 6 = 23.9, 24.1, 25.5, 31.7, 33.4 (C-b, C-c, C-d, C-e, C-
f), 68.5 (C-6), 70.5 (C-a), 73.0 (C—H), 73.5, 75.1, 75.3 (3x OCH,Ph), 76.2
(C-H), 78.7 (C-H), 83.8 (C—H), 96.8 (C-1), 127.6-128.5 (15x CH-aro-
matic), 138.0, 138.2, 138.8 (3 x C-arom. quat.) ppm; MS (DCI, NH;): m/z:
550 [M+NH;+H]*.

Compound 31: [a]) = +61 (CHCL, ¢ = 0.9); 'H NMR (400 MHz,
CDCly): 6 = 1.20-1.52 (m, 6H; c-H, d-H, e-H), 1.66 (brt, *Jous = *Jone
= 5.8 Hz, 1H; OH), 1.72-1.81, 1.86-1.97 (2 m, 4H; b-H, f-H), 3.53 (dd,
Iy = 3.7Hz, )5 = 9.5 Hz, 1H; 2-H), 3.57 (t, *J,5 = *J,5s = 9.5H; 1H;
4-H), 3.52-3.63 (m, 1H; a-H), 3.71-3.86 (m, 3H; 5-H, 6-H, 6'-H), 4.07 (t,
s, = N4 = 95Hz, 1H; 3-H), 4.68, 493 (AB, J,z = 10.9Hz, 2H;
CH,Ph), 4.70, 479 (AB, J,z = 11.9Hz, 2H; CH,Ph), 4.87, 5.05 (AB,
Jas = 10.8 Hz, 2H; CH,Ph), 4.94 (d, *J,, = 3.7 Hz, 1H; 1-H), 7.30-7.40
(m, 15H; 15 x aromatic-H) ppm; *C NMR (100 MHz, CDCL,): 6 = 24.1,
24.4,25.6, 314, 33.3 (C-b, C-c, C-d, C-¢, C-f), 62.0 (C-6), 70.6 (C-a), 73.0,
75.1 2x OCH,Ph), 75.5 (C—H), 75.6 (OCH,Ph), 77.6 (C—H), 80.1 (C-H),
81.9 (C—H), 94.6 (C-1), 127.5-128.5 (15 x C-aromatic), 138.1, 138.2, 138.9
(3% C-arom. quat.) ppm; MS (DCI, NH;): m/z: 550 [M+NH;+H]"; ele-
mental analysis calcd (%) for Cy;3H,Og (532.3): C 74.41, H 7.57; found C
74.14, H 7.86.

6*,6"-Butyl-capped a-cyclodextrin (33): PtO, was added to a solution of
6*,6°-butylene-capped a-cyclodextrin® (1g, 405umol) in EtOAc
(30 mL). The reaction mixture was stirred under an H, atmosphere for
3 h, filtered on a Celite® pad and concentrated under vacuum. After puri-
fication by silica gel chromatography (Cy/EtOAc 6:1), 33 (965 mg, 97 %)
was obtained as a white foam.

Compound 33: [a]) = +34 (CHClL, ¢ = 1.0); '"H NMR (400 MHz,
CDClL): 6 = 1.10-1.20 (m, 2H; O—CH,—CH,—), 1.45-1.55 (m, 2H; O—
CH,~CH,-), 3.04-3.10 (m, 2H; O—CH,~CH,-), 3.18-325 (m, 2H; O—
CH,~CH,~), 3.34 (dd, %/ = 10.3 Hz, *Js5s = 7.3 Hz, 2H; 6-H), 3.37-3.43
(m, 4H; 2-H, 4-H), 348 (dd, */,5 = 10.0 Hz, 3J,, = 3.5 Hz, 2H; 2-H),
3.50 (d, %7 = 10.9 Hz, 2H; 6-H), 3.60 (dd, *J,5 = 9.8 Hz, °J,; = 3.7 Hz,
2H; 2-H), 3.71 (d, %/ = 9.8 Hz, 2H; 6-H), 3.78 (d, %/ = 10.0 Hz, 2H; 6-
H), 3.92-4.10 (m, 12H; 3-H, 2x4-H, 2x5-H, 6-H), 4.19 (dd, *J,, =
9.8 Hz, *J;, = 8.6 Hz, 2H; 3-H), 4.23 (dd, *J5, = 10.0 Hz, *J5, = 7.8 Hz,
2H; 5-H), 430 (d, &/ = 125 Hz, 2H; CHPh), 431 (t, Jy, = 3, =
11.0 Hz, 2H; 3-H), 433 (d, % = 11.0 Hz, 2H; CHPh), 4.38 (d, ] =
10.4 Hz, 2H; CHPh), 4.44-4.56 (m, 14H; 6x CHPh, 6-H), 4.73 (d, ¥/ =
12.5 Hz, 2H; CHPh), 4.82 (d, */,, = 32 Hz, 2H; 1-H), 486 (d, */,, =
3.5 Hz, 2H; 1-H), 4.86 (d, &/ = 10.4 Hz, 2H; CHPh), 4.93 (m, 4H; 2x
CHPh), 5.07 (d,”J = 10.8 Hz, 2H; CHPh), 5.33 (d, *J;, = 3.7 Hz, 2H; 1-
H), 534 (d, ¥ = 10.6 Hz, 2H; CHPh), 558 (d, &/ = 10.8 Hz, 2H;
CHPh), 7.08-7.36 (m, 80H; aromatic-H) ppm; “C NMR (100 MHz,
CDCLy): 6 = 269 (O—CH,—CH;~), 68.8, 69.0 (2xC-6), 70.4 (O—CH,~
CH,-), 71.0, 71.5, 71.6 (3xC-5), 71.8 (C-6), 72.3, 72.7, 73.0, 73.1, 73.2,
741, 76.1, 76.5 (8(O—CH,Ph), 77.7, 78.6, 79.8 (3(C-2), 81.0, 80.6, 80.8
(3(C-3), 81.1, 81.4, 822 (3(C-4), 98.3, 100.5, 100.6 (3(C-1), 126.1-128.3
(40(CH-aromatic), 138.0, 138.1, 138.2, 138.4, 138.8, 139.4, 139.5, 139.9
(8(C-arom. quat.) ppm; MS (FAB): m/z: 2491.0 (100) [M+Na]*; elemen-
tal analysis caled (%) for C;5,H ;5,03 (2468.9): C 73.95, H 6.61; found: C
73.86, H 6.70.
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De-O-benzylation of 6A,6D-butyl-capped a-cyclodextrin (33): DIBAL-H
(2mL, 3.5mmol) was added dropwise to a solution of 33 (250 mg,
101 pmol) in toluene (1 mL), and the system was stirred at 50°C for 2 h
by the general procedure for de-O-alkylation. After purification by silica
gel chromatography (Cy/EtOAc 2:1), 34 (200 mg, 86 %) was obtained as
a white foam.

Compound 34: [a]) = + 22 (CHClL, ¢ = 1.0); '"H NMR (400 MHz,
CDCLy): A = 1.36-1.49 (m, 2H; O—CH,—CH,-), 1.55-1.68 (m, 2H; O—
CH,—CH,™), 2.20 (brs, 2H; OH), 3.26-3.34 (m, 2H; O—CH,~CH,"),
3.36-3.45 (m, 4H; 6-H, 4-H), 3.42 (dd, */,; = 9.3 Hz, */,; = 3.2 Hz, 2H;
2-H), 3.42-3.50 (m, 2H; O—CH,~CH,~), 3.53 (dd, *J,; = 92 Hz, °J,, =
3.7Hz, 2H; 2-H), 3.54 (dd, *J,5 = 9.4 Hz, *J,; = 3.6 Hz, 2H; 2-H), 3.59
(d,J = 10.8 Hz, 2H; 6-H), 3.86-3.96 (m, 8H; 6-H, 2x5-H, 4-H), 4.02 (t,
I3 = ;s = 8.8 Hz, 2H; 4-H), 4.07-4.28 (m, 12H; 3-H, 5-H, 6-H), 4.38
(d, % = 12.6 Hz, 2H; CHPh), 4.41-4.54 (m, 12H; 5x CHPh, 6-H), 4.57
(d,”J = 11.9 Hz, 2H; CHPh), 4.65 (d, ’/ = 12.5 Hz, 2H; CHPh), 4.85 (d,
], = 32Hz, 2H; 1-H), 491 (d, %/ = 10.3 Hz, 2H; CHPh), 4.94 (d, %/
= 10.3 Hz, 2H; CHPh), 499 (d, *J,, = 3.7 Hz, 2H; 1-H), 5.00 (d, %/ =
11.4 Hz, 4H; 2x CHPh), 5.18 (d, *J,, = 3.6 Hz, 2H; 1-H), 5.36 (d, %/ =
10.6 Hz, 4H; 2x CHPh), 7.10-7.41 (m, 70H; aromatic-H) ppm; *C NMR
(100 MHz, CDCly): 6 = 26.5 (O—CH,~CH,™), 61.5, 69.1 (2xC-6), 70.6
(O—CH,—CH,~), 71.6, 71.7, 71.8 (3xC-5), 71.9 (O—CH,Ph), 72.0 (C-6),
72.8, 72.9, 73.1, 74.6, 75.7, 76.3 (6 x O—CH,Ph), 78.0, 78.1, 79.5 (3x C-2),
80.4, 80.6 (2xC-3), 80.8, 80.8 (2x C-4), 81.2 (C-3), 81.5 (C-4), 97.5, 99.9,
100.3 (3x C-1), 126.4-128.2 (35 x CH-aromatic), 138.0 (2 x C-arom. quat.),
138.1, 138.6, 139.2, 139.4, 139.6, (5 x C-arom. quat.) ppm; MS (FAB): m/z:
2311.0 (100) [M+Na]*; elemental analysis caled (%) for CjsH;500s
(2288.6): C 72.42, H 6.61; found C 72.61, H 6.52.

6*,6°-Butyl-capped 65,6"-di-O-methyl-a-cyclodextrin (35): NaH (60% wi/w,
45 mg, 428 umol) and Mel (60 pL, 428 umol) were added under argon
at room temperauture to a stirred solution of 34 (490 mg, 214 umol) in
anhydrous DMF (10 mL). After 3 h stirring, the reaction mixture was hy-
drolysed with MeOH and concentrated under vacuum. The residue was
dissolved in DCM (60 mL) and washed with aqueous saturated NH,Cl
(2x30 mL) and aqueous saturated NaCl (30 mL). The organic layer was
dried over MgSO,, filtered and concentrated under vacuum. After purifi-
cation by silica gel chromatography (Cy/EtOAc 3:1), 35 was obtained as
a white foam (488 mg, 98 % ).

Compound 35: [a]¥ = +19 (CHClL;, ¢ = 1.0); 'H NMR (400 MHz,
CDCly): 0 = 1.25-1.33 (m, 2H; O—CH,~CH,~), 1.60-1.70 (m, 2H; O—
CH,—CH,), 3.27-3.33 (m, 2H; O—CH,—CH,~), 3.34 (s, 6H; OMe), 3.37—
341 (m, 2H; O—CH,—CH,~), 3.43-3.48 (m, 6H; 2-H, 4-H, 6-H), 3.51-
3.58 (m, 4H; 2-H, 6-H), 3.61 (dd, *J,5 = 9.5 Hz, *J,, = 3.7 Hz, 2H; 2-H),
3.66 (d, 27 = 9.8 Hz, 2H; 6-H), 3.94-4.05 (m, 8H; 2x4-H, 5-H, 6-H),
3.86 (d, 2] = 10.0 Hz, 2H; 6-H), 4.07 (brd, °Js, = 9.7 Hz, 2H; 5-H), 4.12
(dd, *J;, = 9.6Hz, *J;, = 80Hz, 2H; 3-H), 423 (t, /5, = )5, =
9.8 Hz, 2H; 3-H), 4.28 (dd, *J5, = 10.5 Hz, *Js5 = 7.5 Hz, 2H; 5-H), 4.36
(d, % = 12.6 Hz, 2H; CHPh), 4.38 (t, °J;, = *J5;, = 9.5Hz, 2H; 3-H),
4.42 (d,*J = 13.0Hz, 2H; CHPh), 443 (d, %/ = 13.0 Hz, 2H; CHPh),
4.52 (d, %/ = 12.1 Hz, 4H; 2x CHPh), 4.53-4.57 (m, 2H; 6'-H), 4.57 (d,
%] = 12.5Hz, 4H; 2x CHPh), 4.74 (d, %J = 12.6 Hz, 2H; CHPh), 4.81 (d,
], = 3.4 Hz, 2H; 1-H), 4.85 (d, °J,, = 32 Hz, 2H; 1-H), 491 (d, ¥ =
10.5 Hz, 2H; CHPh), 498 (d, %/ = 12.1 Hz, 2H; CHPh), 5.02 (d, ¥/ =
12.2 Hz, 2H; CHPh), 5.12 (d, %/ = 10.9 Hz, 2H; CHPh), 5.33 (d, ¥/, =
3.7Hz, 2H; 1-H), 539 (d, %/ = 104 Hz, 2H; CHPh), 5.62 (d, ¥ =
10.9 Hz, 2H; CHPh), 7.11-7.48 (m, 70H; aromatic-H) ppm; “C NMR
(100 MHz): 6 = 26.8 (O—CH,—CH,™), 58.8 (OMe), 68.8 (C-6), 70.3 (O—
CH,—CH,—), 70.8 (C-6), 71.0, 71.3, 71.4 (3x C-5), 71.8 (O—CH,Ph), 72.2
(C-6), 72.8,72.9, 73.0, 74.2, 76.0, 76.5 (6 x O—CH,Ph), 77.5, 78.7, 79.8, (3 x
C-2), 80.6 (2xC-3), 81.0 (C-3), 81.2, 81.4, 82.2 (3xC-4), 98.3, 100.6, 100.7
(3xC-1), 126.1-128.3 (35 x CH-aromatic), 137.9, 138.0, 138.3, 138.8, 139.3,
139.5, 139.7 (7xC-arom. quat.) ppm; MS (FAB): m/z: 2339.0 (100)
[M+Na]*; elemental analysis caled (%) for C,0H,5605 (2316.7): C 72.58,
H 6.70; found C 72.41, H 6.90.

Preparation of peracetate 36: Pd/C (10%) and Pd black were added to a
solution of 35 (240 mg, 104 mmol) in an EtOAc/MeOH mixture (1:1,
1 mL). The reaction mixture was stirred under an H, atmosphere for
48 h, filtrated through a Celite pad, concentrated and dried under
vacuum on P,0s. Anhydrous pyridine (1 mL) and DMAP (cat.) were
added slowly, under argon at 0°C, to a stirred suspension of the crude
residue in Ac,0 (2 mL). The reaction mixture was stirred at room tem-
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perature for 18 h. After concentration under vacuum, the residue was pu-
rified by silica gel chromatography (acetone/cy 1.5:1) to give 36 (78 mg,
46 %) as a colourless oil.

Compound 36: [a]) = +95 (CHCL, ¢ = 0.6); 'H NMR (CDCL,
400 MHz): 6 = 1.52-1.65 (m, 2H; O—CH,—CH,~), 1.72-1.82 (m, 2H; O—
CH,—CH,~), 1.96 (s, 6H; CH;CO), 2.08 (s, 6H; CH;CO), 2.09 (s, 6H;
CH,CO), 2.12 (s, 6H; CH;CO), 2.13 (s, 12H; 2x CH;CO), 2.16 (s, 6H;
CH;CO), 3.35-3.41 (m, 2H; O—CH,—CH,~), 3.43 (s, 6H; OMe), 3.52—-
3.56 (m, 4H; 6*-H, 6°-H, O—CH,~CH,~), 3.58 (dd, */,; = 7.5Hz, I,5s =
9.3 Hz, 2H; 4*-H, 4°-H), 3.65 (d, >/ = 10.2 Hz, 2H; 6°-H, 6"-H), 3.73 (d,
%] = 99Hz, 2H; 6'*-H, 6°-H), 3.89 (t, *J,5 = *J,; = 9.1 Hz, 2H; 45-H,
4F.H), 3.94-3.99 (m, 4H; 4°-H, 4"-H, 5°-H, 5"-H), 4.01 (brd, >J = 9.9 Hz,
2H; 6“-H, 6"-H), 4.25 (brd, °Jss = 9.2 Hz, 2H; 5°-H, 5°-H), 4.33 (dd,
3]s = 74 Hz, s, = 9.3 Hz, 2H; 5*-H, 5°-H), 4.52 (d, %/ = 12.0 Hz,
2H; 6°-H, 6"-H), 4.82 (dd, */,; = 3.5Hz, *J,; = 9.7 Hz, 2H; 2*-H, 2°-
H), 4.82-4.89 (m, 4H; 2°-H, 2°-H, 6">-H, 6'*-H), 4.93 (dd, */,, = 3.7 Hz,
3J,; = 102 Hz, 2H; 2%-H, 2F-H), 4.96 (d, °J,, = 3.5Hz, 2H; 1*-H, 1°-
H), 5.04 (d, °J,, = 32 Hz, 2H; 15-H, 15-H), 5.17 (d, *J,, = 3.7Hz, 2H;
1%-H, 1%-H), 5.29 (dd, */;, = 9.7Hz, *J;, = 7.5Hz, 2H; 3*-H, 3°-H),
5.52 (dd,*J;, = 102 Hz, *J;, = 8.8 Hz, 2H; 3°-H, 3"-H), 5.57 (dd, */;, =
103 Hz, %5, = 9.0Hz, 2H; 3%H, 3°%H)ppm; *C NMR (100 MHz,
CDCly): 6 = 20.6, 20.7, 20.8, 20.9 (4x CH;CO), 20.95 (2x CH;CO), 21.0
(CH;CO), 26.5 (O—CH,—CH,—), 63.2 (C-6%), 69.9 (C-3%), 70.0 (C-2%),
70.2 (C-5%), 70.3 (C-6%), 70.8 (C-5%), 70.9 (C-3%), 71.0 (O—CH,—CH,~),
71.2 (C-2°), 71.3 (C-2%), 71.4 (C-5%), 71.6 (C-6"), 72.9 (C-3%), 77.4 (C-4"),
78.1 (C-4), 78.9 (C-4°), 97.5 (C-1%), 97.6 (C-1P), 97.9 (C-1°), 169.1, 169.4,
169.5, 170.3, 170.5, 170.6, 170.9 (7xCH;CO) ppm; MS (FAB): ml/z:
1665.9 (100) [M+Na]*.
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Chemical Heterogeneity of a Crystal Built of Nanoscale Coherently Twinned
Yb,_.(Fe,Ga),; . Polytypes

Yaroslav E. Filinchuk,*™* Henrik Birkedal,*™ ¢' Radovan Cerny,""’ Marc Hostettler,> "

Tamara I. Yanson, ' Oksana 1. Bodak,'"! and Klaus Yvon!®

Abstract: An X-ray study of single
crystals extracted from an arc-melted
Yb-Fe-Ga alloy showed that the dif-
fraction pattern can be modeled by an
intergrown crystal that has three sorts
of domains: one hexagonal (1, LuFeys
type) and two rhombohedral (2a and
2b, PrFe; type), the last two twinned
by reticular merohedry. Crystals 1 and
2 are essentially polytypes with maxi-

formed by a newly developed program
that allowed us to refine several struc-
tures on a single data set. We found
that the hexagonal and rhombohedral
domains differ in chemical composi-
tion: while 1 shows a higher rate of Yb
substitution by Fe, dumbbells, 2 shows
partial substitution of Fe by Ga. Our
observation of the nanoscale phase seg-
regation is supported by latest finding

of nonrandom distribution of stacking
faults in a similar 2:17 alloy. An un-
equal distribution of chemical substitu-
tions in 1 and 2 apparently compen-
sates the inherent mismatch of basal
plane dimensions of the individual
MDO polytypes and thus constrains
their cell parameters within the syn-
taxy. According to our knowledge this
is the first example of two chemically

mum degree of order (MDO poly-
types), built up of nearly identical slabs
that are stacked along [001] in
ABAB... (1) and ABCABC... (2) se-
quences. Structure refinement was per-

phases

. intermetallic
polytypes - X-ray
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distinct polytypes constituting a single
crystal, refined on a single set of dif-
fraction data.

Introduction

Iron-rich rare-earth transition-metal alloys are of interest as
constituents for permanent magnets."! Ytterbium-containing
materials have not yet been studied in great detail, because
of problems with sample preparation. Recently structural
and magnetic properties of aluminum-substituted com-
pounds of composition Yb,_,(Fe,Al),;,,, have been investi-
gated®¥ and structural features of some gallium analogues
Yb,_(Fe,Ga);;,». have been reported. All compounds
were found to be ferromagnetic. Depending on the Al(Ga)
content they crystallize with either the hexagonal LuFe,;
type (1, P6;/mmc space group) or the rhombohedral PrFe;
type structure (2, R3m space group). Both structures are
closely related: they are built up of nearly identical slabs
that are stacked along [001]. Each structural slab can be
represented by an idealized two-dimensional “layer” (layer
group p6mm)F! as shown in Figure 1. Their hexagonal
ABAB... (1) and rhombohedral ABCABC... (2) stacking
leads to layered structures that can be considered as poly-
types with maximum degree of order (MDO polytypes).[]
Their cell parameters are related to a common supercell by
a,=a(1)=a(2) and ¢,=3c(1)=2¢(2).

Single-crystal laboratory X-ray data have shown that in 1
and 2 the rare-earth atoms are partially substituted by Fe,

DOI: 10.1002/chem.200306012 Chem. Eur. J. 2004, 10, 29722976
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Figure 1. Idealized structural layers stacked in a) AB (1) and b) ABC (2)
sequences. Ytterbium atoms are shown by big spheres, iron atoms by
small spheres, and Fe, dumbbells by interconnected atom pairs. Iron
atoms allocated between the layers (6g and 12k positions in the hexago-
nal structure and 9d and 184 in the rhombohedral one) are omitted for
clarity.

dumbbells and vice versa, and that the Fe atoms are partial-
ly substituted by Al or Ga atoms.>** The resolution of the
data and limitations of the conventional structure determi-
nation technique, however, did not allow other structural de-
tails to be well characterized, such as stacking faults and
possible compositional inhomogeneities along [001]. Conse-
quently, the purpose of the present work was to characterize
the structure of gallium crystals by means of a high-resolu-
tion synchrotron diffraction measurements with a newly de-
veloped computer program that allows several structures to
be refined on one single crystal data set.[” It will be shown
that a crystal of a Yb-Fe-Ga alloy is made up by polytypes 1
and 2, whose alternation within a crystal is caused by a large
concentration of stacking faults. Interestingly, 1 and 2 differ
in chemical composition.

Results and Discussion

Our X-ray study of single crystals extracted from an arc-
melted Yb-Fe-Ga alloy showed that all the diffraction inten-
sities can be indexed in a common supercell for 1 and 2 with
a cell geometry a,=a(1)=a(2) and ¢,=3c(1)=2¢(2). Nu-
merous systematic absences cannot be attributed to any in-
dividual space group. The diffraction pattern, which was
measured for one of the crystals with an image plate detec-
tor and synchrotron radiation, was modeled by superposing
1 and 2 within the approximation of an intergrown crystal
that has three sorts of domains (Figure 2): one hexagonal
(1) and two rhombohedral (2a and 2b), the last two twinned
by reticular merohedry. Structure refinement was performed
by a newly developed program that allows several structures

Chem. Eur. J. 2004, 10, 2972 -2976 www.chemeurj.org

i)

intensity / a.u.

b

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

200 .

H
o1 2 3 4 5 6
- | o Q [ | Q Q H -2
- 111
= v A 7 A =10
- (o] (o] o} Q (o} © 19
- v A v 8
. 47
o | o o [ | o o W -5 =
- +45
- v A 7 A 14
o] (o] o] (o] o] O 43
sy A7 ¥y 7 42
. 11
-m ©0 O ®m O ©O =m0
) By (2)
: H (1) i
R R J’ ™~
| | (5,-3,=26)_|
600 41— 2| ~] } | E:
| i H --..'\_ |
400 gl T i
|

1020

Figure 2. X-ray diffraction pattern of reciprocal space for the crystal ex-
tracted from Yb,,Fes,Ga,, alloy: a) schematic drawing illustrating an 40/
section with reflections arising from hexagonal domains 1 (o) and rhom-
bohedral domains 2 in obverse (A) and reverse (V) settings, overlapped
reflections from all three domains are marked by squares; b) the super-
structure reflections originating from three types of domains are riding
on lines of diffuse scattering, extended along the c¢* direction. Indices cor-
respond to the common supercell.

to be refined on a single data set. A good agreement con-
firms the validity of our approximation with a superposition
of independent Bragg scattering crystals. For more details
see the Experimental Section. We will not discuss below the
crystal chemistry of the phases 1 and 2, referring to the liter-
ature instead,*** but will focus attention on the intergrowth
of polytypic structures and on unequal distribution of chemi-
cal substitutions in these solid solution phases.

We found that the hexagonal and rhombohedral domains
differ not only in their stacking sequences, but also in chem-
ical composition: the Yb-normalized refined chemical com-
position of the domains is YbpsFegrsiasy for 1 and
Ybi g006)F€s.9137Ga0.2176) for 2. Thus, there is complete segre-
gation of gallium, which is exclusively present in 2. More-
over, 1 shows a higher rate of Yb substitution by Fe, dumb-
bells: 21.3% for 1 in comparison with 11.3% for 2. These
preferred substitutions are entirely in accord with observa-
tions made for Yb-Fe-Al alloys with hexagonal and rhombo-
hedral structures.”! Thus, the present hybrid crystal repre-
sents a two-phase region of the ternary phase diagram, with
cell parameters of both structures being mutually constrain-
ed as a result of nanoscale coherent twinning. We emphasize
that no splitting was observed for reflections common to
both types of domains.
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It is known, that for the individual hexagonal or rhombo-
hedral polytypes of 2:17 alloys, partial substitution of rare-
earth atoms by Fe, dumbbells, as well as of iron atoms by
Al, Si, or Ga, lead to changes of cell dimensions and in par-
ticular the c,/a, ratio,*® for example, for Yb-Fe-Al alloys c,/
a, changes from 2.95-2.96 for hexagonal to 2.90-2.92 for
rhombohedral structures.>® The different degree of chemi-
cal substitutions observed in intergrown 1 and 2 of the title
alloy may compensate the inherent mismatch of basal plane
dimensions of the MDO polytypes. Apparently, cell parame-
ter constraints and chemical substitutions in the Yb-Fe-Ga
syntaxy are interdependent.

For inorganic structures, owing to the fact that their struc-
tural fragments are often related, coherent twinning and in-
tergrowth are much more frequently observed than incoher-
ently intergrown domains. Nevertheless, for the overwhelm-
ing majority of intergrown structures, their cell parameters
are not constrained and only a limited number of reflections
overlap exactly (see an example in reference [9]). Unfortu-
nately, even in these cases, the results of the single-crystal
X-ray structure determination are still of limited quality, be-
cause partially overlapping reflections of different domains
are typically excluded."” In our case the highest diffraction
intensity is observed for “common” reflections, therefore
separate refinements on incomplete data sets would not be
helpful.

While the single-crystal X-ray diffraction ensures high
structural resolution at the atomic level, the main advantage
of the high-resolution X-ray powder diffraction is in well-re-
solved intensity profiles. These are used to extract informa-
tion about the stacking order in layered structures. X-ray
powder diffraction profiles of other examples of 2:17 alloys
have been recently analyzed by Estevez-Rams et al., who
applied a newly developed formalism based on the correla-
tion distribution function.!! The distribution of probabilities
of finding two layers a number of layers apart with no later-
al displacement between them was extracted. This is, at
most, the information on stacking order which can be ob-
tained from a powder diffraction pattern. The results were
interpreted in terms of two main types of stacking faults:
growth faults that change the stacking order and deforma-
tion faults that are essentially “jumps” in the otherwise per-
fect stacking sequence. By using this approach, only defor-
mation faults were found in an Y,Co,; alloy with a 3R host
structure,’” but for another alloy, Gd,Co,;, the probability
distribution could not be described by random faults of both
types (growth and deformation faults).'l We suggest that
this distribution (see Figure 11 in reference [11]) is an indi-
cation for the occurrence of two clustered MDO polytypes
with domain size about 20 interlayer distances, similar to
those we have found for the title Yb-Fe-Ga alloy. Indeed,
transformations from one small-period polytype into anoth-
er can be described by nonrandom stacking faults, as was re-
cently simulated using Monte Carlo algorithm for diffraction
intensity profiles of close-packed structures.'”) These recent
findings support our observation of the nanoscale phase seg-
regation in 2:17 alloys.

A different strategy was used to describe one-dimensional
disorder for layered NbS,, modeling the variations of the in-
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tensity profiles.™ A good fit between modeled and experi-
mental powder patterns was obtained assuming 15 % uncor-
related stacking fault probability in the 2H host structure.
However, this approach is inappropriate for the case of
transformation between two ordered stacking sequences.
More advanced simulation of powder diffraction patterns
using a DIFFaX program can accommodate long-range
stacking correlations as well."”) For instance, a layered oxide
structure was well described by intergrowth of slightly stack-
ing faulted T2 and ordered O2 polytypes.'®! High-resolution
transmission electron microscopy has also been used to find
how different polytypes are structured, revealing sometimes
sharp transition from one polytype to another, which estab-
lishes a lamellar nanostructure.!'”)

Our observation of lines of diffuse scattering for the Yb-
Fe-Ga crystal (Figure 2b) shows that the chemical and struc-
tural heterogeneities actually occur on a nanometer scale:
no diffuse intensity would have been observed along c* if
the domains had been macroscopically large and twin boun-
daries sparse. We estimate that the average domain size
along the stacking direction is at the level of a few tens of
unit cell dimensions. The fact that no structured diffuse scat-
tering is observed in the a*b* planes indicates that in-layer
local ordering is absent, at least at the detection level of our
experiment, that is, no clustering of the substituting atoms is
observed.

Besides the nanoscale of the coherent twinning, the chem-
ical heterogeneity of the twinned domains is yet more inter-
esting. According to our knowledge, this is the first example
of two chemically distinct polytypes, making up a single
crystal, that have been refined on a single set of diffraction
data. Recently a joint structure refinement of two coherent-
ly intergrown stoichiometric phases was reported,!® with all
diffraction intensities, including those overlapped within in-
strumental resolution, taken into account. In spite of the
formal resemblance to our subject it is essentially an ordina-
ry macroscopic intergrowth of two individual phases, which
obviously does not infer a similar mechanism of the phase
separation as in a stacking faulted layered crystal. The latter
is most properly termed “syntactic coalescence” or “syn-
taxy”, which is a mutual orientation of two crystals of differ-
ent species (in general), with three-dimensional lattice con-
trol (cell in common), that usually results in their inter-
growth.!"”! This term is also used for the case of intergrown
polytypic structures.”” For the oriented association of two
or more polytypes of the same compound the term “allo-
twin” was recently introduced.”!! Some authors prefer the
less specific expression “agglutination of crystals”, which
does not imply a particular mechanism.?”

We believe that the phenomenon discovered for Yb-Fe-
Ga is general for similar systems. Coalescence of polytype
structures may happen even in a more complex way, along
with in-domain stacking disorder and local order of substitu-
tion in the plane of layers. This is well illustrated by the re-
ciprocal space sections (Figure 3, reconstructed from our
recent X-ray diffraction data collected on Stoe IPDS, Moy,)
of a crystal selected from an aluminum-substituted alloy of
nominal composition Yb;,FesAly;. Similarly to the gallium
derivative, the hO/ reflections from the rhombohedral do-
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Figure 3. Reciprocal space sections for a crystal extracted from the
Yb,,FegsAly; alloy. Red and green arrows indicate reflections from hexag-
onal and rhombohedral domains, respectively. Black arrows point to the
new group of intensities, diffuse in the a*b* plane. Indices correspond to
the common supercell.

mains are broadened along c*, indicating frequent deforma-
tion faults." A second group of diffuse intensities (marked
by black arrows on Figure 3) appears along a*b*, assuming
partial ordering of Yb atom/Fe, dumbbells in the ab plane.

The present study is not the first to establish nanoscale
phase coexistence, but it is the first to do so using structure
refinement against single-crystal diffraction data.” One in-
teresting example of how complicated the solid state can be
is that of the PHTP inclusion compounds, for which it was
recently shown that a single-crystalline specimen is chemi-
cally inhomogeneous in three dimensions by qualitative
analysis of Bragg and diffuse scattering.?!! Phase separation
on both microscopic (0.5-2 nm) and mesoscopic (5-20 nm)
scales has been shown to be of great importance in the tran-
sition-metal oxides, which encompass high 7, superconduc-
tors and colossal magneto resistance materials (for a recent
review see reference [25]) However, these phase-separated

Chem. Eur. J. 2004, 10, 2972 -2976 www.chemeurj.org
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systems do not show syntaxy, and the structures of the indi-
vidual components have been established by powder diffrac-
tion. The importance to understand this phenomenon and
general utility of approaches like the one put forth in the
present paper is evident.

Experimental Section

The alloy was obtained by arc-melting ingots of the constituting elements
of at least 99.9 wt % purity under an argon atmosphere at the nominal
composition Yb,FegGa,,. A preliminarily study of three single crystals
on a Stoe IPDS diffractometer (Mo, radiation) showed that they were
all equally representative of the bulk alloy they were extracted from, in-
dicating that the phase is macroscopically homogeneous. Synchrotron X-
ray diffraction data were measured at the Swiss—Norwegian Beam Line
at the European Synchrotron Radiation Facility (ESRF, Grenoble,
France). The data were collected on the smallest crystal (~7x72x
120 um®) at room temperature by using an MAR345 imaging plate with
an effective 240 mm diameter at a crystal-to-detector distance of 130 mm,
21=0.55091 A. A total of 90 images were collected with a 5s exposure
time and a 2° oscillation range per image. The resulting diffraction pat-
tern was indexed?! in a hexagonal supercell, a,=8.5965(5) and c,=
25.1612(15) A, based on 3284 reflection positions. Data reduction was
performed in the supercell assuming a common subgroup P3. The reflec-
tions were integrated with DENZO and scaled with SCALEPACK to
correct for the decay of the incoming synchrotron intensity and absorp-
tion anisotropy.””! The internal agreement, R;, =0.076, was satisfactory,
considering the presence of weak superstructure peaks and diffuse scat-
tering. Considering the small crystal size and short wavelength used no
absorption correction was performed. The hexagonal superstructure
peaks were nearly five times weaker than the rhombohedral ones.

The diffraction images showed peculiar systematic absences, not attribut-
able to any of the space groups. However, all Bragg peaks could be de-
scribed by the overlapping of three lattices: one hexagonal, correspond-
ing to 1, and two rhombohedral lattices, twinned by reticular merohedry,
that correspond to 2 (Figure 2a). The superstructure reflections originat-
ing from each type of domains ride on lines of diffuse intensity (Fig-
ure 2b).

Structure refinement was performed by a newly developed computer pro-
gram.”) We assume that the observed diffraction pattern was the superpo-
sition of independent Bragg scattering crystals; interference between the
domains was neglected. The background and an example of refinement
of a few MDO structures, constituting a hybrid crystal (Hgl,), are de-
scribed in reference [28]. The rhombohedral twinning was included by an
additional scale factor; the structural parameters for obverse and reverse
rhombohedral domains were constrained to be equal. In total 43 parame-
ters were refined, 18 structural parameters for 1 and 22 for 2. Three un-
constrained volume fractions of the contributing domains refined to
0.183(2) for 1 and to 0.409(4) for each type of rhombohedral domains.
Only Yb sites with complete or dominating Yb occupancy were refined
anisotropically; all other atoms were modeled with isotropic displace-
ment parameters. Scattering factors were taken from reference [29],
while the anomalous dispersion coefficients were calculated for the wave-
length of the experiment using the WWW resource.”” R, for the individ-
ual structures converged to reasonable values of 0.0891 for 1 and of
0.0677 and 0.0670 for the two rhombohedral domains. For all data R;
[I>30(1)]=0.0799 (0.0684), wR, (all data)=0.1982 for 1166 reflections,
Goof(all)=1.0793. Further details of the crystal structure investigations
may be obtained from the Fachinformationszentrum Karlsruhe, 76344
Eggenstein-Leopoldshafen, Germany (fax: (+449)7247-808-666, e-mail:
crysdata@fiz-karlsruhe.de) on quoting the depository numbers CSD-
412935 and CSD-412936.
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New Ligands for a General Palladium-Catalyzed Amination of Aryl and

Heteroaryl Chlorides

Franck Rataboul,™ Alexander Zapf,"”! Ralf Jackstell,'”” Surendra Harkal,"”!
Thomas Riermeier,™ Axel Monsees,™ Uwe Dingerdissen,™ and Matthias Beller+'*!

Abstract: The synthesis and application
of monodentate N-substituted hetero-
arylphosphines is described. In general,
the ligands are conveniently prepared
by selective metallation at the 2-posi-

phines. Of the different ligands pre-
pared, the new dialkyl-2-(N-arylindo-
lyl)phosphines (cataCXium®P) per-
form excellently in the palladium-
catalyzed amination of aryl and hetero-

aryl chlorides. Coupling of both acti-
vated and deactivated chloroarenes
proceeds under mild conditions (room
temperature to 60°C). By using opti-
mized conditions remarkable catalyst

tion of the respective N-substituted
heterocycle (pyrrole, indole) by using
n-butyllithium/tetramethylethylenedi-

amine (TMEDA) followed by quench-

‘ . . ) phosphines
ing with dialkyl- or diarylchlorophos-

Introduction

Aromatic amines (anilines) are of fundamental interest in
the fine chemical industry owing to their importance as
building blocks for pharmaceuticals, agrochemicals, and new
materials. Since the mid 1990s an elegant approach has been
developed for the synthesis of these compounds based on
the direct coupling of aryl halides and amines. This so-called
“Buchwald-Hartwig amination” reaction occurs in the pres-
ence of palladium catalysts with various phosphine ligands
and an excess of base (Scheme 1).[!

Clearly, this relatively new methodology for C—N bond
formation has already become one of the most important

- Pd ligand o
R@x + HNR'R? oG, RQNR‘RZ

base

Scheme 1. Pd-catalyzed amination of aryl halides.
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productivity (total turnover number,
TON, up to 8000) and activity (turn-
over frequency, TOF=14000h~" at
75% conversion) are observed.

anilines -

tools in the laboratory scale synthesis of aryl amines.”) Of
the different substrates that are available, economically at-
tractive aryl chlorides require special catalyst design for suc-
cessful coupling, unlike aryl iodides or bromides. This is
either a consequence of the thermodynamics (experimental
bond dissociation energies have been found to be 402, 339,
and 272 kJmol™" at 298 K for chloro-, bromo-, and iodoben-
zene, respectively)®! or kinetics, depending on the reaction
conditions.”! With regard to catalyst development, tri-o-tol-
ylphosphine® was originally used as the ligand, but this
phosphine gave poor results with primary amines and did
not work with nonactivated aryl chlorides. Next, chelating
bis-phosphine ligands like 2,2-bis(diphenylphosphino)-1,1'-
binaphthyl (BINAP)® and 1,1'-bis(diphenylphosphino)ferro-
cene (DPPF) or 1,1'-bis(di-tert-butylphosphino)ferrocene
(DBPF)!"! (1-3) were introduced as a second generation of

L, S
PPh, |
PPh, Fe
SO —a

1 2R=Ph
3R=1Bu

catalysts, and have been shown to be efficient with primary
amines under mild conditions.

Nevertheless, these ligands did not give satisfactory results
when aryl chlorides were used as substrates. Later, the use
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of tri-tert-butylphosphine in a general amination protocol of
aryl chlorides was reported by Koie and co-workers.’! Un-
fortunately, this commercially available ligand is highly sen-
sitive to air, which limits its applications. Wolfe and Buch-
wald synthesized sterically demanding basic phosphines,
such as o-(dicyclohexylphosphino)biphenyl (4) or o-(di-tert-
butylphosphino)biphenyl ligands (5), which are more stable

PR, /\/\P
4R=Cy 6
5R=1Bu

in air and allow room temperature aminations of aryl chlor-
ides.’) More recently, our group reported di-1-adamantyl(n-
butyl)phosphine (6)!'” to be a very active ligand for the cou-
pling of a wide range of sterically congested aryl chlorides
with hindered amines."! This now commercially available
ligand (cataCXium® A) is more stable than the P(/Bu),
system. In addition, it should be noted that N-heterocyclic
carbenes have also been used successfully for the amination
of aryl chlorides."? However the use of carbene ligands gen-
erally results in lower catalyst productivity than is the case
with phosphine ligands.!"!

We have a long-standing interest in the practical applica-
tion of palladium-catalyzed coupling reactions."*! In this re-
spect the stability, productivity, modular variation and ease
of preparation of the known catalysts for Buchwald—Hartwig
aminations of chloroarenes can still be improved. Very re-
cently, we reported the synthesis of a new class of mono-
phosphine ligands based on the 2-phosphino-N-arylpyrrole
structure (7-13) by selective ortho-metallation of the corre-
sponding pyrrole and subsequent reaction with R,PCLI!

@ A T

N~ PR, N~ TPCy, N~ PR,
O O
7 R=Ph 11 12R=Cy
8 R=Cy 13R={Bu
9 R=1{Bu
10 R = 1-Ad

Most of these ligands led to extremely efficient catalysts for
the Suzuki cross-coupling of aryl chlorides.™™ Here, we de-
scribe for the first time a full
account of our synthesis of 2-
phosphino-N-arylpyrroles. Fur-
thermore, the synthesis of new % . Br
!
H

Cul H2N§:>NH2 %

.

N PR,

O

14R=Cy
15R ={Bu
16 R = 1-Ad

gands to the palladium-catalyzed amination of aryl and het-
eroaryl chlorides

Results and Discussion

Based on the work of Faigl and co-workers, who have
shown that N-arylpyrroles can be deprotonated selectively
at the o-position to the nitrogen atom,'® we have synthe-
sized different 2-phosphino-N-arylpyrroles (7-13). Typically
the corresponding N-arylpyrrole was deprotonated by using
a mixture of nBuLi (1.0 equiv) and TMEDA (1.5 equiv) in
hexane. For selective deprotonation ortho to the nitrogen
atom the use of an excess of TMEDA proved to be crucial.
After refluxing the reaction mixture, the intermediate carb-
anion was trapped with a solution of the respective chloro-
phosphine. In all cases the phosphines were obtained after
crystallization with purities >95%. Clearly this efficient
protocol should be applicable to other N-arylpyrroles that
are commercially available or that are easily synthesized
from anilines!"” or by palladium-"* or copper-catalyzed’
arylation of pyrrole. In addition, we thought that other het-
erocycles, for example, indoles, could also be used as sub-
strates. Thus, we prepared N-phenylindole by copper-cata-
lyzed arylation of indole with bromobenzene in 85%
yield."™ Subsequent deprotonation with nBuLi/TMEDA
and reaction with chlorodicyclohexylphosphine, chlorodi-1-
adamantylphosphine and chlorodi-fert-butylphosphine gave
the ligands 14-16, without much optimization, in yields of
45 to 60% (Scheme 2).

Initially, ligands 7-16 were tested in the coupling of
chlorobenzene with aniline, which is one of the more diffi-
cult aminations to perform, by using previously optimized
reaction conditions (Table 1).']

As shown in Table 1, when simple phenyl- or cyclohexyl-
substituted pyrrole or indole derivatives were used, poor re-
sults were obtained (ligands 7, 8, and 14; Table 1, entries 1,
2, and 8). Apparently the steric demand of the ligands is not
sufficient to allow the formation of active catalysts. Howev-
er, when the N-phenyl ring was substituted the catalytic ac-
tivity increased to give yields of up to 68 % (ligands 11 and

toluene, 100 °C, 3 h Q )\\

1) nBuLi, TMEDA
N N~ PR,

2-phosphino-N-arylindole li- - —_—
i K;PO,, dioxane 2) R,P-Cl
gands (14-16) is presented as 110°C, 24 h © toluene, 100 °C, 2 h @

well as the application of the
pyrrole- and indole-based li-
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Scheme 2. Synthesis of N-phenylindole-based phosphine ligands.
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Table 1. Amination®® of chlorobenzene with aniline using ligands 7-16.

H
o "o — O
+ Sh®
Entry Ligand Conv. Yield TON
[%]" [%]"

-

=z
T
T
=

S

—_
W
-
()
—_
()

o

9]
<
N

N

2 i 1 9 18
0.
N PtBu,
3 f 100 95 190
0.
N~ PA,
4 f 77 76 152
0.
N PCy,
5 o i 62 62 124
-
0.
N~ PCy,
6 69 68 136
O
N~ PiBu,
7 II 'I 91 87 174
T
PC
8 N v2 13 9 18
T
PB
9 N t 100 95 190
O
10 N PAd 49 46 92
11 “"ppd, 96 85 170
12 P(Bu), 99 ) 184

[a] 5 mmol aryl chloride, 6 mmol amine, 6 mmol NaOrBu, 0.5 mol%
Pd(OAc),, 1 mol% ligand, 5mL toluene, 48 h, 120°C. [b] Average of
2 runs, determined by GC using diethylene glycol di-n-butyl ether as in-
ternal standard.

Chem. Eur. J. 2004, 10, 2983 —2990 www.chemeurj.org

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

12; Table 1, entries 5 and 6). When fert-butylphosphino de-
rivatives were used, better conversions and yields were ob-
tained (up to 95% yield) due to the increase in the steric
demand of the ligands (ligands 9, 13, and 15; Table 1, en-
tries 3, 7, and 9). We have demonstrated that these new li-
gands work at least as well as “state-of-the-art” ligands, such
as P(rBu); and di-1-adamantyl(n-butyl)phosphine (cataCXi-
um® A), in the chloroarene amination test reactions
(Table 1, entries 11 and 12).

The general usefulness of the new ligands is shown in
Tables2 and 3. The reactions of 15 aryl and heteroaryl
chlorides with different amines were performed. In most
cases the corresponding anilines were obtained in good to
excellent yield (>90%) at low catalyst concentration
(0.5mol% Pd). Chlorobenzene can be coupled efficiently
with aliphatic amines (Table 2, entries 2 and 3). Primary and

Table 2. Palladium-catalyzed aminations!® of chlorobenzene using ligand
15.

Entry Amine Product Conv. Yield
[l [
H,N ¥
e \© ©/ \© 100 95
W Od
2 100 97
N
~ N
3 HNT @ 100 91

|
N N
4 " \© ©/ \© 100 94
H
sl ©/ \© 100 99
OR®
HN N
6 ©/ 100 95

[a] 5 mmol chlorobenzene, 6 mmol amine, 6 mmol NaOsBu, 0.5 mol %
Pd(OAc),, 1 mol% ligand 15, 5 mL toluene, 20 h, 120°C. The reaction
time has not been minimized. [b] Average of 2 runs, determined by GC
using diethylene glycol di-n-butyl ether or hexadecane as internal stan-
dard. [c] 48 h. [d] Ligand 12 was used.

secondary aromatic amines proved to be efficient coupling
partners, too (Table 2, entries 1, 4-6). In the case of the hin-
dered diphenylamine a better result was obtained by using
the sterically less demanding ligand 12 instead of 15.

The amination of functionalized aryl and heteroaryl hal-
ides with aliphatic and aromatic amines shows the usefulness
of our catalytic system (Table 3). For example, excellent re-
sults (88-99 % yield) were obtained with different chloro-
toluenes and chloroxylenes (Table 3, entries 1-7). Cyano-,
methoxy-, and fluoro-substituted aryl chlorides also gave
high yields (75-98 %) of the corresponding anilines (Table 3,
entries 8-13). Heterocycles like 2- or 3-chloropyridine can
also be aminated successfully (90-99 % yield; Table 3, en-

— 2985



www.chemeurj.org



FULL PAPER

Table 3. Amination'® of functionalized aryl and heteroaryl chlorides using ligand 14 or 15.

M. Beller et al.

Entry Aryl chloride Amine Product Conv. [%]® Yield [%]®
Cl NHBu
1 ©/\ HNTT @ 100 99
cl NHBu
2 Q/ HNT Q 100 88
Cl NHBu
3 /@ HNT T /©/ 100 95
Cl NHBu
4 ©/\ HNT @ 100 95
\
cl ’L N
5 H @ @@ 100 92
cl | |
N
6 Q/ H \© Q \© 100 95
N N
7 \@ H \© \@LQ 100 91
I 3
gld /©/ HN O N 100 75
NC
NC
cl NHBu
/\/\
9 /©/ H,N /©/ 100 88
|
cl 'L N
10 “ H \© - /©/ \© 100 90
o
|
cl rL N
11 W \@ /©/ \© 100 97
FC F.C
\
cl | N
N
12 H \© Q \© 100 98
CFs CF,
|
cl ,L N
13 H J@[ O 100 98
F F
14 _/ Cl HN O / 1 1 14
\ 0 00 60 (15) 99 (14)
o H,N
150 \ 7/ ¢ ? 100 92
N _N
— / \
,)—Cl HN N-B N N—Bn
16 \ n .\ 100 77 (15) 99 (14)

tries 14-19). In some cases the sterically less demanding
ligand 14 gave superior results than ligand 185.

Owing to the excellent results obtained, we investigated
the amination of aryl chlorides under milder reaction condi-
tions and at lower catalyst concentrations. As a model
system for a nonactivated aryl chloride, 3-chlorotoluene was

2986 ——

treated with N-methylaniline in the presence of Pd(OAc),
and 2-(di-tert-butylphosphino)-N-phenylindole (15) as the
catalyst system (Table 4).

Under standard conditions (0.5 mol % Pd, 1 mol % ligand,
120°C), a yield of 95% was obtained (Table 4, entry 1). We
were surprised to find that by decreasing the temperature to
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Table 3. (Continued)
Entry Aryl chloride Amine Product Conv. [%]® Yield [%]™
= =7\
17 \ /¢ HN O QN\_/O
N N 100 99 (14)
—d — —d
\7/ cl HN  N-Bn ()N en
18 N =N —_/ 100 90
cl | |
o N N
19 | H \© | \© 100 99
N N/

[a] 5 mmol aryl chloride, 6 mmol amine, 6 mmol NaOrBu, 0.5 mol % Pd(OAc),, 1 mol% ligand, 5 mL toluene, 20 h, 120°C. The reaction time has not
been minimized. [b] Average of 2 runs, determined by GC using diethylene glycol di-n-butyl ether or hexadecane as internal standard. [c] 1 mol %

Pd(OAc),, 2 mol % ligand.

Table 4. Reaction conditions for the reaction of 3-chlorotoluene with N-
methylaniline.?!

o ey THC

Entry L/Pd T Conv. Yield TON
[mol %] [°C] [%]" [%]"!
1 0.5 2 120 100 95 190
2 0.5 2 80 100 90 180
3 0.5 2 40 100 90 180
4 0.25 2 120 100 91 364
5 0.1 2 120 98 86 860
6 0.05 2 120 83 73 1460
7 0.025 2 120 70 62 2480
8 0.025 10 120 78 67 2680
9 0.025 10 140 92 80 3200
10 0.01 2 120 24 23 2300
11 0.01 50 120 45 37 3700
12 0.01 50 140 100 80 8000

[a] 5 mmol 3-chlorotoluene, 6 mmol N-methylaniline, 6 mmol NaO¢Bu,
Pd(OAc),, ligand 15, 5 mL toluene, 20 h. The reaction time has not been
minimized. [b] Average of 2 runs, determined by GC using diethylene
glycol di-n-butyl ether as internal standard.

40°C, only a slight decrease in the activity was observed
(Table 4, entries 2 and 3). At a higher temperature the con-
version decreased in parallel with the decrease in catalyst
loading. The conversion decreased significantly by lowering
the catalyst concentration to 0.0l mol% Pd (23% yield;
turnover number (TON) 2300; Table 4, entry 10). However,
by increasing the ligand concentration to 0.5 mol% (L/Pd
50:1) and by raising the temperature to 140°C a good cou-
pling yield of 80% (TON=8000) was obtained. In addition
to catalyst productivity studies, we also investigated the ac-
tivity of the catalyst. While most of the reactions were
simply performed for a standard reaction time (e.g., 20 h),
catalyst activity was measured by using the conditions de-
scribed in Table 4, entry 12. We found that this catalyst
system has a comparably high activity. Even after 30 min ap-
proximately 75% conversion and 70% product yield were
obtained; this corresponds to a turnover frequency (TOF)
of 14000 h™'. Naturally, even higher turnover frequencies
can be expected at lower conversion.

Chem. Eur. J. 2004, 10, 2983 —2990 www.chemeurj.org
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Finally, the amination of different aryl chlorides at low
temperatures was studied in more detail. Table 5 demon-
strates that excellent results can be obtained at room tem-
perature with activated aryl chlorides by using 1 mol % cata-
lyst (Table 5, entries 1 and 2). For nonactivated and deacti-
vated aryl chlorides, high yields (>90%) of the correspond-
ing anilines were obtained at a temperature of 60°C. Owing
to the mild conditions the new catalyst system seems to be
useful for more sensitive substrates, too (e.g., Table 5,
entry 7).

Conclusions

Monodentate N-substituted heteroarylphosphines have been
conveniently synthesized by selective metallation at the 2-
position of the respective N-substituted heterocycle (pyrrole,
indole). The variety of available ligands (7-16) reflects
nicely the modular synthesis. This is very important, since
the synthesis of more complex molecules by palladium-cata-
lyzed coupling reactions often requires fine-tuning of the
catalytic system. In general, other known ligands require
more complex chemistry to achieve diversity.

For the first time palladium-catalyzed aminations of aryl
halides have been performed in the presence of N-substitut-
ed heteroarylphosphines. In general, excellent results have
been obtained for the coupling of a variety of aryl and het-
eroaryl chlorides in the presence of dialkylphosphino-N-ary-
lindoles 14 and 15. Remarkably, high yields (>90%) were
obtained under mild conditions (RT to 60°C). On the other
hand excellent catalyst productivity (TON 8000) and activity
(TOF=14000h"" at 75% conversion) were observed for
the model reaction of 3-chlorotoluene and N-methylaniline
at a higher reaction temperature. Owing to their excellent
catalytic performance and convenient preparation this class
of ligands will be commercially available from 2004 under
the trade name cataCXium® P.
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Table 5. Amination®® of aryl chlorides at low temperatures.

TMEDA (3.35mL, 22.5mmol) was

Entry Aryl chloride Amine

Product

T Yield added followed by nBuLi (1.6M in
[°C] [%]" hexane, 7.2mL, 15mmol) at room
temperature. The reaction mixture was

z—

aiNaINa NG

1lel

z—

2le]

CF,

)

[O

z—

S

71d]

or
F.C
QC'
CF,
o
o
cl
F F
O
\(:C:I
cl
NPl

NeucIETE
T
TG e
oo
) p
o
AeacBNK

refluxed for 3h to obtain a red solu-
tion. A solution of the corresponding
chlorophosphine (15 mmol in 15 mL of
toluene) was slowly added through a
syringe. The mixture was refluxed for
a further 2 h. After cooling to room
temperature, degassed water (15 mL)
was added and the mixture was stirred
to give a clear solution. The aqueous
layer was extracted with toluene (2x
15mL), and the combined organic
layers were washed with degassed
water (15 mL). The solution was dried
over MgSO, and concentrated at 45°C
98 under vacuum to give a yellow viscous
liquid which was recrystallized from
methanol or hexane.

25 98

2-(Dicyclohexylphosphino)-N-phenyl-
indole (14): White solid (cryst from
hexane); yield 60%; m.p. 157-159°C;
'H NMR (400 MHz, C,Dg): 0=7.69
(m, 1H), 7.53-7.42 (m, 3H), 7.32 (m,
2H), 7.14 (m, 3H), 6.85 (s, 1H), 1.72-
1.65 (m, 11H), 1.27-1.02 ppm (m,
11H); C NMR (101 MHz, C,Dy): 6=
140.3, 138.9, 137.4, 137.3, 129.9 (d,
2J(C,P)=2.9 Hz), 129.0, 128.2, 128.0,

60 97

60 91

[a] 5 mmol aryl chloride, 6 mmol amine, 6 mmol NaOrBu, 0.5 mol % Pd(OAc),, 1 mol % ligand 15, 5 mL tolu-
ene, 20 h. The reaction time has not been minimized. [b] Average of 2 runs, determined by GC using diethy-
lene glycol di-n-butyl ether or hexadecane as internal standard. [c] 1 mol% Pd(OAc),, 2mol% ligand 15.

[d] 1 mmol aryl chloride, 1.2 mmol amine, 1.2 mmol NaOBu.

Experimental Section

General: Ligands were synthesized and stored under an inert atmosphere
using Schlenk techniques. All starting materials and reactants were used
as received from commercial suppliers, except TMEDA which was distil-
led and degassed before use. NMR spectra were recorded on an
ARX400 (Bruker) spectrometer; chemical shifts are given in ppm and
are referenced to TMS ('H, *C NMR), H;PO, (80% in water; *'P NMR)
and CFCl; (YF NMR). IR spectra were recorded on a Magna-IR-
series 550 (Nicolet) spectrometer. Mass spectra were recorded on an
AMD 402 double focusing, magnetic sector spectrometer (AMD Intec-
tra). GC-MS spectra were recorded on a HP 5989A (Hewlett Packard)
chromatograph equipped with a quadrupole analyzer. Gas chromato-
graphic analyses were realized on a HP 6890 (Hewlett Packard) chroma-
tograph using a HP 5 column.

Synthesis of N-phenylindole: Dioxane (50 mL), followed by 1,2-diamino-
cyclohexane (1 mL, 8 mmol) and bromobenzene (6.2 mL, 60 mmol) were
added to a mixture of Cul (0.38 g, 2 mmol), indole (4.6 g, 40 mmol), and
K;PO, (17.6 g, 42 mmol). The mixture was stirred for 24 h at 110°C, and
then diluted with ethyl acetate (30 mL). The blue precipitate was re-
moved by filtration through a plug of silica to give a yellow solution.
Concentration under vacuum gave rise to an orange oil that was subject-
ed to column chromatography (silica, ethyl acetate/hexane 10/90) to
afford the pure product as a yellow liquid (6.85 g, 35 mmol). Yield: 85 %;
'H NMR (400 MHz, CDCly): 6=7.43-6.88 (m, 10H), 6.45ppm (d,
*J(H,H)=4.7 Hz, 1H); *C NMR (101 MHz, CDCL;): 6=140.0, 136.1,
130.8, 129.8, 128.2, 124.6, 122.6, 121.4, 120.6, 110.7, 103.8 ppm; MS (EI,
70 eV): m/z (%): 193 (100) [M*], 165 (18), 89 (9), 77 (6); HRMS: calcd
for C,H;;N: 193.08914; found: 193.08791.

Synthesis of N-phenylindole-based phosphine ligands: In a three-necked
100 mL round-bottomed flask equipped with a reflux condenser, N-phe-
nylindole (2.9 g, 15 mmol) was dissolved in toluene (30 mL) under argon.

2988
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122.3, 120.3, 111.0, 1102 (d, 'J(C,P)=
3.8Hz), 303 (d, 'J(C,P)=15.3Hz),
274 (d, Y(CP)=124Hz), 272 (d,
3J(C,P)=8.6 Hz), 26.6 ppm; *'P NMR
(162 MHz, CsDy): 6=-24.8 ppm; IR
(KBr): #=3059.3, 2924.1, 2847.0,
2637.2, 1596.8, 1496.3, 1307.6, 1145.0,
737.2, 695.9 cm™'; MS (70 eV, EI): m/z
(%): 389 (48) [M™*], 306 (90), 224 (100), 193 (17), 83 (8), 55 (25), 41 (19);
HRMS: calcd for C,H3,NP: 389.22723; found: 389.22922.
2-(Di-tert-butylphosphino)-N-phenylindole (15): Pale yellow solid (cryst
from MeOH); yield 50 %; m.p. 90-92°C; '"H NMR (400 MHz, C,Dy): 6=
8.01 (m, 1H), 7.82-7.74 (m, 3H), 7.58 (m, 2H), 7.45 (m, 2H), 7.41 (s,
1H), 7.32 (m, 1H), 1.50 ppm (d, *J(H,P)=123 Hz, 18H); “C NMR
(101 MHz, C,Dg): 6=140.1, 139.6, 138.1, 137.9, 130.5 (d, *J(C,P)=
2.9 Hz), 129.2, 128.4, 128.1, 122.7, 120.8, 120.5, 116.6 (d, 'J(C,P)=5.7 Hz),
33.2 (d, 'J(C,P)=18.1 Hz), 30.6 ppm (d, 2J(C,P)=153 Hz); *'P NMR
(162 MHz, CiDy): 0=5.85ppm; IR (KBr): #=3058.7, 2937.1, 2892.3,
2857.8, 1595.9, 1496.8, 1469.2, 1361.9, 763.1, 742.4, 700.0 cm™'; MS (EI,
70 eV): m/z (%): 337 (42) [M*], 281 (30), 224 (100), 193 (19), 57 (30), 41
(20); HRMS: caled for C,,H,NP: 337.19595; found: 337.19584.
2-(Di-1-adamantylphosphino)-N-phenylindole (16): White solid (cryst
from hexane); yield 45 %; m.p. 308-310°C; '"H NMR (400 MHz, CD,Cl,):
0=7.58 (m, 1H), 7.42-7.33 (m, 3H), 7.15 (m, 2H), 6.98 (m, 3H), 6.82 (m,
1H), 1.89-1.55 ppm (m, 30H); “C NMR (101 MHz, CD,Cl,): 6=141.8,
141.2, 1372, 136.5, 132.6 (d, 2J(C,P)=2.9 Hz), 131.2, 130.2, 130.0, 124.5,
122.8, 122.3, 114.3 (d, 'J(C,P)=5.7 Hz), 43.8 (d, 'J(C,P)=12.4 Hz), 39.7,
35.2 (d, %J(C,P)=8.6 Hz), 33.9 ppm; *'P NMR (162 MHz, CD,Cl,): 6=
6.05 ppm; IR (KBr): 7=3054.7, 2903.2, 2846.9, 1597.1, 1498.1, 1448.6,
1342.6, 1209.8, 731.1, 649.1 cm™"; MS (EL, 70 eV): m/z (%): 493 (46) [M*
], 358 (16), 135 (100), 93 (16); HRMS: calcd for C;,H, NP: 493.28983;
found: 493.28781.

Catalytic amination of aryl chlorides: A 30 mL pressure tube was loaded
with Pd(OAc), (5.6 mg, 0.025 mmol), the ligand (0.050 mmol), and
NaOrBu (577 mg, 6.0 mmol) and was purged by argon. Then, toluene
(5 mL), the aryl chloride (5 mmol) and the amine (6 mmol) were added
successively under argon. The mixture was stirred for 20 h at 120°C.
After cooling to room temperature the mixture was diluted with diethyl
ether (15 mL) and washed with water (10 mL). The organic phase was
dried over MgSO,, concentrated under vacuum and the product was iso-
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lated by column chromatography (silica, ethyl acetate/hexane 10:90). Al-
ternatively, diethylene glycol di-n-butyl ether or hexadecane was added
as an internal standard and quantitative analysis was performed by using
gas chromatography. The commercially available products were identified
by comparison of their GC-MS data with the data of authentic samples;
known products were characterized by NMR and mass spectroscopy, un-
known products were characterized by NMR, IR, MS, and high-resolu-
tion MS (HRMS) spectroscopy.

Diphenylamine: MS (EI, 70 eV): m/z (%): 169 (100) [M*], 84 (17), 77
(12), 51 (12).

N-Phenylmorpholine: MS (EI, 70eV): m/z (%): 163 (85) [M*], 105
(100), 77 (27).

N-n-Butylaniline: MS (EL 70 eV): m/z (%): 149 (17) [M*], 106 (100), 77
17).

Methyldiphenylamine: MS (EIL, 70 eV): m/z (%): 183 (100) [M*], 167
(27), 104 (10), 91 (9), 77 (21), 51 (9).

Triphenylamine: MS (EI, 70 eV): m/z (%): 245 (100) [M*], 167 (2), 77
(12).

N-Phenyl-2-toluidine: Yellow liquid; '"H NMR (400 MHz, CDCl;): 6=
7.29-7.15 (m, SH), 6.95 (m, 4H), 5.39 (brs, 1H), 2.28 ppm (s, 3H); *C
NMR (101 MHz, CDCL): 0=144.1, 141.4, 131.1, 129.5, 128.5, 126.9,
122.2, 120.6, 118.9, 117.6, 18.1 ppm; MS (EI, 70 eV): m/z (%): 183 (100)
[M*], 106 (20), 91 (18).

N-n-Butyl-2-toluidine: Colorless liquid; '"H NMR (400 MHz, CDCl,): 6 =
6.99 (m, 1H), 691 (m, 1H), 6.50 (m, 2H), 3.25 (brs, 1H), 3.00 (t,
3J(HH)=7.0Hz, 2H), 1.98 (s, 3H), 1.51 (m, 2H), 132 (m, 2H),
0.85 ppm (t, *J(H,H)=7.3 Hz, 3H); “C NMR (101 MHz, CDCl,): 6=
145.3, 128.9, 126.1, 120.5, 115.5, 108.5, 42.6, 30.7, 19.4, 16.4, 12.9 ppm; MS
(EL 70 eV): m/z (%): 163 (40) [M*], 120 (100), 91 (20).
N-n-Butyl-3-toluidine: Colorless liquid; '"H NMR (400 MHz, CDCl;): 6 =
6.96 (m, 1H), 642 (m, 1H), 6.31 (m, 2H), 3.34 (brs, 1H), 2.99 (t,
3J(HH)=7.0Hz, 2H), 2.18 (s, 3H), 149 (m, 2H), 1.33 (m, 2H),
0.86 ppm (t, *J(H,H)=7.3 Hz, 3H); “C NMR (101 MHz, CDCl,): =
149.1, 139.4, 129.6, 118.5, 113.9, 110.4, 44.2, 32.2, 22.1, 20.8, 14.4 ppm; MS
(EL 70 eV): m/z (%): 163 (40) [M*], 120 (100), 91 (20).
N-n-Butyl-4-toluidine: Light yellow liquid; '"H NMR (400 MHz, CDCl,):
0=6.89 (d, *J(H,H)=7.9 Hz, 2H), 6.43 (d, *J(H,H)=8.5 Hz, 2H), 3.26
(brs, 1H), 2.97 (t, *J(H,H)=7.1 Hz, 2H), 2.14 (s, 3H), 1.48 (m, 2H), 1.32
(m, 2H), 0.85ppm (t, *J(H,H)=7.3Hz, 3H); “C NMR (101 MHz,
CDClLy): 0=146.6, 129.9, 126.5, 113.1, 44.3, 31.9, 20.6, 20.5, 14.2 ppm; MS
(EL 70 eV): m/z (%): 163 (30) [M*], 120 (100), 91 (15).
N-n-Butyl-2,6-dimethylaniline: Colorless liquid; '"H NMR (400 MHz,
CDCLy): 6=6.88 (d, *J(HH)=7.5Hz, 2H), 6.70 (t, *J(H,H)=7.4 Hz,
1H), 3.36 (brs, 1H), 2.88 (t, *J(H,H)=7.0 Hz, 2H), 2.18 (s, 6H), 1.47 (m,
2H), 1.32 (m, 2H), 0.85ppm (t, *(H,H)=73Hz, 3H); “C NMR
(101 MHz, CDClLy): 6=146.9, 129.6, 129.3, 122.0, 48.5, 33.9, 20.9, 19.0,
14.5 ppm; MS (EI, 70 eV): m/z (%): 177 (40) [M*], 134 (100), 105 (20).
N-Methyl-N-phenyl-2-toluidine: Yellow oil; '"H NMR (400 MHz, CDCL,):
0="7.72-17.56 (m, 6H), 7.14 (m, 1H), 6.97 (m, 2H), 3.65 (s, 3H), 2.58 ppm
(s, 3H); C NMR (101 MHz, CDCL,): 6 =149.6, 147.3, 137.3, 131.8, 129.4,
128.8, 127.9, 129.9, 117.3, 113.3, 39.5, 18.3 ppm; MS (EIL 70 eV): m/z (%):
197 (100) [M*], 182 (43), 167 (21), 77 (20).
N-Methyl-N-phenyl-3-toluidine: Yellow oil; '"H NMR (400 MHz, CDCl,):
0=7.66-7.53 (m, 4H), 7.41-7.17 (m, 5H), 3.67 (s, 3H), 2.69 ppm (s, 3H);
C NMR (101 MHz, CDCly): §=149.7, 149.6, 139.5, 129.7, 128.8, 125.9,
122.0, 121.5, 120.6, 118.5, 40.8, 22.1 ppm; MS (EL 70 eV): m/z (%): 197
(100) [M™*], 167 (10), 77 (12).

N-(2,5-Dimethylphenyl)-N-methylaniline: Yellow liquid; 'H NMR
(400 MHz, CDCl;): 6=7.06 (m, 3H), 6.88 (m, 2H), 6.59 (m, 1H), 6.43
(m, 2H), 3.10 (s, 3H), 2.19 (s, 3H), 1.9 ppm (s, 3H); “C NMR
(101 MHz, CDCly): 6=149.7, 147.1, 137.7, 133.9, 131.6, 129.5, 129.3,
127.7, 117.2, 113.3, 39.5, 21.4, 17.9 ppm; MS (EL, 70 eV): m/z (%): 211
(100) [M™*], 196 (56), 181 (41), 134 (7), 91 (11), 77 (15).
N-(4-Cyanophenyl)morpholine: Pale yellow solid; '"H NMR (400 MHz,
CDCL): =776 (d, *J(H,H)=9.1 Hz, 2H), 7.11 (d, *J(H,H)=9.1 Hz,
2H), 4.09 (m, 4H), 3.52 ppm (m, 4H); *C NMR (101 MHz, CDCL,): 6 =
153.9, 133.9, 129.3, 120.3, 144.5, 66.9, 47.7 ppm; MS (EIL 70 eV): m/z (%):
188 (56) [M*], 130 (100), 102 (24).
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N-n-Butyl-4-anisidine: Pale yellow liquid; 'H NMR (400 MHz, CDCl,):
0=6.72 (d, *J(H,H)=8.9 Hz, 2H), 6.51 (d, *J(H,H)=8.9 Hz, 2H), 3.22
(brs, 1H), 3.68 (s, 3H), 2.99 (t, J(H,H)=7.1 Hz, 2H), 1.52 (m, 2H),
1.37 ppm (m, 2H), 0.90 (t, *J(H,H)=7.3 Hz, 3H); “C NMR (101 MHz,
CDCly): 0=152.4, 143.4, 115.3, 114.4, 56.2, 45.1, 32.2, 20.8, 14.4 ppm; MS
(EL 70 eV): m/z (%): 179 (55) [M™*], 136 (100).
N-(4-Methoxyphenyl)-N-methylaniline: Yellow oil; '"H NMR (400 MHz,
CDCLy): 6=7.60 (m, 2H), 7.49 (d, *J(H,H)=9.1 Hz, 2H), 729 (d,
*J(H,H)=8.9 Hz, 2H), 7.19 (m, 3H), 4.18 (s, 3H), 3.65 ppm (s, 3H); *C
NMR (101 MHz, CDCL): 6=156.8, 150.3, 142.7, 129.5, 126.7, 118.9,
116.3, 115.3, 55.9, 41.0 ppm; MS (EI, 70 eV): m/z (%): 213 (31) [M*],
198 (100), 77 (12).

N-Methyl-N-[4-(trifluoromethyl)phenyl]aniline: Yellow oil; 'H NMR
(400 MHz, CDCLy): 6=7.69 (m, 4H), 7.48 (m, 3H), 7.13 (d, *J(H,H)=
8.7 Hz, 2H), 3.62 ppm (s, 3H); *C NMR (101 MHz, CDCl,): 6=152.0,
148.2, 130.3, 126.7 (q, *J(C,F)=3.8 Hz), 125.8, 125.4, 120.3 (q, JJ(CF)=
32.4 Hz), 115.3, 40.6 ppm; "’F NMR (235.4 MHz, CDCl,): 6 =—60.6 ppm;
MS (EL 70 eV): m/z (%): 251 (100) [M*], 77 (24).
N-Methyl-N-[3-(trifluoromethyl)phenyl]aniline: Yellow liquid; '"H NMR
(400 MHz, CDCly): 6=7.33-7.13 (m, 3H), 7.04-6.92 (m, 6H), 3.27 ppm
(s, 3H); “C NMR (101 MHz, CDCl): 6=149.8, 1485, 131.8 (q,
2J(CF)=31.8 Hz), 130.1, 129.8, 124.7 (q, 'J(C,F)=272 Hz), 124.2, 123.9,
120.8, 1163 (q, *J(C,F)=3.8 Hz), 113.9 (q, *J(C,F)=3.8 Hz), 40.7 ppm;
F NMR (235.4 MHz, CDCl;): 6 =—62.6 ppm; MS (EI, 70 eV): m/z (%):
251 (100) [M*], 145 (9), 77 (17); HRMS: calcd for C;,H},NF;: 251.09218;
found: 251.09357.

N-(2,4-Difluorophenyl)-N-methylaniline:  Yellow liquid; 'H NMR
(400 MHz, CDCl;): 6=7.13 (m, 3H), 6.80 (m, 2H), 6.69 (m, 1H), 6.59
(m, 2H), 3.14 ppm (s, 3H); >C NMR (101 MHz, CDCl;): 6=160.9 (dd,
YJ(CF)=1479Hz, *J(CF)=11.4Hz), 1794 (dd, 'J(C,F)=252.7 Hz,
*J(C,F)=12.4 Hz), 132.5 (dd, YJ(CF)=11.4 Hz, *J(C,F)=3.8 Hz), 149.1,
130.4 (dd, *J(CF)=11.4 Hz, *J(C,F)=9.5 Hz), 129.5, 114.3, 118.8, 112.3
(dd, *J(CF)=21.9Hz, “J(CF)=3.8Hz), 1057 (dd, *J(C,F)=26.7 Hz,
%J(C,F)=24.7 Hz), 39.3 ppm; "“F NMR (235.4 MHz, CDCl,): 6 =—112.6,
—115.6 ppm; IR (Nujol): 7=3064.7, 2926.7, 2616.1, 1600.2, 1508.5, 1287.3,
1259.8, 1139.9, 965.5, 875.6, 715.0, 692.1 cm™"; MS (EL, 70 eV): m/z (%):
219 (100) [M*], 203 (15), 178 (7), 140 (13), 77 (12); HRMS: calcd for
C3H | \NF,: 219.08595; found: 219.08524.

N-(2-Pyridyl)morpholine: Yellow liquid; 'H NMR (400 MHz, CDCl,):
0=7.41 (m, 2H), 6.57 (m, 2H), 3.74 (m, 4H), 3.41 ppm (m, 4H); *C
NMR (101 MHz, CDCL): 0=160.0, 148.4, 137.9, 114.2, 1074, 672,
46.0 ppm; MS (EIL, 70 eV): m/z (%): 164 (50) [M*], 133 (66), 107 (44), 79
(100).

N-(2-Pyridyl)-2-toluidine: White solid; 'H NMR (400 MHz, CDCL,): 6=
8.09 (m, 1H), 7.36 (m, 2H), 7.18-6.55 (m, SH), 6.34 (brs, 1H), 2.20 ppm
(s, 3H); ®C NMR (101 MHz, CDCl,): 6 =157.2, 148.9, 138.9, 138.1, 131.8,
131.5, 127.2, 124.8, 123.3, 115.6, 107.9, 18.4 ppm; MS (EI, 70 eV): m/z
(%): 184 (38) [M*], 169 (100), 91 (13), 78 (11); HRMS: caled for
C,H;N,: 184.10005; found: 184.09990.
N-Benzyl-N'-(2-pyridyl)piperazine: Yellow solid; 'H NMR (400 MHz,
CDCl;): 0=8.10 (m, 1H), 7.37 (m, 1H), 7.29-7.17 (m, 5H), 6.53 (m, 2H),
3.48 (s, 2H), 3.46 (m, 4H), 2.74-2.49 ppm (m, 4H); *C NMR (101 MHz,
CDCl;): 6=160.0, 148.4, 138.4, 137.8, 129.6, 128.7, 127.6, 113.6, 1074,
63.6, 53.4, 45.6; MS (EL 70 eV): miz (%): 253 (25) [M*], 159 (27), 146
(39), 107 (100), 91 (64), 78 (17).

N-(6-Methoxy-2-pyridyl)morpholine: Light brown liquid; 'H NMR
(400 MHz, CDCl3): 6=7.40 (t, *J(H,H)=7.9 Hz, 1H), 6.12 (m, 2H), 3.86
(s, 3H), 3.80 (m, 4H), 3.47 ppm (m, 4H); *C NMR (101 MHz, CDCl,):
0=163.5, 158.8, 140.5, 99.3, 99.2, 67.1, 53.4, 46.0 ppm; IR (Nujol): 7=
2964.2, 2893.5, 2852.7, 1590.9, 1444.6, 1414.1, 1264.1, 1239.0, 1033.0, 985.8,
780.5 cm™'; MS (EI, 70 eV): m/z (%): 194 (63) [M*], 137 (31), 109 (100);
HRMS: calcd for C,,H,4,N,O,: 194.10553; found: 194.10446.
N-Benzyl-N'-(2-quinolyl)piperazine: Yellow solid; 'H NMR (400 MHz,
CDCLy): 6=7.78 (d, *J(H,H)=9.1 Hz, 1H), 7.61 (d, *J(H,H)=8.5Hz,
1H), 7.50 (d, *J(H,H)=8.3 Hz, 1H), 7.45 (m, 1H), 7.21 (m, 6H), 6.87 (d,
*J(H,H)=93 Hz, 1H), 3.68 (t, *J(HH)=5.1Hz, 4H), 3.49 (s, 2H),
2.51 ppm (t, 3J(H,H)=5.1 Hz, 4H); “C NMR (101 MHz, CDCL): 6=
157.9, 148.3, 137.8, 129.9, 129.7, 128.7, 127.6, 127.0, 123.5, 122.7, 109.9,
63.6, 53.5, 44.5 ppm; MS (EL 70 eV): m/z (%): 303 (11) [M*], 157 (100),
128 (18), 91 (32).

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim — 2989
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N-Methyl-N-(3-pyridyl)aniline: Light yellow oil; '"H NMR (400 MHz,
CDCl;): 6=8.20 (d, “/(H,H)=2.6 Hz, 1H), 8.02 (m, 1H), 7.18 (m, 2H),
7.10 (m, 1H), 6.97 (m, 4H), 3.19 ppm (s, 3H); “C NMR (101 MHz,
CDCl,): 6=1483, 1455, 141.6, 130.0, 128.7, 125.1, 123.8, 123.7, 122.8,
40.4 ppm; MS (EL 70 eV): m/z (%): 184 (100) [M*], 168 (19), 77 (20).
N-Methyl-N-phenyl-3-(2-hydroxyethyl)aniline: Light yellow oil; 'H NMR
(400 MHz, CDCL,): 6=7.6 (m, 2H), 7.5 (m, 1H), 7.36 (m, 2H), 7.29 (m,
1H), 7.2 (m, 2H), 7.13 (m, 1H), 4.14 (t, *J(H,H)=6.54 Hz, 2H), 3.63 (s,
3H), 3.12 (t, 3J(H,H)=6.54 Hz, 2H), 1.95 ppm (brs, 1H); *C NMR
(101 MHz, CDCl): 0=149.38, 149.04, 139.68, 129.43, 129.36, 121.75,
121.69, 121.02, 120.61, 118.21, 63.73, 40.39, 39.42 ppm; IR (neat): 7=
3355.2, 3026.8, 2937.1, 2874.1, 1593.9, 1582.6, 1494.9, 1345.6, 1258, 1045.5,
992.7, 874.2, 752.3, 696.6, 599.1, 571.5 cm™'; MS (EI, 70 eV): m/z (%): 227
(100) [M™*], 196 (19), 181 (23), 167 (8), 105 (11), 91 (17), 77 (17); HRMS:
calcd for C;sH;iNO: 228.13884; found: 228.13979.
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Charge Density and Experimental Electrostatic Potentials of Two Penicillin

Derivatives

Armin Wagner,™ ¢! Ralf Flaig,"" Birger Dittrich,'”! Horst Schmidt,'*!
Tibor Koritsanszky,*' and Peter Luger*!!

Abstract: Two penicillin derivatives,
the active penamecillin and the inac-
tive penamecillin-13-sulfoxide, were
used to study the relationship between
their charge density and their activity.
Single crystals of both compounds
were measured at the synchrotron
beamline F1 at the HASYLAB/DESY,

Hansen—Coppens multipole formalism.
The cleavage of the amide bond in the
B-lactam ring is of paramount impor-
tance in the mechanism of action of
penicillins. Topological analysis of this
bond in terms of Bader’s AIM theory

elec-

showed that its strength is equal in
both compounds; therefore a direct in-
fluence of bond strength on the activity
can be ruled out. However, the two de-
rivatives differ significantly in their ex-
perimental electrostatic  potentials.
These differences are discussed and
provide further insight into the chemis-

at 100K and up to resolutions of
around 0.4 A. Experimental charge
densities were obtained by using the

tronic

Introduction

The number of experimental charge-density studies, espe-
cially on larger molecules,'™ has increased considerably
during the last few years. This is due to technical develop-
ments, in particular, the now widely available area detectors
which allow the measurement of high-resolution X-ray dif-
fraction data sets within a reasonable time period. The com-
bination of the area-detection technique with a high-intensi-
ty primary beam provided by synchrotron sources opens up
the method to applications on compounds of biological rele-
vance."!
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try and activity of penicillins.

Penicillins are among the most widely used antibiotics.
Their antibacterial activity is based on preventing the syn-
thesis of the bacterial cell wall by inhibiting the p-alanyl-p-
alanine-transpeptidase. This enzyme cross-links terminal D-
alanine residues of small peptides with glycine residues of
the peptidoglycan, which is the integral part of the bacterial
cell wall. Penicillins can be seen as substrate analogues of D-
alanyl-p-alanine. By opening the (-lactam ring they irrever-
sibly bind the active center of the p-alanyl-p-alanine-trans-
peptidase.”

Structure-activity-relationship studies for penicillins and
other B-lactam antibiotics have suggested quite controversial
models. The conventional interpretation relates the activity
to the instability of the amide bond in the B-lactam ring;”!
the weaker this bond is the more electrophilic the carbonyl
carbon atom is. There are two reasons that explain why the
amide bond of the lactam is expected to be weaker than in
a normal peptide bond: 1) the lactam ring is highly strained
and 2) the lack of resonance of the bond; this is also due to
steric effects because the planarity accompanied by the de-
localization of the nitrogen atom’s lone pair would require
the thiazolidine ring to be coplanar with the lactam ring.
The conformation of the bicyclic ring system therefore
seems to be of central importance for activity, although
there are examples of active antibiotics in different confor-
mations.®” This suggests that the actual conformation
adopted by the penicillin substrate is altered upon binding
to the enzyme. Indeed, recent diffraction studies show that
the thiazolidine ring in penicillin G adopts a conformation
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in the cleavage site of the acylase that is considerably differ-
ent from that found in the crystal structure of the parent
molecule.'”! This change in ring pucker is accompanied by
rotation of the phenylacetyl moiety of the protein-bound
penicillin. In this study, we explore the extent to which
structure—activity correlation is shown in the topological de-
tails of the crystalline electron density, and whether evi-
dence supporting the usual chemical concepts are reachable
with current experimental methods and interpretive tools.

Penamecillin (1) and penamecillin-1B-sulfoxide (2) were
chosen for an experimental charge-density study because 1
shows high antibacterial activity, whereas 2 does not; howev-
er, the compounds’ structures differ only in the oxidation
state of the thiazolidine sulfur atom.
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An earlier diffraction study™ revealed no significant

structural difference between compounds 1 and 2 with re-
spect to the geometry and bonding situation of the f-lactam
rings.

Experimental Section

Colorless crystals of penamecillin and penamecillin-1p-sulfoxide with di-
mensions of 0.30x0.25x0.25 and 0.32 x 0.25 x 0.20 mm?®, respectively, were
measured at the beamline F1 of the storage ring DORIS 111, at the HA-
SYLAB/DESY in Hamburg. Wavelengths of 0.5606 and 0.5503 A for the
primary beam were used. The temperature was maintained at 100 K
during the measurements by using an Oxford Cryosystems N,-gas-stream
cooling device. The CCD area detector was set to measure 51081 and
65555 reflections, up to a resolution of sin/A=1.23 and 1.24 A (or d=
0.40 A), respectively. Penamecillin data for three different detector posi-
tions (260=0, —30, and —55°) were collected. For the sulfoxide, two addi-
tional positions (30° and 55°) were used to increase the redundancy of
the data. To prevent the very strong low-order reflections from exceeding
the dynamic range of the CCD camera, the primary beam was weakened
by 3mm Al and 1 mm Al for 1 and 2, respectively. The measurement
strategy was planned with the program ASTRO," the data collection
was monitored with SMART,™? and the frames were integrated and cor-
rected with SAINT."?! For scaling and merging, the program SORTAV!"!
was used. Further details of the crystal data and the experimental condi-
tions are given in Table 1.

CCDC-216531 and CCDC-216532 contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of charge via
www.ccde.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crys-
tallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK;
fax: (4+44)1223-336-033; or e-mail: deposit@ccdc.cam.ac.uk).
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Table 1. Crystallographic data for penamecillin (1) and penamecillin-1§3-

sulfoxide (2).

1

2

empirical formula
M, [gmol™]

CioHp,N,O68
406.46

CoH,N048
422.46

crystal system monoclinic monoclinic

space group P2, (No. 4) C2 (No. 5)

VA 2 4

T [K] 100 (1) 100 (1)

a[A] 12.830(3) 23.887(5)

b [A] 7.937(2) 7.6533(15)

c[A] 10.017(2) 12.435(3)

a=vy[°] 90.0 90.0

B I°] 104.67(3) 118.36(3)

VA% 986.7(4) 2000.4(9)

o [gem ™) 1.368 1.403

F(000) 428 888

u [mm™] 0.11 0.11

crystal size [mm] 0.30x0.25x0.25  0.32x0.25x0.20

2 [A] 0.5606 0.5503

max. 26 [°] 87.48 86.20

(SINO/A) ma [A 7] 123 1.24

index ranges —31<h<30 —59<h<51
0<k<19 0<k<18
0<I1<24 0<1<30

reflections collected 51081 65555

unique reflections 13926 16133

observed reflections [F,>2.50 (F,)] 11991 12688

completeness [% ] 86.5 96.9

Ry 0.036 0.050

parameters 543 577

R(F) [%] 2.48 2.64

R (F) [%] 2.55 2.81

GoF 1.20 0.87

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Theoretical calculations: Single-point ab initio calculations for the experi-
mental geometry at the Hartree-Fock (HF) and density functional
(B3LYP) level of theories were completed by using the Gaussian 98!
program package. The topology of the electron densities based on the
6-311++G(3df,3pd) and 6-311G(d,p) standard basis sets were analyzed
by using the AIMPAC program.!"” The theoretical electrostatic potentials
were directly derived by employing the Gaussian 98 program.

Multipole refinements: The conventional spherical atom refinement was
performed by using the SHELXL-97!""! program to establish the starting
positional and displacement parameters for the subsequent aspherical
atom analysis. This was based on the Hansen—Coppens multipole formal-
ism!'” implemented in the XD program package."” In all refinements the
quantity Z,wy(| F,(H)|—k|F,(H)|)* was minimized by using the statisti-
cal weight w,=0(F,(H))™% and only those structure factors which met
the criterion F,(H) >2.50(F,(H)) were included.

The same density model, including local symmetries and chemical con-
straints, was applied to both penicillin derivatives. Two types of oxygen
atoms (carbonyl and ether) and four types of carbon atoms (methyl,
methylene, phenyl, and those of the ring system) were modeled inde-
pendently. Local site symmetry was applied as follows: For the carbon
atoms C2, C12, C15, C21, C23, and all oxygen atoms except O9, local
mirror symmetry was used. An mm?2 symmetry was applied to the phenyl
carbon atoms and 3m symmetry to the methyl groups. All non-hydrogen
atoms were treated up to the hexadecapolar level of expansion, while a
bond-directed dipole was introduced for the hydrogen atoms. The C—H
and N—H distances were adjusted to average values provided by neutron
diffraction analyses.'”’ The parameters of the radial functions were de-
duced from single-zeta Hartree-Fock calculations on isolated atoms.”!
For the sulfur atom, radial parameters were derived by using multipole
modeling of theoretical scattering factors based on the B3LYP6-
311G(3df,3dp) density level of the chemically related thiazolidine-4-car-
boxylic acid molecule. The analysis of the simulated data led to the at-
tainment of expansion—contraction parameters (x;) of the deformation
radial functions for the bound sulfur atom. This approach has recently
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been introduced to reduce inadequacies related to the radial functions of
the multipole model and has led to considerable improvements in topo-
logical indices of bonds formed by first-row elements.”!] Further details
of the refinement are summarized in Table 1.

Results and Discussion

The geometrical structural parameters found in the study by
Labischinski et al.'!! can be confirmed by the low-tempera-
ture measurements. ORTEP® plots including the chosen
atomic-numbering scheme are shown in Figure 1. The
p-lactam rings of the two penicillin derivatives show similar
features in that both are almost planar and the torsion
angles C5-C6-C7-N4 are small with —8.03(4)° and
—10.04(4)° for 1 and 2, respectively. The C7-N4 bond
length is only slightly shorter (by ~0.013 A) in 1 than in 2.
The five-membered thiazolidine rings show an envelope
conformation in both compounds, however, in penamecillin
the atoms S1, C2, N4, and C5 are almost coplanar with C3
out-of-plane, whereas S1 is out-of-plane in the 1@-sulfoxide.
As a consequence, the ester group is axial in 1 and equatori-
al in 2. Further discussions on structural parameters can be
found in the Labischinski paper.'!

Interpretation of the charge-density distribution in terms
of Bader’s quantum theory of atoms in molecules (AIM)®]
allows the comparison of the two penicillin derivatives at

H231

the electron-density level. In Table 2, bond topological pa-
rameters based on the multipole models and several theoret-
ical calculations of the lactam amide bonds are compared.
The density at the bond critical point (o(r,), a measure of
charge accumulation and thus bond strength) is almost iden-
tical for both amide bonds in both compounds, irrespective
of the method it is derived by. In contrast, the experimental
Laplacian (57%0(r,), a measure of charge concentration) is
lower in value than that obtained from the wave function.
The rather high ellipticity can be taken as an indication of

Table 2. The topology of the f-lactam bond C7—N4. Comparison of ex-
perimental and theoretical values of p(r) and /°o(r) at the bond critical
point (BCP, located at r, in which y7p(r,)=0), and the ellipticity (e, de-
fined by 8:%,1’ in which 4, and 4, are the two principal curvatures of
p(r) at a BCP), a measure of the charge asphericity.

Bond length  p \vard) e

[A] [cA]  [eA7]
penamecillin
multipole 1.3829(8) 220(5) -—-172(2) 0.21
B3LYP6-311++G(d,p) 2.10 —214 0.10
B3LYP6-311 + + G(3df,3pd) 2.15 —23.8 0.14
penamecillin-13-sulfoxide
multipole 1.3955(7) 220(6) —16.5(3) 025
B3LYP6-311++ G(d,p) 2.05 -20.7 0.10
B3LYP6-311 ++ G(3df,3pd) 2.10 -229 0.14
HF/6-311++G(3df,3dp) 2.16 -27.9 0.06

013 H151
c12 H152
b)\@_“_%/()
016
Hi13 o18
C17
Hit1
H191 €19 higp
(Onites

H102

Figure 1. ORTEP® representation (50 % probability) and atom-numbering scheme for penamecillin (above) and penamecillin-1B-sulfoxide (below).

Chem. Eur. J. 2004, 10, 2977 —2982 www.chemeurj.org
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the partial double-bond character and the strained (-lactam
ring. In both compounds, however, the endocyclic amide
bond appears to be weaker than the exocyclic one. The com-
parison of the above topological indices to those derived for
peptide bonds in different dipeptides also suggests that the
lactam amide bond is not a typical peptide bond (Table 3).

Table 3. Comparison of the topology of the f-lactam bond C7—N4 with
different peptide bond values taken from the literature.

Bond Bond 0 \vard €
length [A] [eA”] [eA™]
penamecillin
C7-N4 13829(8)  220(5) —172(2) 021
C21-N20 13542(6)  2.34(5) —-230(2) 014
penamecillin-1f-sulfoxide
C7-N4 1.3955(7)  220(6) -16.53) 025
C21-N20 13587(6)  2.42(6) —232(3) 0.5
cyclo-(D,L-Pro)-(L-Ala)
monohydratel! 1.345(10)  2.45(3) —23.7(21) 0.19(5)
average value from ref. [26]  1.338(5) 2.4(1) —23.4(32) 0.21(8)
glycyl-L-threonine®”) 1.3403(3)  2.33(3) —19.3(1) 044
N-acetyl-L-cysteine!®! 1.3402(4)  2.46(4) -30.1(2) 0.4
pL-alanylmethionine®! 1.3381(5) 2.32 -21.8 0.21

Based on the local topology of the density, the S1-C2 bond
is somewhat weaker than the S1-C5 bond in both deriva-
tives. However, more charge accumulation is seen in both
bonds of 2 compared with 1, in spite of the longer bond
lengths of 2 (Table 4).

The Laplacian of the charge density, which is indicatative
of regions of charge accumulation (37%0(r) <0) and charge
depletion (7°o(r)>0), is displayed in Figure 2 as a volume-

Table 4. Experimental values of the electron density p(r) and the Lapla-
cian v7°o(r) at the bond critical points of the endocyclic and exocyclic
bonds in the two penicillin derivatives.

Bond Penamecillin Penamecillin-p-sulfoxide
pleA?]  pleAT]  pleAT) Vp [eA7
S(1)—C(2) 1.03(1) —0.9(1) 1.18(2) -5.9(1)
S(1)—C(5) 1.21(3) -3.7(1) 1.24(3) —4.6(1)
S(1)—0(9) - - 2.41(7) —22.1(1)
C(7)-0(8) 3.06(7) —35.5(4) 3.18(9) —32.0(4)
C(3)-N(4) 1.94(5) -10.3(2) 1.82(5) -9.6(2)
C(5)-N4) 1.92(4) -13.1(2) 1.92(5) -12.2(2)
C(7)-N(4) 2.20(5) —17.2(2) 2.20(6) —16.5(3)
C(6)—N(20) 2.00(5) -14.2(2) 1.73(5) —4.7(2)
C(2)—C(10) 1.58(3) -72(1) 1.75(3) —11.4(1)
C(2)—C(11) 1.57(1) —7.2(1) 1.71(1) —10.9(1)
C(2)—C(3) 1.47(4) -9.7(1) 1.48(5) -7.2(1)
C(3)—C(12) 1.93(4) -16.1(1) 1.61(4) -9.2(1)
C(5)—C(6) 1.56(4) -9.1(1) 1.37(5) -52(2)
C(6)—C(7) 1.76(4) —11.2(1) 1.69(4) -9.5(2)

rendering representation of the two molecules. Compared
with isosurface plots, volume rendering has the advantage
that continuous regions of the Laplacian can be visualized.
Until now, such representations were only available for the-
oretical Laplacian functions.? The different colors in
Figure 2 represent different levels of the Laplacian, and the
interval for which the Laplacian is displayed ranges from
—25 to +25 e A%, Both molecules are shown in a projection

2980
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Figure 2. Volume-rendering representation of the Laplacian function of
penamecillin (above) and penamecillin-1p3-sulfoxide (below). Blue colors
denote positive values. Negative values are from green, orange, and red
to white.

with the p-lactam and the phenyl rings clearly visible. In the
core regions, the highly accumulated charge is indicated in
white, red colors show the accumulation in the bonds, and
blue halos around the electronegative oxygen denote charge
depletion around the atoms.

The oxidation of the sulfur atom in the sulfoxide yields an
intramolecular hydrogen bond S1—09--H201-N20. Howev-
er, with a H—O distance of 2.23 A and an electron density of
0.09(1) e A= (V’p(r)=1.4 e A~%) at the bond critical point,
it is a rather weak hydrogen bond. Nevertheless, due to this
interaction the transition state for the opening of the (-
lactam ring in the inactive sulfoxide might be unfavored.l”!

The electrostatic potential represents regions in which a
positive test charge is attracted (negative potential) and re-
pelled (positive potential). Figure 3 shows isosurfaces of the
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Figure 3. Top: Electrostatic potentials of penamecillin (isosurfaces with Vgp=—0.05 e A~"). Bottom: Electro-
static potentials of penamecillin-1p-sulfoxide (isosurfaces with Vip=—0.05eA~!). For both, the multipole
model is shown on the left and the B3LYP6-311 4+ G(d,p) density on the right.

negative electrostatic potential (EP) obtained from the ex-
perimental charge density, following the method developed
by Su and Coppens®! and from quantum chemical calcula-
tions. The major features are alike, but for both compounds
the experimental EP is more extended. The reason for this
is that the experimental EP corresponds to a molecule ex-
tracted from the crystal and includes all inductive and polar-
ization effects of the environment, whereas the theoretical
EP refers to isolated molecules. An interesting observation
that might have a chemical significance is the difference in
spatial distribution of the negative EP around the ring
system in the two compounds. Whereas the carbonyl carbon
atom (C7) is reachable from above the ring in both com-
pounds, a nucleophilic attack from the opposite side is possi-
ble only in the active penamecillin; this side is blocked by a
negative potential caused mainly by the oxidized sulfur
atom in the inactive 1B-sulfoxide. Another crucial feature of
the EP of 2, which is lacking in the active compound, is the
negative lobes around the phenyl ring. This discrepancy
cannot be attributed to crystal-field effects because theoreti-
cal calculations on the isolated molecule yield very similar
results.

Conclusion

The results of this charge-density study support the conven-
tional interpretation that relates penicillin activity to the
weak lactam amide bond; less/more charge is both accumu-
lated and concentrated in the C7—N4/C7—08 bond than that
characteristic of the related bonds in peptide moieties.
While no clear evidence for the activity difference was
found in terms of the local topology of these bonds, all
neighbouring bonds appear to possess more covalent charac-
ter in the active compound than in the inactive compound.
This extra stability of the lactam ring of 1 cannot be attrib-
uted to conformational differences. Features that are not di-

Chem. Eur. J. 2004, 10, 2977 —2982 www.chemeurj.org

rectly evident from the analysis
of the electron density become
apparent in the EP, which is sig-
nificantly different for the two
penicillins. In the inactive deriv-
ative, the site of nucleophilic
attack is shielded by a region of
negative potential extending
over one side of the lactam
ring. This blocking of the car-
bonyl bond can be an important
contribution to the inactivity of
2 if the conformation of the
penam ring is preserved upon
binding to the active site of the
enzyme. The intramolecular
$1-09-+-H201-N20  hydrogen
bond interaction is of special
importance in this respect be-
cause it gives an additional con-
tribution to stabilize the ring
framework. An interesting ob-
servation is that the phenylalanyl residue in 2 is strongly po-
larized, as indicated by the negative EP that is extended
over both sides of the phenyl ring. This feature is completely
missing for compound 1 in which the opposite end of the
molecule is found to be more polarized. Although the signif-
icance of this observation is not clear to us, the results sug-
gest that the phenyl terminus can play an unusual role in
recognition. We think that this and similar studies can con-
tribute to our understanding of molecular processes in bio-
chemical systems, mainly because experimentally derived
electronic properties include effects of intermolecular inter-
actions. Recent technical developments have made it possi-
ble to carry out experimental charge-density work on larger
molecules, in a reasonable time period, and even allow for
comparative studies on a series of biologically related mole-
cules. This method certainly has the potential of yielding in-
formation far beyond the usual atomic connectivity.
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Synthesis of Phthalide Derivatives Using Nickel-Catalyzed Cyclization
of o-Haloesters with Aldehydes

Dinesh Kumar Rayabarapu,

Abstract: The reaction of o-bromoben-
zoate (1b) with benzaldehyde (2a) in
the presence of [NiBr,(dppe)] (dppe=
1,2-bis(diphenylphosphino)ethane) and
zinc powder in THF (24 hours, reflux
temperature), afforded 3-phenyl-3H-
isobenzofuran-1-one (3a) in an 86%
yield. Similarly, o-iodobenzoate reacts
with 2a to give 3a, but in a lower yield

CCH,CHO; 2h, 4-C(H;CH,CHO:; 2i,
4-CICH,CHO; 2j, 4-CF;C¢H,CHO;
2k, CH;(CH,)sCHO; 21, CH;(CH,),-
CHO) also underwent cyclization with
o-bromobenzoate (1b) producing the
corresponding phthalide derivatives in
moderate to excellent yields and with
high chemoselectivity. Like 1b, methyl
2-bromo-4,5-dimethoxybenzoate (1c)

Hong-Tai Chang, and Chien-Hong Cheng*'*!

reacts with tolualdehyde (2b) to give
the corresponding substituted phthalide
3m in a 71% yield. The methodology
can be further applied to the synthesis
of six-membered lactones. The reaction
of methyl 2-(2-bromophenyl)acetate
(1d) with benzaldehyde under similar
reaction conditions afforded six-mem-
bered lactone 30 in a 68% yield. A

(50%). A series of substituted aromat-
ic and aliphatic aldehydes (2b, 4-
MeCH,CHO; 2¢, 4-MeOC¢H,CHO;
2d, 3-MeOCH,CHO; 2¢, 2-MeOC,H,-
CHO; 2, 4-CNC¢H,CHO; 2g, 4-(Me);-

zation -

Introduction

Phthalides (isobenzofuranones) are five-membered lactones
found in plants. These species possess several important
properties, such as fungicidal,"? bactericidal,”” herbicidal,”
and analgesic activities.”! In addition, phthalide derivatives
are useful in the treatment of circulatory and heart-related
diseases. In spite of their numerous valuable functions,
there are only a few efficient metal-mediated reactions
known for the synthesis of phthalides.”™!

Cowell and Stille reported a cyclocarbonylation™ of o-io-
dobenzyl alcohols catalyzed by palladium complexes,”
whereas Larock et al. reported a two-step process involving
an ortho-thallation of o-iodobenzyl alcohols and a palladi-
um-catalyzed cyclocarbonylation of the thallated intermedi-
ate (Scheme 1).°! A palladium-catalyzed carbonylative cycli-
zation of o-bromobenzaldehyde in the presence of nucleo-
philes at very high CO pressure to give phthalide derivatives
was also reported.”! In all these reactions, CO gas was em-

[a] Dr. D. K. Rayabarapu, H.-T. Chang, Prof. C.-H. Cheng
Department of Chemistry, Tsing Hua University
Hsinchu 300 (Taiwan)
Fax: (+886)3-5724698
E-mail: chcheng@mx.nthu.edu.tw
Supporting information for this article is available on the WWW
under http://www.chemeurj.org/ or from the author.
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possible catalytic mechanism for this
cyclization is also proposed.

X O
Pd cat., CO gas
oH — ©

X=1,TI"

Scheme 1. Palladium-catalyzed cyclocarbonylation reaction.

ployed as a one-carbon source. Recently, the use of ortho-
halobenzenes as reagents for the synthesis of five-, six-, and
seven-membered carbocycles!""'? or heterocycles!™ cata-
lyzed by metal complexes has attracted great attention. Our
interest in the nickel-catalyzed™ cyclization reactions led us
to investigate the reaction of o-halobenzoates with alde-
hydes in the presence of nickel complexes. Herein, we wish
to report a novel, highly chemoselective cyclization of o-halo-
benzoates with aldehydes catalyzed by nickel complexes to
afford phthalides. This new cyclization reaction provides a
convenient method for the synthesis of various substituted
phthalides in a one-pot reaction, with good to excellent
yields from easily available starting materials.

Results and Discussion

The reaction of 2-iodobenzoate (la) with benzaldehyde
(2a) in THF in the presence of [NiBr,(dppe)] (dppe: bis(di-
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phenylphosphino)ethane) and zinc powder (24 hours, reflux
temperature), afforded substituted phthalide 3a in a 50%
yield (Scheme 2 and Table 2 later). Under similar conditions,
the reaction of 2-bromobenzoate (1b) with 2a also gave 3a,
but in a much higher yield (86%). Product 3a was fully

R‘
R X NBrWLyzn R
+ R'-CHO W o]
R CO,CH, el e
1 2 3 ©
1aR=H,X=1 2aR' = CH, 2g R' = 4-(Me),CCeH,
1bR=H,X=Br 2bR'=4-MeC,H, 2hR'=4-CH,CH, PPh
2

1R =0CH; X=Br 3cR'=4-MeOC,H, 2i R'=4-CICiH, L= [
2d R'= 3-MeOC¢H, 2j R'=4-CF,CH, PPh,
2e R'=2-MeOC4H, 2k R'=CH,(CH,)s
2f R'=4-CNC4H, 2| R"=CH,(CH,),

Scheme 2. Nickel-catalyzed cyclization reaction to produce phthalides.

characterized by its spectral data. A common byproduct is
(0-PhCOOMe),, from the reductive homocoupling of 1a or
1b. The presence of this byproduct is much lower for bro-
mobenzoate 1b than for the iodo analogue 1a.

To understand the nature of the present catalytic reaction,
the effects of catalyst and solvent on the reaction of 1b with
2a were examined, and the results are summarized in
Table 1. Nickel complexes with monodentate phosphine li-

Table 1. Effects of ligands and solvent on the cyclization reaction of
o-bromobenzoate (1b) with benzaldehyde (2a).

Entry Catalyst Solvent Yield [%]®
1 THF 0
2 [ iCl,(PPh;),] THF trace
3 [NiBr,(PPhs),] THF trace
4 [NiBr,(PPh,Me),] THF trace
5 [NiBr,(bipy)] THF 0
6 [NiBr,(dppm)] THF 72
7 [NiBr,(dppe)] THF 91
8 [NiBr,(dppp)] THF 79
9 [NiBr,(dppb)] THF 58
10 [NiCly(dppe)] THF 67
11 [Nil,(dppe)] THF 71
12 [NiBr,(dppe)] CH,Cl, 0
13 [NiBr,(dppe)] diethyl ether trace
14 [NiBr,(dppe)] DMF trace
15 [NiBr,(dppe)] toluene 43
16 [NiBr,(dppe)] dioxane 38
17 [NiBr,(dppe)] ethyl acetate 70
18 [NiBr,(dppe)] CH,;CN 42
19 [Pd(dba),] THF 0
20 [PdCl,(dppe)] THF 0

[a] Unless stated otherwise, all reactions were carried out by using a Ni
catalyst (0.0500 mmol), Zn (2.75mmol), 1b (1.50 mmol), and 2a
(1.00 mmol) in a solvent (2.0 mL) at reflux temperature for 24 h under
N,; [b] Yields were determined by 'H NMR analysis with mesitylene as
the internal standard.

gands, such as [NiCL(PPh;),], [NiBr,(PPh;),], and
[NiBr,(PPh,Me),], afforded a trace of 3a. No product was
observed when [NiBr,(bipy)] (bipy=2,2"-bipyridine) was
used. Complexes containing bidentate phosphine ligands,

2992
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such as [NiBr,(dppm)], [NiBr,(dppp)], [NiBr,(dppb)],
[NiCl,(dppe)]. and [Nil,(dppe)], afforded 3a in 72, 79, 58,
67, and 71% yields, respectively. [NiBr,(dppe)] appears
to be the best catalyst for this cyclization reaction, afford-
ing 3a in an 86 % yield. The catalytic reaction also depends
greatly on the solvent employed: no reaction occurred in
CH,CI, and both diethyl ether and DMF afforded only a
trace of product, whereas, CH;CN, toluene, dioxane, and
ethyl acetate afforded 3a in moderate yields. THF was
found to be the solvent of choice when using [NiBr,(dppe)]
as the catalyst. Surprisingly, palladium complexes appear be
totally ineffective for this cylization. No product was ob-
served for the reaction of 1a/1b with 2a in the presence of
[Pd(dba),]/Zn (dba=trans,trans-dibenzylideneacetone) or
[PACL(dppe)]/Zn under similar reaction conditions.

Similar to the reaction with benzaldehyde, the cyclization
of 1a with tolualdehyde (2b) and anisaldehyde (2¢), gave
lactonization products 3b and 3¢ in low yields (48 and
~0%, respectively). The product yield improves greatly by
using bromobenzoate as the substrate. Thus, 1b reacts with
2b and 2c¢ affording 3b and 3¢ in 91 and 92 % yields, respec-
tively (Table 2 entries 4, 6). The lactonization of 1b was suc-
cessfully extended to other aldehydes. Treating 1b with m-
and o-anisaldehyde (2d, 2e) afforded the corresponding lac-
tones 3d and 3e in 81 and 86 % yields, respectively. The re-
action of 4-(tert-butyl)benzaldehyde and 4-phenylbenzalde-
hyde with 1b produced 3g and 3h in excellent yields
(Table 2 entries 10, 11). Similarly, the reaction of 1b with 4-
cyanobenzaldehyde (2f), 4-chlorobenzaldehyde (2i), and 4-
(trifluoromethyl)benzaldehye (2j) afforded lactones 3f, 3i,
and 3j in 80, 61, and 88 % yields, respectively, with excellent
chemoselectivity (Table 2 entries 9, 12, 13). Under similar
conditions, dialdehyde 2m reacted smoothly with 1b to give
diphthalide derivative 3n in a 52% yield (Scheme 3). Inter-
estingly, a single isomer was apparent by 'H and *C NMR,

CC - OO e
+
CO,CH, CHO O o0 O O

o o
1b 2m 3n (52%)

Scheme 3. Synthesis of a diphthalide derivative.

and single-crystal X-ray analysis of a recrystallized sample
illustrated the meso stereochemistry. The cyclization reac-
tion can also be applied to aliphatic aldehydes, although in
lower yields (entries 14, 15). The present cyclization method
was extended to methoxy-substituted bromoester (1c),
which, when treated with 2b under standard conditions, pro-
duced phthalide 3m in a 71 % yield (entry 16). Overall, the
cyclization reaction tolerates a variety of functional groups,
such as alkyl, cyano, methoxy, and chloro, on the aromatic
ring of aldehydes. The product yield is much less sensitive to
the substituent on the aldehyde for 2-bromobenzoate than
for 2-iodobenzoate.
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Table 2. Results of the nickel-catalyzed cyclization of o-haloesters with aldehydes.

R
Entry RDi

R'-CHO
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Yield™
[%]
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(2a)
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4-MeOC¢H, (2¢)

29

3-MeOCH, (2d)

2-MeOCH, (2e)

4-CNCH, (2f)
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w
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W
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Unexpectedly, the reaction of
methyl 2-(2-bromophenyl)ace-
tate (1d) with 2a produced six-
membered lactone 30 consist-
ing of Z and E isomers in a
ratio of about 1:3.3 (Scheme 4).
The product is evidently from
two molecules of aldehyde 2a
and one molecule of 1d. Con-
densation of the o-methylene
group of 1d or the subsequent
intermediate with 2a during the
reaction explains the formation
of 3o.

On the basis of the above ob-
servations and the known or-
ganometallic chemistry of nickel,
a catalytic cycle is proposed as
shown in Scheme 5. Reduction
of nickel(im) to nickel(0) by
using zinc powder™ is likely to
initiate the catalytic reaction.
Oxidative addition of aryl
iodide to the nickel(0) species
yields the nickel(m) intermedi-
ate 4. Coordination of an alde-
hyde molecule to the nickel
center, followed by insertion
into the nickel-carbon bond, af-
fords nickel-alkoxide inter-
mediate 6. Attack of the coor-
dinated alkoxy group at the
ester moiety of 6 gives the final
phthalide derivative 3 and nick-
el(n. The latter is reduced by
zinc powder to regenerate the
active nickel(0) species.

A possible reason for the en-
hanced catalytic activity of bi-
dentate phosphine ligands com-
pared with those that are mono-
dentate is the formation of
catalytic intermediates 4 and §
with cis structures. The cis ar-
rangement facilitates insertion
of the coordinated aldehyde
into the nickel-carbon bond in
5 to give intermediate 6. For a
nickel catalyst with monoden-
tate ligands, such as triphenyl-
phosphine, the oxidative addi-
tion of aryl halide to nickel(0)
generally gives trans-
[NiL(Ar)X] because of steric
repulsion of the two bulky
phosphine ligands. The substitu-
ents of the trans structure are
inappropriately positioned for
aryl migration to the carbonyl
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Table 2. (Continued)

palladium intermediate is much

RI:[X
Entry R COMe

slower than with nickel, and so

R'-CHO Product Yield® does not afford a lactonization
[%] product.
R X R!
onclusion

15 H Br 1b CH;(CH,), (21) 0 31 24 c u
© CHs In conclusion, we have demon-
O strated that nickel complexes
16 OCH, Br 1e (2b) CHO am 7 e.ffectlvely catalyze the cych;a-
O o) tion of o-bromobenzoate with
CHsO 0 aldehydes to afford phthalide

[a] Reactions were carried out using the aldehyde (1.0 mmol), organic halide (1.50 mmol), [NiBr,(dppe)]
(0.050 mmol, 5.0 mol%), and Zn (2.75 mmol) in THF (2.0 mL) at reflux temperature for 24 h under N,;

[b] Isolated yields were based on the aldehyde used.

Ph
Br . (o}
+ PhCHO [NiBr,(dppe))/Zn
CO,CH, THF, reflux | (o)
Ph™ H
1d 2a 30 (68%)
Scheme 4. Synthesis of a six-membered lactone.
Q
Oi:@ <P~Ni,Br Zn
R H P OMe
3 B ZnBr(OMe)
OMe
(P-NicO Coni
p-Nivg Br
6, RH @ifo
OMe
MeOZCQ *
=
Py ( NS
pNo H P Br
Y MeO™ S0
5 R 4
gr~ RCHO

Scheme 5. Possible mechanism for the nickel-catalyzed cyclization reac-
tion.

carbon of the coordinated aldehyde, thus, greatly reducing
the yield of the product.

Unlike the present nickel-catalyzed cyclization reaction,
the reaction using palladium complexes as catalysts fails to
give the desired lactone product, but instead affords only
the homocoupling product (o-(C,H,)CO,Me),. The differ-
ence in catalytic behavior can be attributed to the fact that
nickel complexes are generally more labile than palladium
species; thus, the substitution of a halide ligand by an alde-
hyde and the subsequent insertion into the corresponding
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derivatives in excellent yields
and with high chemoselectivity
under mild conditions. This new
reaction provides a remarkable
methodology for the construc-
tion of phthalide cores in a one-pot reaction. We are now
working to explore the full scope of this new catalytic reac-
tion, including an asymmetric version.

Experimental Section

All reactions were conducted under a nitrogen atmosphere on a dual-
manifold Schlenk line by using purified deoxygenated solvents and stan-
dard inert-atmosphere techniques, unless stated otherwise. Reagents and
chemicals were used as purchased, without further purification.
[NiBr,(dppe)] was synthesized according to a reported procedure.!"!

General procedure for the cyclization of 2-bromobenzoates (1) with alde-
hydes (2): A round-bottomed side-arm flask (25 mL) fitted with a reflux
condenser containing [NiBr,(dppe)] (0.050 mmol, 5.0 mol%) and zinc
powder (2.75 mmol) was evacuated and purged with nitrogen gas three
times. Freshly distilled THF (2.0 mL), o-bromobenzoate (1.50 mmol),
and aldehyde (1.00 mmol) were sequentially added to the system, and
the reaction mixture was stirred under reflux conditions for 24 h. The re-
action mixture was cooled to RT, diluted with dichloromethane, and then
stirred in air for 15 min. The mixture was filtered through a short Celite
and silica-gel pad, and washed with dichloromethane several times. The
filtrate was concentrated, and the residue purified on a silica-gel column
by using hexanes/ethyl acetate as the eluent, to afford cyclization product
3.

Spectral data for all new compounds

3-Phenyl-3H-isobenzofuran-1-one (3a): '"H NMR (400 MHz, CDCl,): 6=
7.96 (d, J=7.6 Hz, 1H), 7.65 (t, J=7.6 Hz, 1H), 7.55 (t, J=6.4 Hz, 1H),
7.39-7.32 (m, 6H), 6.40 ppm (s, 1H); *C NMR (100 MHz, CDCl,): 6=
170.48 (s, C=0), 149.65 (s), 136.40 (s), 134.29 (d), 129.33 (d), 129.27 (d),
128.95 (d), 128.44 (s), 126.94 (d), 125.84 (d), 122.83 (d), 82.68 ppm (d);
HRMS: m/z calcd for C;H;,O,: 210.0681; found: 210.0683.
3-(4-Methylphenyl)-3H-isobenzofuran-1-one (3b): 'H NMR (400 MHz,
CDClL): 6=7.96 (d, J=6.4Hz, 1H), 7.63 (t, J=7.6 Hz, 1H), 7.57 (t, J=
72 Hz, 1H), 7.31 (d, /J=6.8 Hz, 1H), 7.20-7.14 (m, 4H), 6.38 (s, 1H),
2.35ppm (s, 3H); C NMR (100 MHz, CDCl;): 6=170.54 (s, C=0),
149.77 (s), 139.28 (s), 134.23 (d), 133.36 (s), 129.59 (d), 129.24 (d), 127.01
(d), 125.66 (s), 125.52 (d), 122.82 (d), 82.73 (d), 21.18 ppm (q); HRMS:
m/z calcd for C;sH,,0,: 224.0837; found: 224.0831.
3-(4-Methoxyphenyl)-3H-isobenzofuran-1-one (3c): "H NMR (400 MHz,
CDCLy): 6=7.93 (d, J=7.6 Hz, 1H), 7.63 (t, J=72Hz, 1H), 7.53 (t, J=
72 Hz, 1H), 7.29 (d, J=7.6 Hz, 1H), 7.15 (t, J=8.8 Hz, 2H), 6.87 (d, /=
8.8 Hz, 2H), 6.35 (s, 1H), 3.78ppm (s, 3H); *C NMR (100 MHz,
CDClL,): 6=170.48 (s, C=0), 160.37 (s), 149.71 (s), 134.18 (d), 129.24 (d),
128.73(d), 128.24 (s), 125.88 (s), 125.51 (d), 122.88 (d), 114.27 (d), 82.67
(d), 5527 ppm (q); HRMS: m/z caled for C;sH,0,: 240.0786; found:
240.0790.
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3-(3-Methoxyphenyl)-3H-isobenzofuran-1-one (3d): 'H NMR (400 MHz,
CDCly): =791 (d, J=7.6 Hz, 1H), 7.62 (t, J=7.6 Hz, 1H), 7.51 (t, J=
7.2 Hz, 1H), 7.32 (d, J=7.6 Hz, 1H), 7.26 (t, J=7.2 Hz, 1H), 6.88-6.84
(m, 2H), 6.76 (s, 1H), 6.34 (s, 1H), 3.73ppm (s, 3H); *C NMR
(100 MHz, CDCl,): 6=170.42 (s, C=0), 159.91 (s), 149.51 (s), 137.85 (s),
134.26 (d), 129.98(d), 129.28 (d), 125.51 (d), 125.34 (s), 122.76 (d), 118.99
(d), 114.52 (d), 112.32 (d), 82.42 (d), 55.21 ppm (q); HRMS: m/z calcd
for C;sH;,0,: 240.0786; found: 240.0783.

3-(2-Methoxyphenyl)-3H-isobenzofuran-1-one (3e): 'H NMR (400 MHz,
CDCly): 6=7.93 (d, J=7.2Hz, 1H), 7.60 (t, J=6.4Hz, 1H), 7.52 (t, J=
7.2 Hz, 1H), 744 (d, J=7.6 Hz, 1H), 7.31 (t, /=72 Hz, 1H), 7.08 (d, /=
7.6 Hz, 1H), 6.96 (d, /=84 Hz, 1H), 6.90 (t, J=7.6 Hz, 1H), 6.85 (s,
1H), 3.90 ppm (s, 3H); *C NMR (100 MHz, CDCl,): 6 =170.93 (s, C=0),
156.95 (s), 150.34 (s), 134.06 (d), 130.08 (d), 128.93 (d), 126.82 (d), 125.57
(s), 125.33 (d), 124.94 (s), 122.87 (d), 120.78 (d), 110.94 (d), 78.01 (d),
5553 ppm (q); HRMS: m/z caled for C;sH;,0,: 240.0786; found:
240.0781.

4-(3-0Ox0-1,3-dihydro-1-isobenzofuranyl)benzonitrile (3f): 'H NMR
(400 MHz, CDCly): 6=7.94 (d, J=7.6 Hz, 1H), 7.67-7.63 (m, 3H), 7.56
(t, J=72Hz, 1H), 741 (d, J=8.0Hz, 2H), 7.31 (d, /=7.6 Hz, 1H),
6.41 ppm (s, 1H); C NMR (100 MHz, CDCL,): 6=170.00 (s, C=0),
148.47 (s), 141.62 (s), 134.67 (d), 132.79 (d), 129.86 (d), 127.31 (d), 125.98
(d), 125.08 (s), 122.58 (d), 118.07 (s), 113.13 (s), 81.18 ppm (d); HRMS:
m/z caled for C;sHyO,N: 235.0633; found: 235.0633.
3-[4-(tert-Butyl)phenyl]-3H-isobenzofuran-1-one 3g): 'H NMR
(400 MHz, CDCl3): 6=7.94 (d, /=8.0Hz, 1H), 7.62 (t, J=7.6 Hz, 1H),
7.54 (t, J=6.8 Hz, 1H), 7.54 (t, J=7.2 Hz, 1H), 7.38 (d, J=7.6 Hz, 2H),
7.35 (d, J=7.6 Hz, 1H), 7.18 (d, J=8.4 Hz, 2H), 6.38 (s, 1H), 1.27 ppm
(s, 9H); *C NMR (100 MHz, CDCl,): 6=170.51 (s, C=0), 152.41 (s),
149.67 (s), 134.17 (d), 133.25 (s), 129.20 (d), 126.78 (d), 125.85 (d), 125.69
(s), 125.51 (d), 122.91 (d), 82.63 (d), 34.61 (s), 31.16 ppm (q); HRMS:
mlz caled for C;gH,;30,: 266.1307; found: 266.1312.
3-Biphenyl-4-yl-3H-isobenzofuran-1-one (3h): 'H NMR (400 MHz,
CDCLy): =797 (d, J=7.2Hz, 1H), 7.65 (t, J=7.2Hz, 1H), 7.59-7.54
(m, 5H), 742 (t, J=7.6 Hz, 2H), 7.38-7.32 (m, 4H), 6.44 ppm (s, 1H);
3C NMR (100 MHz, CDCl;): 6=170.70 (s, C=0), 149.85 (s), 142.56 (s),
140.51 (s), 135.56 (s), 134.59(d), 129.64 (d), 129.09 (d), 127.93 (d), 127.70
(d), 127.36 (d), 125.93 (d), 123.13 (d), 114.46 (d), 82.72 ppm (d); HRMS:
m/z caled for C,yH40,: 286.0994; found: 286.0992.
3-(4-Chlorophenyl)-3H-isobenzofuran-1-one (3i): 'H NMR (400 MHz,
CDCly): 6=7.97 (d, J=7.6 Hz, 1H), 7.66 (t, J=7.2 Hz, 1H), 7.57 (t, J=
7.2 Hz, 1H), 7.35 (d, /=7.6 Hz, 2H), 7.31 (d, /J=7.6 Hz, 2H), 7.21 (d, /=
7.6 Hz 1H), 6.37 ppm (s, 1H); *C NMR (100 MHz, CDCL;): 6 =170.44 (s,
C=0), 149.44 (s), 135.55 (s), 135.21 (s), 134.69 (d), 129.81 (d), 129.46 (s),
128.58 (s), 126.02 (d), 125.76 (s), 112.98 (d), 82.08 ppm (d); HRMS: m/z
caled for C,H,ClO,: 244.0291; found: 244.0286.
3-(4-Trifluoromethylphenyl)-3H-isobenzofuran-1-one  (3j): 'H NMR
(400 MHz, CDCly): 6=7.97 (d, J=7.2 Hz, 1H), 7.68-7.63 (m, 2H), 7.57
(t, J=72Hz, 1H), 741 (d, J=8.0Hz, 2H), 7.32 (d, /=7.6 Hz, 2H),
6.43 ppm (s, 1H); *C NMR (100 MHz, CDClL): 6=170.06 (s, C=0),
148.89 (s), 140.47 (s), 134.53 (d), 131.01 (s), 129.65(d), 127.04 (d), 125.91
(d), 125.75 (d), 125.04 (s), 122.65 (d), 81.44 ppm (d); HRMS: m/z calcd
for C;sHyF;0,: 278.0555; found: 278.0564.
3-Hexyl-3H-isobenzofuran-1-one (3k): '"H NMR (400 MHz, CDCLy): 6=
7.88 (d, J=7.6 Hz, 1H), 7.65 (t, J=7.6 Hz, 1H), 7.50 (t, J=7.6 Hz, 1H),
7.41 (d, J=17.6 Hz, 1H), 5.45 (dd, /=8.0, J=4.0 Hz, 1H), 2.04-1.95 (m,
1H), 1.69-1.72 (m, 1H), 1.49-1.40 (m, 2H), 1.38-1.30 (m, 4H), 1.29-1.23
(m, 2H), 0.85 ppm (t, /=5.2 Hz, 3H); *C NMR (100 MHz, CDCl,): 6 =
170.68 (s, C=0), 150.13 (s), 133.89 (d), 128.99 (d), 126.15 (s), 125.69 (d),
121.68 (d), 81.44 (d), 34.74 (t), 31.56 (t), 28.97 (t), 24.75 (t), 22.49 (t),
14.00 ppm (q); HRMS: m/z caled for C,H;O,: 218.1307; found:
218.1302.

3-Propyl-3H-isobenzofuran-1-one (31): '"H NMR (400 MHz, CDCl,): 0=
7.87 (d, J=7.6 Hz, 1H), 7.65 (t, J=7.6 Hz, 1H), 7.50 (t, J=7.2 Hz, 1H),
7.41 (d, J=7.2 Hz, 1H), 5.46 (dd, J=8.0, 4.0 Hz, 1 H), 2.01-1.95 (m, 1H),
1.77-1.68 (m, 1H), 1.56-1.35 (m, 2H), 0.92 ppm (t, J=7.6 Hz, 3H); *C
NMR (100 MHz, CDCl;): 6=170.86 (s, C=0), 150.36 (s), 133.11 (d),
129.21 (d), 126.39 (s), 125.91 (d), 121.91 (d), 81.47 (d), 34.07 (t), 18.44 (1),
13.99 ppm (q); HRMS: m/z caled for C;H;,0,: 176.0837; found:
176.0845.
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5,6-Dimethoxy-3-(4-methylphenyl)-3H-isobenzofuran-1-one  (3m): 'H
NMR (400 MHz, CDCl;): 6=7.30 (s, 1H), 7.15 (d, /=8.0 Hz, 1H), 7.10
(d, J=8.0 Hz, 1H), 6.64 (s, 1H), 6.22 (s, 1H), 3.92 (s, 3H), 3.84 (s, 3H),
231 ppm (s, 3H); *C NMR (100 MHz, CDCl,): 6=21.4 (q), 56.5 (q),
82.5 (d), 104.2 (d), 106.0 (d), 117.9 (s), 127.4 (d), 129.8 (d), 133.8 (s),
139.5 (s), 144.5 (s), 150.8 (s), 155.2 (s), 171.0 ppm (s, C=0); HRMS: m/z
caled for C;H;0,: 284.1049; found: 284.1045.

1,2-Diphthalidylbenzene (3n): 'H NMR (400 MHz, CDCL;): 6=7.69 (d,
J=72Hz, 2H), 7.69 (t, J=7.6 Hz, 2H), 7.56 (t, J=8.0 Hz, 2H), 7.46 (d,
J=17.6Hz, 2H), 7.37 (dd, J=6.0, 2.0 Hz, 2H), 7.19 (dd, J=6.0, 2.0 Hz,
2H), 6.39 ppm (s, 2H); *C NMR (100 MHz, CDCl;): 6 =170.00 (s, C=0),
149.21 (s), 134.87 (d), 134.66 (s), 129.89 (d), 129.68 (d), 129.76 (d), 125.46
(s), 123.05 (d), 80.08 ppm (d); HRMS: m/z caled for C,,H;,0,: 342.0892;
found: 342.0882.

1-Phenyl-4-[ (E)-1-phenylmethylidene]-3,4-dihydro-1H-3-isochromenone
(30): 'H NMR (500 MHz, CDCly): 6=7.76 (s, 1 H), 7.45-7.32 (m, 9H),
7.30-7.27 (m, 2H), 7.24 (t, J=7.0 Hz, 1H), 7.14 (td, J=7.5, 1.0 Hz, 1H),
7.03 (d, /=8.0Hz, 1H), 641 ppm (s, 1H); HRMS: m/z caled for
Cy,H,40,: 312.1150; found: 312.1154.
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The Role of Binding Constants in the Efficiency of Chiral Catalysts
Immobilized by Electrostatic Interactions: The Case of Azabis(oxazoline)-

Copper Complexes

José M. Fraile,””! José I. Garcia,™! Clara I. Herrerias,” José A. Mayoral,**]
Oliver Reiser,*™ Antonio Socuéllamos,” and Heiko Werner™

Abstract: As shown by theoretical calculations, azabis(oxazoline)-copper com-
plexes are considerably more stable than the analogous bis(oxazoline)-copper

complexes. This enhanced stability allows them to be efficiently immobilized by
means of electrostatic interactions to different anionic supports, such as clays and
nafion-silica nanocomposites, without the loss of a ligand, as is observed for bi-
s(oxazolines). As a result, enantioselectivities of around 90 % ee are obtained in

Keywords: cyclopropanation
enantioselectivity - heterogeneous
catalysts - immobilized catalysts -
N ligands

the cyclopropanation reaction between styrene and ethyl diazoacetate. Moreover,

the solid catalyst is easily recoverable.

Introduction

Asymmetric heterogeneous catalysts!!! are very attractive
because they have inherently practical advantages over ho-
mogeneous catalysts, and because the resultant product
enantioselectivities are at the levels required in the pharma-
ceutical or agrochemical industry. One of the most widely
used methods to prepare asymmetric heterogeneous cata-
lysts is to immobilize the homogeneous counterpart on a
solid support.? Although the attachment of a ligand to a
support by covalent bond formation is the most widely used
method of immobilization,>¥ on many occasions the syn-
thetic steps required prove to be difficult. Furthermore,
binding the ligand covalently to the support may modify the
conformational preferences of the catalytic complex, and
thereby lead to changes in enantioselectivity.[*! Alternatively,
immobilization can be achieved by electrostatic interaction,
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although in spite of its simplicity, this method is not often
used.?

In asymmetric catalysis the binding constant of the com-
plex formed between the chiral ligand and the metal precur-
sor is generally not considered. Nevertheless, a weak com-
plex may lead to the presence of free metal precursor, and
consequently, non-enantioselective catalytic centres. In a ho-
mogeneous phase this limitation is frequently overcome by
adding an excess of chiral ligand. However, in a heterogene-
ous phase the situation is not so simple because of the phe-
nomenon of site isolation. Consequently, it is very difficult
to produce a local excess of chiral ligand on the solid. On
the other hand, it is possible to add the chiral ligand to the
liquid phase, but this strategy eliminates most of the advan-
tages of immobilization. As a result of this problem it is
much easier to find efficient chiral heterogeneous catalysts
for ligand-accelerated reactions.”! Thus, a high binding con-
stant is more important in heterogeneous than in homogene-
ous asymmetric catalysis, and the best ligand in solution
may not be the best one in a heterogeneous phase. Herein
we illustrate this reasoning using bis(oxazoline)- and azabi-
s(oxazoline)—copper complexes that have been immobilized
by electrostatic interactions onto anionic supports.

In our work on the immobilization of bis(oxazoline)—
copper complexes by electrostatic interactions, we have
found that clays and nafion-based solids”! are suitable sup-
ports,® but their efficiency depends on the nature of the
chiral bis(oxazoline) ligand. These divergences come from
the different binding constants of the bis(oxazoline)-copper
complexes. For example, with 2,2'-isopropylidenebis[(4S)-4-
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tert-butyl-4,5-dihydro-1,3-oxazole] (1a) the corresponding
copper complex cannot be efficiently immobilized, and most
of the chiral ligand is lost during the cationic-exchange proc-
ess. Only when an excess of ligand is used in the reaction
medium are high enantioselectivities obtained in the cyclo-

N b: R =iPr
R R c:R=Ph R

|
iﬁ} a:R=Bu go/TNTﬁ

propanation! of styrene with ethyl diazoacetate.” Unfortu-
nately, the ligand is lost during the washing of the catalyst.

The use of a catalyst in which the metal is more tightly
bound to the chiral ligand should overcome this problem.
Azabis(oxazolines)!! 2 that contain an electron-donating
amino group in the central bridge were envisioned to be
more electron-rich ligands than bis(oxazolines) that have a
methylene group as the bridging element of the two oxazo-
line units.

In the current paper we confirm our hypotheses through
theoretical calculations, as well as by experimental data ob-
tained from the electrostatic immobilization of azabis(oxa-
zoline)-copper complexes to different supports and the use
of the resultant immobilized catalysts in the asymmetric cy-
clopropanation reaction between styrene and ethyl diazoa-
cetate.

Results and Discussion

Relative stability of bis(oxazoline)- and azabis(oxazoline)-
copper complexes: To confirm the hypothesis that copper(1)
ions have a higher affinity for azabis(oxazoline) ligands than
bis(oxazoline) ligands, we tried to determine the binding
constants for both types of complexes by UV and microca-
lorimetric measurements. However, several practical prob-
lems in the course of our experiments did not allow us to
obtain meaningful results. Fortunately, theoretical calcula-
tions can give an accurate estimation of relative equilibrium
constant values. Initially, the Cu" complexes of bis(oxazo-
lines) were considered as these complexes are used in the
exchange process for the preparation of immobilized cata-
lysts, in which ligand loss has been observed. However, two
main problems arise with the theoretical calculations of such
species. First, the interaction between a doubly charged
cation that has a highly localized positive charge and a
ligand will be greatly overestimated in a gas-phase calcula-
tion, particularly, as in solution this is not as pronounced.
The second complication arises from the open-shell charac-
ter of Cu" complexes that have one unpaired electron, as
this may lead to spin contamination and self-consistent field
(SCF) convergence problems. In fact, when the Cu" com-
plexes were considered in geometrical optimizations at the
UHF/6-31G(d) level, serious problems of convergence, both
in the SCF wavefunction and in the geometrical parameters,
were encountered.
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Therefore, we turned our efforts towards the Cu' com-
plexes, which have only one positive charge, and because of
their closed-shell electronic structure, do not contain any un-
paired electrons. Although this does not truly reflect the sit-
uation present in the exchange process, it should be noted
that the Cu' complex is actually the true catalytic species."”
Moreover, it is also the species that is present when the loss
of a chiral ligand occurs by competitive coordination of by-
products. Thus, the higher affinity of the Cu' complex
should be reflected in the attainment of higher enantioselec-
tivities when the catalyst is applied in multiple cycles. More-
over, as problems were not observed with the convergence
of the theoretical calculations for the Cu' complexes investi-
gated, we will only discuss the results obtained for these.

To estimate the binding affinity of each ligand to cop-
per(1) ions, the following equilibrium was considered [Eq.

D]
la + 2a-Cu' =1a-Cu' + 2a (1)

Initially, full geometrical optimizations of both the 1a-Cu'
and 2a-Cu' complexes at the Hartree-Fock (HF) level and
a 6-31G(d) basis set [HF/6-31G(d)] were carried out. Some
geometrical features of the Cu' complexes are shown in
Figure 1, and their energies are summarized in Table 1. Al-

Figure 1. HF/6-31G(d) structures of the 1a-Cu' and 2a-Cu' complexes
(some hydrogen atoms have been omitted for clarity).

though Hartree—Fock theory does not account for correla-
tion energy, the equilibrium considered [Eq. (1)] represents
an isodesmic process. Therefore, relative energies calculated
at the HF level are expected to be reasonably accurate.['”]
From a geometrical point of view, both complexes are
very similar. Thus, the N—Cu distances are almost the same
for both compounds (1.99 A). The azabis(oxazoline) com-
plex is slightly unsymmetrical because of the conformation
of the methyl group in the methylamine bridge, while the
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Table 1. Results of theoretical calculations for the equilibria between bis(oxazoline) and azabis(oxazoline)—copper(1) complexes in the presence and ab-

sence of a Cu coordinated ethylene molecule.

Theoretical level

Energy of the species (Hartrees)

AE [kcalmol ]

1 2-Cu' 1-Cu' 2
HF/6-31G(d) —919.853477 —2535.346509 —2558.380100 —896.811063 +5.5
IPCM/HF/6-31G(d) —919.857294 —2535.393826 —2558.426551 —896.811500 +6.0
B3LYP/6-31G(d) —925.827030 —2542.684486 —2565.956341 —902.549634 +3.5
IPCM/B3LYP/6-31G(d) —925.830096 —2542.730153 —2566.001154 —902.552750 +4.0
1 2-Cu'-C,H, 1-Cu'-C,H, 2
HF/6-31G(d) —919.853477 —2613.404706 —2636.434460 —896.811063 +79
IPCM/HF/6-31G(d) —919.857294 —2613.450238 —2636.480074 —896.811500 +7.8
B3LYP/6-31G(d) —925.827030 —2621.323431 —2644.594131 —902.549634 +4.2
IPCM/B3LYP/6-31G(d) —925.830096 —2621.368062 —2644.638507 —902.552750 +43

N—Cu—N angle is somewhat open in the bis(oxazoline) com-
plex. The latter undoubtedly arises because of the smaller
C2-C-C2" angle (116.3°) in comparison to the C2-N-C2'
angle (123.6°), although it should be kept in mind that both
chelate complexes are almost completely planar.

The calculated energy variation for this equilibrium is
5.5 kcalmol . This suggests that the azabis(oxazoline)-Cu'
complex is more stable, and thus, confirms our initial hy-
pothesis. However, calculations carried out in a vacuum may
not necessarily represent the behaviour observed in solution.
Therefore, polarity solvent effects were taken into account
using the isodensity polarizable surface continuum method
(TPCM)™ and the dielectric constant of dichloromethane
(¢=8.9), which was the solvent used in the cyclopropanation
reaction. The results (Table 1) show that solvation of analo-
gous species on either side of the equilibrium is very similar.
The solvation energy calculated for the bis(oxazoline) 1a
and azabis(oxazoline) 2a ligands was 2.4 and 2.5 kcalmol !,
respectively. On the other hand, the solvation energy of the
corresponding copper complexes was determined to be 29.1
and 29.7 kcalmol™', respectively, as is expected for charged
species. As a consequence, the calculated energy of the equi-
librium in solution (6.0 kcalmol ') was found to be very sim-
ilar to that determined in a vacuum.

Since Hartree-Fock calculations do not account for elec-
tronic correlation energy, a density functional theory (DFT)
method was then used on the B3LYP/6-31G(d) basis set
both in a vacuum and in dichloromethane.!'"! As can be seen
(Table 1), the calculated energies of 3.5 and 4.0 kcalmol ™
for the equilibria in vacuum and solution, respectively, are
slightly lower than those obtained by the HF method. How-
ever, the general conclusion from analysis of both methods
is the same, namely that the binding constant is not effected
greatly by solvation and that it is clearly higher for the aza-
bis(oxazoline)-copper complex than for the analogous bi-
s(oxazoline)-copper complex.

To obtain a deeper insight into the origin of the differen-
tial coordination ability of both kinds of ligands, we carried
out a natural bond orbital (NBO) analysis on each of the
Cu' complexes at the HF/6-31G(d) level. From first analysis,
the coordination preference of the azabis(oxazoline) ligand
could be ascribed to the electron-donating ability of the
bridging nitrogen atom, which would cause the oxazoline ni-
trogen atoms to have an enhanced electron-donor character.

Chem. Eur. J. 2004, 10, 2997 —3005 www.chemeurj.org
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However, to our surprise, the second-order perturbation
energy calculations revealed that the interaction between
the empty d orbital of the Cu atom and the lone pairs of the
oxazoline nitrogen atoms are actually stronger in the bis(ox-
azoline) 1a ligand (29.5 kcalmol™ for the 1a-Cu' complex
in comparison to 28.7 kcalmol™ for the 2a-Cu' complex).
Similarly, charge transfer from the ligand to the Cu atom is
marginally greater for the bis(oxazoline) ligand (0.040 elec-
tron for the 1a—Cu' complex in comparison to 0.032 electron
for the 2a-Cu' complex), and therefore, indicates that the
azabis(oxazoline) ligand does not have a more electron-do-
nating ability.

The electronic effect of the bridging nitrogen atom is no-
ticeable on the atomic charges of the oxazoline nitrogen
atoms. Thus, natural population analysis (NPA) shows that
the net atomic charges of the oxazoline nitrogen atoms are
—0.705 electron for the 1a—Cu' complex and —0.747 electron
for the 2a-Cu' complex. Figure 2 shows the calculated mo-
lecular electrostatic potentials for both complexes, and as
can be seen, the negative charge (light gray zone encircled

2a-Cu!

Figure 2. Molecular electrostatic potential maps of the 1a-Cu' and 2a—
Cu' complexes. Dark gray indicates positive zones, while light gray indi-
cates negative zones. The negative zone around the coordinating nitrogen
atom is encircled.
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and marked by a white arrow in Figure 2) is more concen-
trated on the oxazoline nitrogen atoms in the 2a—Cu' com-
plex. From these results, it can be proposed that the differ-
ent coordinating ability of ligand 2a over ligand 1a possibly
arises from an enhanced electrostatic interaction between
the Cu cation and the ligand.

To corroborate this explanation, a natural energy decom-
position analysis (NEDA)™! was carried out on both com-
plexes. This analysis evaluates the interaction energy be-
tween the Cu' center and the ligand by breaking it up into
several terms. Thus, in agreement with previous analyses the
charge-transfer term was found to be more important
(—88.4 kcalmol™') for ligand 1a than for ligand 2a
(—85.1 kcalmol™). On the other hand, the reverse is true
for the electrostatic term (—141.2 kcalmol™! for the 1a—Cu'
complex in comparison to —143.5 kcalmol " for the 2a-Cu'
complex). Overall, the interaction energy is higher for the
2a—Cu' complex than for the 1a-C-u' complex (—80.2 and
—78.1 kcalmol ™!, respectively). This is in agreement with
previous calculations.

A question that concerns the model compounds used for
this theoretical study arises. As already mentioned, " the
Cu' complexes considered are fourteen-electron complexes,
and consequently, are probably not the true catalytic inter-
mediates. Therefore, to test the correctness of the conclu-
sions reached, we repeated the calculations using the initial
complex in the catalytic cycle, namely the ligand-Cu'-olefin
complex. To this end, we considered the following equilibri-
um [Eq. (2)].

la + 2a—Cu'—ethylene = 1a—Cu'—cthylene + 2a (2)

The same theoretical levels considered in the former
study were also used for these compounds. In particular, full
geometrical optimizations at the Hartree—Fock level using
the 6-31G(d) basis set and single-point energy calculations
at the B3LYP/6-31G(d), IPCM/HF/6-31G(d), and IPCM/
B3LYP/6-31G(d) theoretical levels were undertaken. Some
geometrical features of the Cu' complexes are shown in
Figure 3 and their energies are summarized in Table 1.

The same trends observed previously are also reproduced
for these complexes. In particular, the equilibrium is shifted
to the left, and indicates a preferential coordination of the
azabis(oxazoline) 1a ligand over the corresponding bis(oxa-
zoline) 2a ligand. Moreover, the energy differences are even
greater than those calculated for Equation (1).

The NBO analyses also agreed with the former observa-
tions, and NPA revealed that the coordinating nitrogen
atoms are more negatively charged in the 2a—Cu'-ethylene
complex (—0.827 electron) than in the 1a—-Cu'-ethylene
complex (—0.774 electron). This indicates that the bridging
nitrogen atom does have an electron-donating role. In con-
trast, the Cu atom was found to have an almost identical
charge in both complexes (0.982 electron in the 2a—Cu'-eth-
ylene complex and 0.981 electron in the 1a-Cu'-ethylene
complex). Moreover, the occupancy of the empty Cu orbital
implicated in the N—Cu charge transfer is also very similar
for both complexes (0.128 electron in the 2a-Cu'-ethylene
complex and 0.126 electron in the 1a-Cu'-ethylene com-

3000
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2a-Cu'-ethylene

Figure 3. HF/6-31G(d) structures of the 1a—Cu'-ethylene and 2a-Cu'-
ethylene complexes (some hydrogen atoms have been omitted for clari-

ty).

plex). Finally, the NEDA results showed that the charge-
transfer term is more important for the 2a-Cu'-ethylene
complex (—111.9 kcalmol™') than for the 1a—Cu'-ethylene
complex (—110.3 kcalmol™"), but that above all, the electro-
static term is much more important for the former
(—1483 kcalmol™!) than the latter (—142.6 kcalmol™).
Overall, the calculated interaction energy is stronger for the
2a-Cu'-ethylene complex (—96.0 kcalmol™' in comparison
to —92.5 kcalmol ™! for the 1a—Cu'-ethylene complex). This
is in agreement with previous calculations.

In summary, azabis(oxazoline)-Cu' complexes are more
stable than the analogous bis(oxazoline)-Cu' complexes be-
cause of the presence of stronger electrostatic metal-ligand
interactions in the former. These in turn result from the
electron-donating ability of the bridging nitrogen atom. This
fact has important consequences for the electrostatic immo-
bilization of these complexes, since overall the Cu atom
keeps most of its positive charge, and hence can establish an
efficient interaction with the negatively-charged support.

Control of enantioselectivity by competitive ligand complex-
ation: In principle, the higher metal-ligand affinity the less
Lewis acidic the complex, and consequently, the less active
the catalyst. On the other hand, a weakly binding ligand
might not sufficiently activate a metal for catalysis. To
obtain reliable kinetic data for copper(1)-catalyzed diazoace-
tate cyclopropanations is problematic because the reaction
greatly depends upon the slow addition of reagent in order
to attain a low concentration of diazoacetate. Therefore, to
gain insight into the relative activities of bis(oxazoline) 1

www.chemeurj.org  Chem. Eur. J. 2004, 10, 2997 -3005
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and azabis(oxazoline) 2 copper complexes, we conducted a
series of competition experiments (Table 2) in which cop-
per(1)-catalyzed cyclopropanations in homogeneous solution
were carried out in the presence of mixtures of 1a/2b and
1b/2a, respectively. Since the tert-butyl-substituted ligands

Table 2. Cu'-catalyzed cyclopropanations in the presence of bis(oxazoline) 1 and/or azabis(oxazoline) 2

viously described,™!! but an alternative method was necessa-
ry to prepare ligand 2¢ (Scheme 1). (S)-2-Amino-4-phenyl-
4,5-dihydro-1,3-oxazole (5) and (S)-2-ethoxy-4-phenyl-4,5-
dihydro-1,3-oxazole (7), which are readily prepared from
(S)-phenylglycinol, were condensed in the presence of p-tol-
uenesulfonic acid (p-TSA) to
give 8. Subsequent methylation
of 8 yielded azabis(oxazoline)

ligands.?!
2¢, and the copper(n) com-
e RA"\? S/ plexes were then prepared in
Ph (Ry3 COOEt  Ph oa COOEt dichloromethane using equimo-
+ (Sy lecular amounts of Cu(OTf),
N,CHCOOEt s R R AS and either chiral ligands 1 or 2.
00 Pﬁ; Two different types of sup-
Ph (R)-4 Et (Sy-4 COOEt port were used, namely a syn-
thetic clay (laponite) and a
Entry Ligand1  Ligand2 (1 + 2)/Cul®  Yield [%] 349 eeof 3 [%]  eeof d[%] afion-like material prepared
1&] 1a - 1.1 77 73:27 99 97 by grafting (HO);Si(CH,);-
i b . L1 n.d. 69:31 49 4 (CF,),0(CF,),SO:K onto silical!”

- a 22 82 73:27 85 75 . L. . o

4 _ 2b 29 85 62:38 56 0 (Figure 4). Similar nafion-silica
5 1a 2b 5.0 23 89:11 54 41 hybrid materials have demon-
6 1b 2a 22 73 62:38 77 67 strated to be excellent for im-
7 1a b 22 76 66:34 61 47 mobilization of the 1¢-Cu"

[a] Reaction conditions: diazoester (1 mmol) in CH,Cl, (7 mL), styrene (3 mmol) in CH,Cl, (3 mL), Cu(OTf),
(0.01 mmol, 1 mol %), room temperature. [b] Equimolar amounts of 1 and 2 were used. [c] Determined by GC
using a DB 1301 column. [d] Determined by GC using a CP-Chiralsil DEX CB. [e] Taken from reference [18],

five equivalents of styrene were used.

la and 2a give substantially OH
higher enantioselectivities than

NH,

their isopropyl-substituted NaCN
counterparts 1b and 2b, analy- Ph Ph
sis of the enantioselectivities NaOEt

obtained with mixtures of 1a/ (Et0).CO

2b and 1b/2a should shed light o
on the dominant ligand in the O\|//
catalysis under investigation. NH

Indeed, reactions performed py ¢ Ph
in the presence of both bis(oxa-
zoline) 1 and azabis(oxazoline)
2 ligands clearly seem to be do-
minated by the Ilatter. The
enantioselectivities obtained (entries 5-7, Table 2) closely
resemble the values observed when azabis(oxazoline) 2
ligands are used alone (entries 3 and 4, Table 2). Since for-
mation of the Cu—carbene intermediate, which constitutes
the rate-limiting step of the cyclopropanation,® is very fast,
the reaction is probably not under Curtin~-Hammett condi-
tions. As a result, the reaction preferably takes place
through the most stable complex rather than being depend-
ent upon the relative activity of the complexes present in
equilibrium. In turn, we can conclude that azabis(oxazoline)
2 appears to have a higher binding affinity to copper than
bis(oxazoline) 1.

BF5 OFEt,

- =

Exchange of Cu" complexes: The higher stability of azabox—
Cu complexes prompted us to immobilize them onto anionic
solid supports using the general methodology described in
previous papers.” Ligands 2a and 2b were prepared as pre-

Chem. Eur. J. 2004, 10, 2997 —3005 www.chemeurj.org
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complex,”! but have the disad-
vantage of low functionaliza-
tion. The new solid used in the

1)

BulLi
Mel

H
. o-_N o]
p-TSA &T TJ
N N
Ph Ph
8

OEt

7

Scheme 1. Synthesis of N,N-bis[(4S)-4-phenyl-4,5-dihydro-1,3-oxazol-2-ylJmethylamine (2¢).

R) 8\ FF R F

I3[ Ocsi o

%o SOsK
FFFF

Figure 4. Structure of the nafion-silica support.

current investigations greatly improved the cationic-ex-
change capacity and decreased the apparent molecular
weight of the immobilized complex, thereby making it much
more practical to use. The exchange was carried out in
methanol, and the solids were thoroughly washed and then
dried under vacuum. The presence of the complexes was
confirmed by elemental analysis and IR spectroscopy. For
the laponite-based solids the copper content was in the
range of 0.1-0.2 mmolg™!, and as shown by the XRD pat-
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tern of oriented samples, expansion was not observed in the
basal spacing. These results show that 2-Cu" complexes are
mostly exchanged on the external surface of the clay. Typical
copper contents for the nafion-silica solids were in the
range 0.25-0.35 mmolg .

The prepared solids were then tested in the benchmark
cyclopropanation reaction of styrene and ethyl diazoacetate.
The reagents were used in equimolecular amounts to allow
the results to be compared with those obtained for the anal-
ogous solids prepared from bis(oxazoline) 1. The same
amount of catalyst was used each time, but depending on
the copper loading of the catalyst, had a range between 0.3
and 1%. The results for both types of ligands are summar-
ized in Table 3. When laponite was used as the support, tert-

Table 3. Results obtained for the Cu"-catalyzed cyclopropanation reactions.*!

copper(1) has for azabis(oxazoline) 2 in comparison to bi-
s(oxazoline) 1.

Bis(oxazoline) 1a, which contains tert-butyl groups, was
not the only compound that displayed problems in the cati-
onic exchange. Ligand 1b, which contains isopropyl groups,
showed the same limitations and afforded very poor enan-
tioselectivities even on a laponite support. In confirmation
of the general premise that azabis(oxazoline)-Cu complexes
are more stable, the catalysts prepared with ligand 2b on
either laponite or nafion-silica supports gave rise to enantio-
selectivities that were in good agreement with the results
obtained in homogenous solution.

In contrast to the bis(oxazoline) ligands that bear
branched alkyl groups, the phenyl-substituted ligand 1¢ did

not display stability problems
either in cationic exchange onto
the solid supports or in biphasic

/= R_A{? S/AS systems in which ionic liquids
Ph PR COOEt  Ph COOEt were used.!" Therefore, the
. (R)-3 (8-3 phenyl-substituted azabis(oxa-
N,CHCOOEt ii zoline) 2¢ was prepared and
S R R S .
S, tested for comparative purpos-
Ph COOEt  Ph COOEt es. Once again, azabis(oxazo-
(R)-4 (S)y-4 . o
line) 2¢ gave significantly
Ligand Support Run Yield [%] trans/cis % ee trans % ee cis  better yields and selectivities
1a Laponite 1 36 64:36 69 64 than bis(oxazoline) 1c. As ex-
' 2 35 58:42 43 37 pected, the enantioselectivities
2a Laponite 1 46 71:29 83 76 for both 1¢ and 2¢ were very
2 45 71:29 81 74 ..
1a Nafionsilica 1 37 60:40 18 16 similar, and were close to those
2a Nafion-silica 1 30! 68:32 33 81 obtained in  homogeneous
2 210! 66:34 84 77 phase.
1b Laponite 1 31 51:49 5 13 From these results it can be
2b Laponite 1 39 62:38 54 43 .
) % 6238 53 0 concluded that, in general,
2b Nafion-silica 1 31 63:37 55 47 higher yields and selectivities
2 24 63:37 55 47 are obtained with azabis(oxazo-
1c Laponite 1 28 61:39 49 24 line) catalysts that have been
2¢ Laponite 1 49 64:36 51 38

immobilized onto solid supports

[a] Reaction conditions: styrene (5 mmol), ethyl diazoacetate (5 mmol, slowly added in two portions), catalyst
(150 mg), CH,Cl, (5 mL), room temperature. Yield and selectivities were determined by gas chromatography
(methyl silicone and cyclodex-B columns). 3R and 4R are the major isomers. [b] Heating at 50°C for some mi-

nutes was necessary to reduce the Cu" ions to Cu' ions.

butyl-substituted bis(oxazoline) 1a, which was found to be
the most selective ligand for the asymmetric cyclopropana-
tion of styrene in homogeneous phases,'¥ afforded moder-
ate results (up to 69 % ee compared to 99% ee in homoge-
nous solution). On the other hand, the analogous azabis(ox-
azoline) 2a performed considerably better. Besides giving
rise to higher yields and improved trans/cis selectivity, the
major frans-cyclopropane (R)-3 was obtained in 83 % ee.
The difference between the two ligands was even more pro-
nounced when nafion-silica was used as the support. In this
case, bis(oxazoline) 1a gave very poor enantioselectivities
(<18% ee) because of ligand loss during the exchange proc-
ess, whereas azabis(oxazoline) 2a gave an ee (88%) very
close to the value described in homogeneous phase
(91% ee).l"l In agreement with our theoretical calculations,
these results clearly demonstrate the higher affinity that

3002
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than with the corresponding bis-
(oxazoline) catalysts. However,
when the copper(1r) complex of
azabis(oxazoline) 2a was immo-
bilized onto nafion-silica, the
mixture had to be heated at
50°C for some time in order for a reaction to occur. This
problem arises because the Cu" ions must firstly be reduced
to the Cu' cation as this is actually the active species in the
cyclopropanation reaction.>'l Once the copper is reduced,
the cyclopropanation reaction is fast at room temperature.
As a result of these observations, we decided to use cop-
per(1) complexes directly in the exchange process.

Exchange of Cu' complexes: In our initial studies on electro-
static immobilization copper(i) complexes had been tested,
but no apparent advantages over the copper(i) species had
been observed.!! Furthermore, copper(1) salts and complexes
are less stable in air and are prone to disproportionate; this
makes their handling more difficult. However, the difficul-
ties encountered with the in situ reduction of the nafion-
silica immobilized 2a-Cu" complex made the direct immo-
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bilization of a copper(1) complex of 2a desirable. Initially,
synthesis of the complex using CuCl as the copper(1) source
and the exchange process were conducted under an atmos-
phere of argon. Surprisingly, although the resultant solid
was accidentally exposed to air, excellent results were still
obtained and indicated that it was possible to prepare im-
mobilized copper(i) complexes without the use of an inert
atmosphere. Thus, CuCl complexes of 2a were prepared and
then exchanged in the same way as the complexes obtained
from Cu(OTf),. The results for the subsequent cyclopropa-
nation reactions using these catalysts are summarized in
Table 4.

Table 4. Results obtained for the Cu'-catalyzed cyclopropanation reactions. !

= ’?-A{? S/AS
Ph Ph COOEt Ph
(R)-3 (S)-3
+ _—
N,CHCOOEt s/ \r

r/\s

moval of these byproducts should improve catalyst perform-
ance, and protocols to overcome this kind of limitation are
currently under development.

Conclusion

The affinity of a metal towards ligands that act as chiral pro-
moters plays a crucial role in the electrostatic immobiliza-
tion of chiral catalysts. Theoretical calculations indicate that
azabis(oxazoline)-copper complexes are significantly more
stable than the analogous bis(oxazoline)—copper complexes,
and that this is the case because
electrostatic metal-ligand inter-
actions make much more im-
portant contributions in the
former. This hypothesis was
corroborated by the efficient
electrostatic immobilization of
the 2a-Cu' complex, and by its

COOEt

Ph (R4 COOEt  Ph (S COOEt successful application in the

asymmetric cyclopropanation of

Ligand Support Run Yield [%)] trans/cis % ee trans % ee cis styrene in contrast to the results

2a Laponite 1 40 69:31 81 58 obtained with the analogous bi-

s Nafionail i 2‘0* 22 1;7‘ S(l) 22 s(oxazoline) catalyst 1a-Cu'.

a ahon—stiica 5 2 0337 % o1 The correct choice of support

3 35 63:37 40 35 and copper precursor, namely

2b Laponite 1 49 57:43 54 51 the use of nafion-like supported

2 35 55:45 54 51 species on silica and CuCl,

2b Nafion-silica 1 33 63:37 54 46 leads to results that are compa-
2 25 62:38 53 45

rable to the optimized results

[a] Reaction conditions: styrene (5 mmol), ethyl diazoacetate (5 mmol, slowly added in two portions), catalyst
(150 mg), CH,Cl, (5 mL), room temperature. Yield and selectivities were determined by gas chromatography
(methyl silicone and cyclodex-B columns). (R)-3 and (R)-4 are the major isomers.

Only minor changes were observed for the catalysts ob-
tained from ligand 2b and CuCl in comparison to the analo-
gous catalysts obtained from Cu(OTf),, and which are sub-
sequently reduced during the reaction. Yields were slightly
higher for the Cu' complexes, as was the enantioselectivity
obtained for the cis isomers. The results obtained for the
2a—copper(1) complex depended upon the support used.
Slightly lower yields and enantioselectivities were obtained
when laponite was used, and the catalyst became less effi-
cient upon recovery. However, on a nafion-silica support,
the use of Cu' complexes was completely, if only slightly, ad-
vantageous. The reaction takes place at room temperature
in 60% yield and 90% ee for the trans isomer, and only
one equivalent of styrene is required. Moreover, the catalyst
can be efficiently re-used once after recovery, whereby the
same enantioselectivities are obtained. Unfortunately, in a
third run a substantial loss of enantioselectivity was detect-
ed. We attributed this catalyst deactivation to the formation
of byproducts such as diethyl maleate and its polymers,
which are formed from the undesired dimerization and oli-
gomerization of diazoacetate. These in turn are able to form
copper complexes that act as non-chiral active sites for the
cyclopropanation reaction. Consequently, suppression or re-

Chem. Eur. J. 2004, 10, 2997 —3005 www.chemeurj.org
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obtained in the homogeneous
phase (up to 90% ee)."! Al-
though partial loss of enantiose-
lectivity in the third cycle as a
result of competitive ligand de-
complexation was observed, the results show that efficient
heterogeneous catalysts can be prepared by electrostatic im-
mobilization when the binding constant of the chiral com-
plex is high enough so as to make the complex stable against
the cationic-exchange process.

Experimental Section

Theoretical calculations: Full geometrical optimizations at the HF/6-
31G(d) theoretical level were carried out for the Cu' complexes of 2,2'-
isopropylidenebis[(4S)-4-tert-butyl-4,5-dihydro-1,3-oxazole] and N,N-
bis[(4S)-4-tert-butyl-4,5-dihydro-1,3-oxazol-2-yl|methylamine, both in the
presence and absence of a Cu coordinated ethylene molecule, as well as
for different conformations of the free ligands. On the basis of these geo-
metries, single-point energy calculations through the B3LYP hybrid func-
tional were carried out using the same basis set and a DFT method.?”
Solvation effects through single-point energy calculations were also taken
into account, both at the Hartree-Fock and DFT levels, using the IPCM
continuum model." These calculations were named IPCM/HF/6-31G(d)
and IPCM/B3LYP/6-31G(d). All the calculations were carried out with
the Gaussian 98 package."

NBO calculations were carried out on the basis of the HF/6-31G(d)
wavefunctions using the NBO 5.0 program®! as implemented in the
NWChem package.®
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Molecular electrostatic potential plots were generated with the
Titan 1.0.5 program®! by single-point calculations at the HF/LACVP*
level using the geometries previously optimized at the HF/6-31G(d)
level. The LACVP* basis set uses the standard split-valence double-§ 6-
31G(d) basis set for the light elements, and a Hay—Wadt pseudopotential
for Cu.”!

Synthesis of N,N-bis[(45)-4-phenyl-4,5-dihydro-1,3-0xazol-2-ylJmethyl-
amine (2¢)

(S)-2-Amino-4-phenyl-4,5-dihydro-1,3-oxazole (5): Sodium cyanide
(5.72 g, 33 mmol) was added in small portions to a solution of bromine
(5.27 g, 33 mmol) in methanol (40 mL) at 0°C. A solution of (S)-phenyl-
glycinol (4.11 g, 30 mmol) in methanol (7 mL) was then added and the
mixture was stirred for 1 h. After treatment with ammonia (15 mL, 25%
w/w), most of the solvent was evaporated under reduced pressure. The
residue was dissolved in NaOH (20 %) and was then extracted with ethyl
acetate (4x40mL). The combined organic phases were dried with
MgSO,, the solvent was evaporated under reduced pressure, and the re-
maining phenylglycinol was removed by kugelrohr distillation (60°C,
0.01 Torr). Yield: 90%; '"HNMR (CDCly): 6=7.29 (m, 5H), 5.12 (brs,
2H), 5.07 (dd, /=7.4 and 9.1 Hz, 1H), 4.59 (dd, /J=7.8 and 9.1 Hz, 1H),
402 ppm (dd, J=7.4 and 7.8Hz, 1H); "CNMR (CDCl,): 6=162.0,
143.6, 128.5, 127.2, 126.3, 75.1, 67.4 ppm.
(S)-4-Phenyl-4,5-dihydro-1,3-oxazol-2-one (6): Sodium (153 g,
66.8 mmol) was slowly added to anhydrous ethanol (147 mL), and after it
was completely dissolved, a solution of (§)-phenylglycinol (10.89 g,
66.74 mmol) in anhydrous ethanol (100 mL) was added followed by di-
ethyl carbonate (8.65 g, 73.3 mmol). The mixture was heated under reflux
for 15 h, then it was cooled and concentrated under vacuum. The residue
was dissolved in CH,Cl, (196 mL) and the solution was washed with satu-
rated NH,Cl (98 mL). The aqueous phase was then further extracted
with CH,Cl, (2x98 mL), the combined organic phases were dried with
Na,SO,, and the solvent was evaporated under reduced pressure. The
product was purified by crystallization from diethyl ether. Yield: 9.26 g
(85%); 'HNMR (CDCly): §=7.34 (m, 5H), 6.53 (brs, 1H), 4.95 (dd, J=
7.0 and 8.6 Hz, 1H), 4.71 (t, J=8.6 Hz, 1H), 4.15 ppm (dd, /J=7.0 and
8.6 Hz, 1H); C NMR (CDCly): 6=160.0, 139.5, 129.1, 128.6, 125.9, 72.4,
56.3 ppm.

(S)-2-Ethoxy-4-phenyl-4,5-dihydro-1,3-oxazole (7): A solution of ethyl-
oxonium trifluoroborate (6.05g, 31.9 mmol) in anhydrous CH,Cl,
(50 mL) was added dropwise to a solution of (S)-4-phenyl-4,5-dihydro-
1,3-oxazol-2-one (4 g, 24.5 mmol) in anhydrous CH,Cl, (50 mL) at 0°C
under an atmosphere of argon. The reaction was stirred at room temper-
ature overnight and then it was slowly poured over a cold, saturated
Na,COj; solution (100 mL). The organic phase was separated and the
aqueous phase was extracted with CH,Cl, (3 x25 mL). The combined or-
ganic phases were dried with MgSO,, and the solvent was evaporated
under reduced pressure to give the product as a yellow oil. Yield: 97 %;
'"HNMR (CDCl;): =731 (m, 5H), 5.13 (dd, J=7.6 and 9.5 Hz, 1H),
4.72 (dd, J=8.2 and 9.5 Hz, 1H), 437 (c, J=7.1 Hz, 2H), 4.17 (dd, /=7.6
and 82 Hz, 1H), 1.39 ppm (t, J=7.1 Hz, 3H); "CNMR (CDCl,): =
163.8, 142.8, 128.7, 127.6, 126.4, 75.6, 67.1, 66.9, 14.4 ppm.

N,N-Bis[ (4S5)-4-phenyl-4,5-dihydro-1,3-oxazol-2-ylJamine (8): A small
amount of p-toluensulfonic acid was added to a solution of (§)-2-amino-
4-phenyl-4,5-dihydro-1,3-oxazole (0.972 g, 6.0 mmol) and (§)-2-ethoxy-4-
phenyl-4,5-dihydro-1,3-oxazole (0.955 g, 5.0 mmol) in anhydrous toluene
under an atmosphere of argon, and the mixture was heated at 50°C for
24 h. The solvent was evaporated under reduced pressure and the crude
product was purified by chromatography on silica to yield 8 as an oil.
Crystals of 8 were obtained by recrystallization from acetone. Yield:
537mg (35%); R;=0.17 (ethyl acetete/hexanes 9:1); m.p. 198-201°C;
[a]¥=+475.8 (c=1.0 in CHCl); 'HNMR (300 MHz, CDCl;): 6=7.39-
7.25 (m, 10H), 5.13 (dd, J=7.3 and 9.3 Hz, 2H), 4.72 (dd, /=8.6 and
9.3 Hz, 2H), 4.18 ppm (dd, /=7.3 and 8.6 Hz, 2H); “C NMR (CDCl,):
0=1664, 141.3, 128.9, 128.2, 126.4, 73.6, 63.1 ppm; MS (CL, NH;): m/z:
308.3 [M+H]*; elemental analysis caled (%) for C;sH;;O,N5: C 70.34, H
5.58, N 13.67; found: C 70.36, H 5.49, N 13.63.

N,N-Bis[ (45)-4-phenyl-4,5-dihydro-1,3-0xazol-2-yl Jmethylamine (2¢):
nBuLi (344 uL, 1.5 N in hexane, 0.52 mmol) was added to a solution of
N,N-bis[(4S)-4-phenyl-4,5-dihydro-1,3-oxazol-2-yl]Jamine (154 mg,
0.5 mmol) in anhydrous THF (5 mL) at —78°C under an atmosphere of

3004 —— © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

argon. After 20 min, methyl iodide (156 pL, 2.5 mmol) was added to the
resultant red solution, and the reaction mixture was stirred at room tem-
perature for 10 h. The solvent was then evaporated under reduced pres-
sure, the residue was dissolved in CH,Cl, (5 mL), and the organic phase
was washed with saturated NaHCO; solution (5 mL). The aqueous phase
was further extracted with CH,Cl, (3x5mL), the combined organic
phase was dried with MgSO,, and the solvent was evaporated under re-
duced pressure to give N,N-bis[(4S)-4-phenyl-4,5-dihydro-1,3-oxazol-2-
ylJmethylamine in quantitative yield. M.p. 60-62°C; [a]¥=—61.4 (c=1.0
in CH,ClL); '"HNMR (CDCl,): 6=7.39-7.25 (m, 10H), 5.20 (dd, J=7.5
and 9.3 Hz, 2H), 4.79 (dd, /=84 and 9.3 Hz, 2H), 4.25 (dd, J=7.5 and
8.4 Hz, 2H), 3.52 ppm (s, 3H); *C NMR (CDCl;): 0=158.9, 142.5, 128.6,
127.5, 126.5, 76.3, 67.4, 37.3 ppm; MS (70 eV, EI): m/z (%): 320.8 (100)
[M]*; HRMS calcd for C,yH;,0,N;: 321.1475; found: 321.1477.
Laponite-immobilized catalysts: Laponite (375mg) was dried under
vacuum for 24 h prior to use. The chiral ligand (0.11 mmol) and the
copper precursor (Cu(OTf), or CuCl, 0.11 mmol) were dissolved in a
minimum amount of anhydrous CH,Cl, under an atmosphere of argon,
the resultant solution was stirred for 15 min and was then filtered
through a PTFE microfilter. The solvent was evaporated under vacuum,
the complex was redissolved in methanol (4 mL), laponite was added,
and the suspension was stirred for 24 h at room temperature. The solid
was filtered off, washed with methanol (10 mL) and CH,Cl, (20 mL), and
was then dried under vacuum for 24 h.

Nafion-silica immobilized catalysts: The sodium form of the support was
prepared by passing a 2m NaCl solution through a column of the acidic
form until the pH was neutral. The sodium form was then washed with
deionized water and dried under vacuum at 140°C for 4 h prior to use.
The complex (0.19 mmol) was prepared in CH,Cl, as previously descri-
bed. Nafion-silica (475 mg) was added to a solution of the complex in
methanol, and the suspension was stirred for 24 h at room temperature.
The resultant solid was filtered, washed, and dried as previously descri-
bed.

Characterization of the catalysts: Copper analyses were carried out by
plasma-emission spectroscopy on a Perkin-Elmer Plasma 40 emission
spectrometer. Elemental analyses were carried out on a Perkin-Elmer
2400 elemental analyzer. Step-scanned X-ray diffraction patterns of ori-
ented samples were collected at room temperature from 3° in 26 up to
60° using a D-max Rigaku system that contains a rotating anode. The dif-
fractometer was operated at 40 kV and 80 mA, and the Cuy, radiation
was selected using a graphite monochromator. Transmission FTIR spec-
tra of self-supported wafers evacuated (< 10~* Torr) at 50°C were taken
with a Mattson Genesis Series FTIR.

Cyclopropanation reactions: The solid catalyst (150 mg) was added to a
solution of styrene (520 mg, 5 mmol) and n-decane (100 mg, internal
standard) in anhydrous CH,Cl, (5 mL). A solution of ethyl diazoacetate
(290 mg, 2.5 mmol) in anhydrous CH,Cl, (0.5 mL) was then slowly added
(2 h) to the reaction mixture with a syringe pump, and the reaction was
monitored by GC."! After complete conversion of diazoacetate, a second
portion was slowly added in the same manner. After the reaction was
complete (typically 24 h), the catalyst was filtered off and washed with
CH,Cl, (5mL), and a third portion of diazoacetate was then added to
this solution to confirm the loss of catalytic activity. The solid was subse-
quently washed with CH,Cl,, dried under vacuum, and reused under the
same conditions.
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Highly Efficient Biocatalytic Resolution of cis- and frans-3-Aminoindan-1-ol:
Syntheses of Enantiopure Orthogonally Protected cis- and tfrans-Indane-1,3-

diamine

Moénica Lépez-Garcia, Ignacio Alfonso, and Vicente Gotor*!"

Abstract: The efficient chemoenzymat-
ic synthesis of enantiopure 1,3-difunc-
tionalized indane derivatives has been
achieved. The corresponding cis and
trans N-protected amino alcohols were
successfully resolved by acetylation

compounds was subsequently shown by
the preparation of orthogonally pro-
tected cis- and trans-indane-1,3-dia-
mine using a Mitsunobu reaction. Both
enantiomers of the frans isomer and a
desymmetrized cis diastereomer were

prepared in enantiopure form. Com-
plete inversion of configuration during
the Mitsunobu reaction was demon-
strated by a combination of NMR tech-
niques and molecular modeling. The
utility and versatility of the strategy

using lipase B, which is a biocatalyst
isolated from Candida antarctica. All
the possible isomers were obtained in
very good chemical yields and ee
values (>99%). The utility of these

Introduction

Biocatalytic processes have been demonstrated to be a pow-
erful tool for the preparation of chiral synthons in organic
synthesis.!" Simple enzymatic resolution of racemic mix-
tures,” sequential kinetic resolution,”! parallel kinetic reso-
lution,” dynamic kinetic resolution,”] asymmetric redox
processes,® and desymmetrization of prochiral substrates!”’
have been used for the efficient and practical preparation of
enantiopure drugs and chemicals. Moreover, enzymes often
display high chemo- and stereoselectivities under mild reac-
tion conditions; this enhances the value of these catalysts
for modern organic chemistry.

In efforts devoted to explore new biotransformations that
have subsequent synthetic applications, we became interest-
ed in 1,3-disubstituted substrates. The efficient enzymatic
resolution of 1,2-amino alcohols® and 1,2-diamines”>¢! has
previously been accomplished in our group. In spite of the
potential applications of 1,3-optically active compounds,
they have received much less attention, especially in the
field of biocatalytic processes.”) One of the most interesting

[a] M. Lépez-Garcia, Dr. I. Alfonso, Prof. V. Gotor
Departamento de Quimica Orgénica e Inorgdnica
Facultad de Quimica, Universidad de Oviedo
Oviedo (Spain)
E-mail: vgs@sauron.quimica.uniovi.es
Supporting information for this article is available on the WWW
under http://www.chemeurj.org/ or from the author.
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was also demonstrated by the selective
deprotection of each nitrogen atom

g under mild reaction conditions.
synthesis

structures from this family is the 1,3-disubstituted indane
core, as this moiety is present in some HIV protease inhibi-
tors,' in drugs used for cocaine abuse treatment,"!! as well
as in polyamine derivatives used against neurodegenerative
diseases.'”! In addition, both optically active amino alcohols

Ph
H OH H QH
>‘/O\H/N _ N,,. \OH
(o] ~ph (6]
HIV-1 protease inhibitor
R1
N-R? NHR!
0
NHR?

Neuroprotective agents

o

Cl

Cocaine abuse
treatment

and diamines have possible interesting applications in asym-
metric synthesis and in the design of new ligands for asym-
metric catalysts."® Amino alcohol derivatives have been
used to resolve acids because of the ability of their corre-
sponding crystalline diastereomeric salts to form [(-sheet-
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like structures.™ Similarly, diamines constitute synthetic
precursors for optically active polyamines and azamacrocy-
cles.™ As a result, we have been interested in the develop-
ment of chemoenzymatic syntheses of new enantiopure dia-
mines that then could have potential applications in all
these fields. Moreover, it has emerged that the isomers of
indane-1,3-diamine are interesting but as yet unexploited
building blocks. Unfortunately, access to both enantiomers
of these types of molecules still remains a difficult task.
Indeed, only one paper describes the resolution of 3-amino-
indan-1-ol isomers.'Yl Several diastereomeric salt recrystalli-
zations using a chiral acid were needed to resolve the trans
isomer, and this was only achieved in poor yields, while tedi-
ous chiral HPLC separation yielded only enantioenriched
rather than the enantiopure cis diastereomer, also in poor
final yields.

On the basis of these facts, we embarked on the prepara-
tion of a number of different enantiopure 1,3-disubstituted
indane synthons in which all possible relative stereochemis-
tries were accounted for. To achieve this goal, we used a
combination of both biocatalytic and nonenzymatic process-
es. In this way, all the enantiomers of cis- and trans-3-amino-
indan-1-ol and cis- and trans-indane-1,3-diamine were ob-
tained in enantiopure form. Our synthetic strategy afforded
orthogonally protected diamines, which then allowed each
nitrogen atom to be selectively deprotected. In addition, we
will describe the unsymmetrical preparation of an enantio-
pure derivative of cis-indane-1,3-diamine that would be a
meso compound if it were symmetrically substituted.

Results

Enzymatic resolution of (&)-frans- and (= )-cis-3-(N-benzyl-
oxycarbonyl)aminoindan-1-ol: We built the 1,3-disubstituted
indane moiety from commercially available racemic 3-
amino-3-phenylpropanoic acid. Conventional acetylation of

Abstract in Spanish: Se ha conseguido la eficiente sintesis
quimioenzimdtica de indanos 1,3-difuncionalizados enantio-
puros. Los correspondientes cis y trans aminoalcoholes N-
protegidos se resuelven mediante acetilacion usando la lipa-
sa B de Candida antarctica como biocatalizador. Asi se ob-
tienen todos los posibles isomeros de forma enantiopura y
con muy buenos rendimientos. La utilidad de estos compues-
tos se muestra mediante la preparaciéon de la cis y trans
indano-1,3-diamina ortogonalmente protegidas, a través de
una reaccion de Mitsunobu. Para el isémero trans, ambos
enantiomeros pueden ser preparados de forma enantiopura.
En el caso del diastereoisémero cis, también se obtiene el co-
rrespondiente compuesto desimetrizado enantioméricamente
puro. La inversion total de la configuracion durante la reac-
cion de Mitsunobu se demuestra mediante la combinacion de
técnicas de RMN y modelizacion molecular. La utilidad y
versatilidad de la estrategia finalmente se pone de manifiesto
con la desproteccion selectiva de cada dtomo de nitrégeno en
condiciones suaves de reaccion.

Chem. Eur. J. 2004, 10, 3006—3014 www.chemeurj.org
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the amino group and transformation of the carboxylic acid
group into the acyl chloride followed by in situ intramolecu-
lar Friedel-Craft acylation of the aromatic ring afforded (N-
acetyl)-3-aminoindan-1-one (1) in 76% overall yield
(Scheme 1).1 Standard deprotection of the acetamide

H,N
. NHAC
coH ' o [ﬂ

o
1
l i
NHZ NH, - HCI
@Q ii-iv (:Q
s
OH o
(+)-cis-3 : (+)-trans-3 2

1:3
Scheme 1. Reagents and conditions: i) Ref. [14]; ii) HCl; iii) NaBH,,
MeOH; iv) CbzCl, Na,CO;.

yielded aminoketone 2, which was isolated as its hydrochlo-
ride salt. Borohydride reduction of 2 gave the corresponding
amino alcohols, which were subsequently transformed in
situ into their benzyl carbamate derivatives for easier isola-
tion and manipulation (92% combined overall yield). The
diastereomeric mixture of carbamates was readily separated
by semipreparative HPLC to give (£ )-trans-3 and (% )-cis-3.
The moderate diastereoselectivity (3:1 trans/cis) observed
was determined both by 'H NMR spectroscopy of the crude
product and from signal integration of the HPLC traces.
The result can be explained by analysis of the initial reac-
tion between borohydride and the free amino group to form
the corresponding boramide. In good agreement with previ-
ously published results, this reaction would favor an intra-
molecular reduction that would lead to a trans configura-
tion." The relative configurations of the compounds were
unambiguously established by NOESY experiments. Results
from these experiments are shown in Figure 1. Each proton

) ZiN, 1)
N L 2

(+)-cis-3

(%)-trans-3

Figure 1. Cross-peaks observed in the NOESY spectra of cis-3 and trans-
3.

of the diastereotopic C2 methylene group in the (+)-trans-3
isomer displays strong cross-peaks with a proton at either
C1 or C3 (H1 correlates with H2a and H3 with H2b, respec-
tively); this suggests that H1 and H3 are on opposite faces
of the cylcopentane ring. On the other hand, in the cis
isomer, both H1 and H3 show strong NOE effects with only
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one proton of the C2 methylene group (H1 and H3 corre-
late with H2b). This observation indicates that H1, H3, and
H2b are all on the same side of the cyclopentane ring. It is
also noteworthy that the chemical shift difference for the di-
astereotopic protons of the methylene group at C2 is more
pronounced for the cis (Ad=1.20 ppm) than for the trans
(A6=0.19 ppm) isomer. This effect, which is in accord with
reported data on similar structures, arises because the chem-
ical environment of each C2 proton is different to a greater
extent for the cis isomer.'®! We subsequently used these Z-
amino-protected compounds to study enzymatic resolution
by transesterification.

We started the enzymatic resolution screening with (+)-
trans-3. Different enzymes, solvents, and acyl donors were
tested (Table 1), and it was found that reactivity and enan-
tioselectivity!”! depended largely on the enzyme used. For
instance, the optimized reaction conditions for similar sub-
strates previously obtained in our laboratory®™ (Table 1,
entry 1) yielded low E values. When the solvent (entry 2),
acyl donor (entry 3), or temperature (entry 4) was changed
the results did not improve. We concluded from these obser-
vations that lipase isolated from Pseudomonas cepacia
(PSL) displays low enantioselectivity towards this substrate.
Moreover, the polymer-supported preparation of this
enzyme (PSL-C) did not fare any better, and the substrate
was almost completely converted into a virtually racemic
product in six hours at 20°C (Table 1, entry 5). However, li-
pase B (CAL-B) isolated from Candida antarctica displayed
excellent enantioselectivities upon accurate control of both
the reaction conditions (Table 1, entries 6-10) and the per-
centage of conversion (Table 1, entries 9 and 10), and al-
lowed both the substrate and product to be obtained in
enantiomerically pure form. Under optimized reaction con-
ditions at 30°C, vinyl acetate was used as the acyl donor and
tert-butyl methyl ether was used as the solvent. The reaction,
which is very fast, reached 49% conversion in less than
one hour and yielded the enantiopure acylated product
(1R3R)-4 in 48% yield (50% is the limiting yield for a ki-
netic resolution). On the other hand, 55% conversion was

Table 1. Enzymatic resolution screening for (+)-trans-3.

achieved after 3.5 h, and gave rise to a 43 % yield of the re-
maining alcohol in an enantiomeric excess of >99% after
chromatographic purification. The absolute configuration of
the product was inferred by deprotecting the Z group of the
unreacted substrate (Pd”, HCOOH, MeOH) and comparing
the sign of specific rotation with published data.™ As a
result, the fastest reacting enantiomer was determined to
have a (1R,3R) configuration, which is in good agreement
with the Kazlauskas’ rule.

We used the optimized reaction conditions determined for
(£)-trans-3 in the enzymatic resolution of (+)-cis-3. Al-
though the reaction is slower for the cis isomer, the enantio-
selectivity is better. Moreover, both the substrate and prod-
uct are able to be isolated in enantiopure form from the
same enzymatic reaction (Table 2, entry 3). The process is
also very efficient, as enantiopure ester (1R,35)-4 and alco-
hol (18,3R)-3 were isolated in 48 and 49 % yield, respective-
ly. The lower reactivity of cis isomers has previously been
observed in our research group with respect to indane-1,2-
amino alcohol derivatives,®™ and could arise because of the
presence of a bulkier (NH—Z) substituent on the same face
as the reacting hydroxy group. The absolute configuration
was determined by performing the sequence depicted in
Scheme 2. The unreacted substrate from the enzymatic proc-

NHZ NHZ NHZ
o o
— +
OH OH OH
(+)-cis-3 (+)-cis-3 (+)-trans-3
(1S1R) <— (1R3R)

Scheme 2. Reagents and conditions: i) PCC, CH,Cl,; ii) NaBH,, MeOH.

ess was first oxidized with pyridinium chlorochromate
(PCC), and was then reduced with borohydride to give a
mixture of cis/trans diastereomers. The reaction is generally

NHZ NHZ NHZ
Co 4 00+ CD
+
lipase /
OH OAc OH
()-trans-3 (1R,3R)-4 (1S,39)-3
Entry Enzyme Solvent R T t ee ee ! ctl EWM
[°C] (h] [%] [%] [%]
1 PSL 1,4-dioxane vinyl 30 48 66 81 45 19
2 PSL tBuOMe vinyl 30 36 82 82 50 25
3 PSL tBuOMe isopropenyl 30 36 16 87 16 16
4 PSL tBuOMe vinyl 20 27 34 88 28 21
5 PSL-C tBuOMe vinyl 20 6 46 5 90 1.5
6 CAL-B 1,4-dioxane vinyl 30 1 47 98 32 157
7 CAL-B tBuOMe vinyl 15 2 88 98 47 >200
8 CAL-B tBuOMe vinyl 15 0.5 81 >99 45 >200
9 CAL-B tBuOMe vinyl 30 0.5 94 >99 49 >200
10 CAL-B tBuOMe vinyl 30 35 >99 81 55 >200

[a] Determined by HPLC: ee,=ee[(15,35)-3] and ee,=ee[(1R,3R)-4]. [b] Determined from ee, and ee;, as in ref. [17].
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Table 2. Enzymatic resolution of (+)-cis-3 by using the optimized reaction conditions determined for (+ )-trans-3.
NHz NHZ NHZ
AcOR '
—_— +
lipase /
OH OAc OH
(%)-cis-3 (1R,35)-4 (1S,3R)-3
Entry Enzyme Solvent R T t ee ! ee ! clbl EP
[°C] [h] [%] [%] [%]
1 CAL-B tBuOMe vinyl 30 14 36 >99 27 >200
CAL-B tBuOMe vinyl 30 36 54 >99 35 >200
3 CAL-B tBuOMe vinyl 30 60 >99 >99 50 >200

[a] Determined by HPLC: ee,=ee[(15.3R)-3] and ee,=ee[(1R.35)-4)]. [b] Determined from ee and ee,, as in ref. [17].

diastereoselective, although only a 3:2 cis/trans mole ratio
was obtained in this case. In particular, the carbonyl ketone
is preferentially reduced from the face opposite the Z group
to give the cis isomer. HPLC separation of the diastereo-
meric mixture afforded (+)-trans-3, in which the configura-
tion was determined to be (1R,3R). Since the asymmetric
carbon at the 3-position is not involved in any of the reac-
tions depicted in Scheme 2, the absolute configuration of
the unreacted substrate was unambiguously assigned as
(18,3R). This configuration is also in good agreement with
the Kazlauskas’ rule for enzymatic resolution of secondary
alcohols.

Finally, the NMR spectra for the acetylated derivatives
cis-4 and trans-4 were observed to be similar to the spectra
for cis-3 and trans-3. In particular, the difference in the
chemical shifts of the diastereotopic methylene protons at
C2 was found to be greater for the cis (Ad=1.15 ppm) than
for the trans (Ad=0.32 ppm) isomer, and reflects that the
cyclopentane faces in cis-4 have considerably different
chemical environments. In addition, the assigned stereo-
chemistry was confirmed from the strongest cross-peaks
found in the NOESY spectra of compounds (1R,3R)-4 and
(1R,35)-4 (Figure 2).

ZHN 38 ZHNC H
[:@ HZa [ IE H2b

‘Yo / ‘'H%
|
AcO H

“

AcO

Figure 2. Cross-peaks observed in the NOESY spectra of (1R,3R)-4 and
(1R,35)-4.

Synthesis of orthogonally protected enantiopure cis- and
trans-indane-1,3-diamine: First of all, some structural char-
acteristics must be considered. The trans isomer exists as a
pair of enantiomers that possess C, symmetry, while the cis
diastereomeric counterpart is a meso compound. Conse-
quently, the cis isomer is only chiral when the substituents
on the amino groups are different. Here we present a simple
strategy, using the Mitsunobu reaction as the key step, for
the synthesis of orthogonally protected cis- and trans-dia-
mines. We will describe the preparation of both enantiomers
of the trans diastereomer in enantiopure form, while orthog-
onal protection of the cis isomer has allowed us to synthe-

Chem. Eur. J. 2004, 10, 3006—3014 www.chemeurj.org
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size an enantiopure, asymmetrically substituted meso com-
pound that is chiral.

We used (1S5,35)-3, which was obtained as the unreacted
substrate in the (CAL-B)-catalyzed acetylation described in
the previous section (Table 1, entry 10), as the starting mate-
rial for the synthesis of the cis diastereomer. Compound
(1R,35)-5 was obtained in 76 % yield after chromatographic
purification when enantiopure (15,35)-3 was subjected to
Mitsunobu reaction conditions in the presence of PPh;, di-
ethylazodicarboxylate (DEAD), and phthalimide as the nu-
cleophile (Scheme 3). As demonstrated from a combination

NHZ NHZ
i
O ——-
OH N0
(15,35)-3 ©
i
(1R35)-5
NH,* HCOO" ;
NHZ
N O
’ : E
NH,
(1R,3S)-7 (1S,3R)-6

Scheme 3. Reagents and conditions: i) phthalimide, DEAD, PPhs; ii) hy-
drazine, MeOH iii) Pd, HCOOH, MeOH.

of NMR data and molecular modeling, the reaction took
place with complete inversion of configuration at the 1-posi-
tion. Figure3 shows the observed cross-peaks in the
NOESY spectrum and the optimized structure (HF/3-21G
level of theory) for (1R,35)-5. One of the diastereotopic C2
protons (labeled as H2a) displays an NOE effect with the
NH of the carbamate, and strong cross-peaks arise between
H1, H3, and H2b in good agreement with the measured dis-
tances in the optimized geometry (Figure 3). These data al-
lowed the chemical shifts for H2a and H2b to be unambigu-
ously assigned. Again, the anisochrony of the 'H NMR
chemical shifts for the diastereotopic methylene protons at
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Figure 3. Cross-peaks observed in the NOESY spectrum (top) and the
optimized structure (HF/3-21G level of theory) for (1R,35)-5 (bottom).

C2 were considerably greater (Ad=1.00 ppm). Furthermore,
both H1 and H3 showed large vicinal (*J;y) coupling con-
stants with one of the protons at C2 (H2b) and smaller cou-
pling constants with the other proton (H2a). The minimized
structure depicted in Figure 3 displays an almost planar ge-
ometry for the fused five-membered ring. Analysis of the
energy minimum indicates that a stabilizing eight-mem-
bered-ring hydrogen bond exists between the carbamate NH
at C3 and the phthalimide carbonyl group at Cl, and ex-
plains the downfield shift observed for the NH proton signal
in the '"HNMR spectrum. The hydrogen bond renders a
very rigid geometry within the molecule, as the conforma-
tion around C1—C2—-C3 is nearly eclipsed. Therefore, large
coupling constants are observed for the protons in a cis dis-
position (Juy mop =Jz.s20=9-4 Hz), while the trans disposed
protons display smaller coupling constants (*Jy .=
isma=44Hz). All these observations strongly support
that H1 and H3 have a cis configuration, and implies that
the configuration at C1 has undergone inversion.

Compound (1R,35)-5 is also interesting because it is chiral
and can be considered as a desymmetrized meso compound.
Therefore, selective cleavage of each protecting group
would access the free amino attached either to the R or §
stereogenic center (Scheme 3). We thereby attempted to fa-
cilitate this transformation. Incubation of (1R,35)-5 in a
methanolic solution of hydrazine led to deprotection of the
nitrogen atom attached to the R chiral center in 98 % yield.
In contrast, conventional hydrogenolysis of (1R,35)-5 afford-
ed the free amine at the S center in quantitative yield. Thus,
two differently desymmetrized cis diamine derivatives have
been successfully prepared in enantiomerically pure form
from the same synthon.

For the preparation of both enantiomers of the trans
isomer, we used the substrate and product from the resolved
cis amino alcohol derivatives (Table 2). Mitsunobu reaction
of enantiopure (15,3R)-3 under the same reaction conditions
as previously described (PPh;, DEAD, phthalimide) afford-

3010
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ed (1R3R)-5 in 68 % yield (Scheme 4). The selective depro-
tection of each nitrogen atom in (1R,15)-5 was also success-
fully carried out. Hydrazine deprotection led to monoami-
nocarbamate (1R,3R)-6, while Pd(0) catalyzed hydrogenoly-

NHz NHZ
: : i ;
OH N-°
(1S,3R)-3 02% i[
i
(1R3R)-5
||l
NH,"HCOO"
N O
(6] NH,
(1R3R)-6
m
(1R3R)}7
NH;"HCOO"
NH,*HCOO"
(1R3R)-8

Scheme 4. Reagents and conditions: i) phthalimide, DEAD, PPhs; ii) hy-
drazine, MeOH}; iii) Pd, HCOOH, MeOH.

sis afforded (1R,3R)-7 in quantitative yield. Subsequent hy-
drogenolysis of (1R,3R)-6 afforded diamine (1R,3R)-8, also
in quantitative yield. The 'H and "C NMR spectra of 8 indi-
cated that the compound contains a C, symmetry, and there-
by, the C2 protons are chemically equivalent (triplet at 6 =
2.19 ppm).

The (S,S)-enantiomer was synthesized from the product
isolated from the enzymatic resolution of (&4)-cis-3
(Table 2). Conventional saponification of enantiopure
(1R,35)-4 led to the N-Z-protected amino alcohol (1R,3S5)-3.
This was subsequently transformed into (15,35)-5 using the
same Mitsunobu reaction as described above (Scheme 5).

The trans configuration in (1R,3R)-5 was also demonstrat-
ed by NMR experiments. Figure 4 displays the observed
cross-peaks in the NOESY spectrum of (1R,3R)-5, and

NHZ NHZ
[j:é 1} [I’:
OR N-©
0

— R=Ac(1R3S)4
IR

(1S,3S)-5

Scheme 5. Reagents and conditions: i) NaOH, MeOH; ii) phthalimide,
DEAD, PPh,.
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ar{
trans 11 "Fi_

0O

E(HE3-210) = 0,00 keal mol™!

E (HF/3-21G) = 0.62 keal mol-!

Figure 4. Cross-peaks observed in the NOESY spectrum of (1R,3R)-5
(top), and results of molecular modeling (bottom; see text for details).

shows that the carbamate NH proton correlates with one C2
proton, which has been assigned H2a. This proton also
shows a strong NOE effect with H1, while H2b correlates
with H3. This suggests that H1 and H3 are trans disposed.
Moreover, chemical shift differences for H2a/H2b were
again found to be smaller (A0 =0.50 ppm) for the trans iso-
mers than for the cis diastereomer. Finally, the vicinal cou-
pling constants for the protons at C1-C2—C3 also inferred a
trans arrangement: H1 shows a large coupling constant
(9.1 Hz) with H2a and a small one (4.6 Hz) with H2b, while
H3 shows a large vicinal coupling constant with H2b
(8.1 Hz) and a small one with H2a (5.1 Hz). On the basis of
the coupling constants measured in cyclopentene,™ we
would expect Wy e > JhHians and this was in fact observed
in the experimental values obtained. However, for compari-
son purposes we also performed some molecular modeling
(HF/3-21G level of theory). We found two energy minima
with very similar stability (AE=0.62 kcalmol™'), both of
which displayed an envelope conformation for the cyclopen-
tene rings (Figure4). One conformer places the NH—Z
group in an axial position and the phthalimide in an equato-
rial orientation (trans I), while the other has the inverse con-
formation (trans II). The observed coupling constants are
better described by a combination of the calculated coupling
constants obtained for each conformer. The '"H NMR spec-
trum in deuterated chloroform indicated that interconver-
sion between the different conformations was fast, and that
the solution consisted of 32% trans 1 and 68 % trans II. In-
terestingly, the HF/3-21G energy difference between the
two conformers indicates that the distribution at room tem-
perature should be 26:74 trans l/trans II; this is in good
agreement with the experimental data if the number of ap-
proximations is taken into account. In addition, we also de-
termined the transition state (TS) structure for the equilibri-
um between trans 1 and trans I1. This showed that the five-
membered ring was planar. The calculated energy barrier

Chem. Eur. J. 2004, 10, 3006—3014 www.chemeurj.org
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was determined to be 1.6 kcalmol . This explains the rapid
interconversion between both conformers at room tempera-
ture, and again is in good agreement with experimental
data. Once again, all these data strongly support that during
the Mitsunobu reaction the configuration at C1 is complete-
ly inverted.

Conclusion

All the possible isomers of 3-aminoindan-1-ol and indane-
1,3-diamine were prepared in this work using a chemoenzy-
matic strategy. Both the cis and trans diastereomers of the
N-protected amino alcohol were efficiently resolved by
(CAL-B)-catalyzed transesterification reactions in processes
that were highly efficient in terms of both chemical yields
and enantiomeric excesses of the final products. These enan-
tiopure compounds were then used to synthesize the corre-
sponding 1,3-diamines using an easy one-step procedure
based on the Mitsunobu reaction. The orthogonally protect-
ed diamines were obtained with complete inversion of con-
figuration at C1. Both enantiomers of the trans diastereomer
were synthesized with enantiomeric excesses >99 %, while
for the cis counterpart, the completely desymmetrized dia-
mine was obtained in enantiomerically pure form. The ver-
satility of these interesting synthons was also demonstrated
by selective deprotection of each nitrogen atom under mild
reaction conditions.

Experimental Section

Preparation of racemic (+)-cis- and (& )-trans-3-(N-benzyloxycarbonyla-
mino)indan-1-0l (+)-cis-3 and (+)-trans-3: (+)-(N-acetyl)-3-aminoin-
dan-1-one (2 mmol) was added to a 3N HCI aqueous solution (4 mL) and
the reaction mixture was stirred overnight at 80°C. The reaction mixture
was then washed with CH,Cl, and the resultant aqueous layer was evapo-
rated under reduced pressure. The residue was washed with heptane to
remove acetic acid, and the product thus obtained was dissolved in
MeOH (6 mL) and then cooled to 0°C. Sodium borohydride was then
gradually added and the reaction mixture was stirred at room tempera-
ture for 3 h. The solvent was evaporated to dryness, the crude residue
was dissolved in water (4 mL), and Na,CO; (2.3 mmol) was added. The
mixture was immediately cooled to 0-5°C with vigorous stirring, and
benzyl chloroformate (2.3 mmol) was added dropwise. The reaction mix-
ture, which was allowed to warm to room temperature, was stirred over-
night and the aqueous solution was then extracted with CH,Cl,. The
combined organic layers were dried over Na,SO,, filtered, and evaporat-
ed under vacuum. The residue was purified by column chromatography
on silica using hexane/ethyl acetate (1:1) as eluent to give the title com-
pound as a white solid (92%). The desired compound was obtained as a
mixture of diastereoisomers [(+)-cis-3/(+)-trans-3 (1:3)]. The isomers
were separated by HPLC (Sample~200 mg, Kromasil 60-silica 7 um-
250%20, 6 mLmin ', CH,CL/EtOAc 80:20).

Enzymatic acylation of (+)-trans-3-(N-benzyloxycarbonylamino)indan-1-
ol (+)-trans-3: Vinyl acetate (5.3 mmol) was added to a suspension of
(£ )-trans-3 (0.53 mmol) and CAL-B (169 mg) in tBuOMe (4.5 mL) that
had previously been dried to avoid enzymatic hydrolysis, under an atmos-
phere of nitrogen. The mixture was then shaken at 30°C and 250 rpm for
the time shown in Table 1. The enzyme was filtered off, washed with
CH,Cl,, and the combined organic layers were evaporated under reduced
pressure. The unreacted substrate and product were separated by column
chromatography on silica using ethyl acetate as eluent.
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(1S,35)-(—)-3-(N-benzyloxycarbonylamino)indan-1-ol (15,3S)-3: The pre-
viously described procedure gave the title compound as a white solid
(98%) after 3.5 h: m.p. 147-149°C; conversion: 55%, ee>99 %; HPLC
analysis (Chiralcel OD—H, hexane/EtOH 93:7, 0.6 mLmin~!, 30°C,
215 nm): (+)-trans-3, two peaks, t=26.3 and 29.4 min; (—)-(15,35)-3,
one peak, fx=294min; [a]¥=-52.0 (c=1.0 in MeOH); 'HNMR
(400 MHz, CD;0D): §=2.18 (AB portion of an ABXY system, Jyy pop =
13.7, Jipams =52, and Jyp, 1 =5.1 Hz, 1H; H2a), 2.37 (AB portion of an
ABXY system, Ji,13=6.3 and Jy,u =2.2 Hz, 1H; H2b), 5.12 (s, 2H;
OCH,Ph), 5.24 (dd, Jy; 1, =5.1 and Jy, 40, =2.2 Hz, 1H; H1), 5.36 (dd,
Jizpop=0.3 and Jys 0, =5.2 Hz, 1H; H3), 7.29-7.36 ppm (m, 9H; 2x Ph);
BCNMR (75 MHz, CDCl;): =442 (CH,), 54.4 (CH), 66.8 (CH,), 73.8
(CH), 124.5 (CH), 124.7 (CH), 128.1 (CH), 128.5 (CH),128.7 (CH), 129.2
(CH), 136.2 (C), 143.0 (C), 144.2 (C), 156.1 ppm (NCOO); IR (KBr): =
3511, 3339, 1671 cm™'; MS (60 eV, ESI): m/z (%): 284 (4) [M+H]*, 306
(100) [M+Na]*; elemental analysis caled (%) for C,;H;;NO; (283.3): C
72.07, H 6.05, N 4.94; found: C 71.92, H 6.25, N 4.89.
(1R,3R)-(+)-1-acetoxy-3-(N-benzyloxycarbonylamino)indan (1R,3R)-4:
The previously described procedure gave the title compound as a white
solid (97 %) after 0.5h: m.p. 117-119°C; conversion: 49 %, ee>99 %;
HPLC analysis (Chiralcel OD—H, hexane/iPrOH 93:7, 0.6 mLmin L
30°C, 215nm): (+)-trans-4, two peaks, =269 and 29.4 min; (+)-
(1R3R)-4, one peak, 1z=29.4min; [a]y=+1273 (c=1.0 in MeOH);
"H NMR (400 MHz, CD;0D): 6=2.03 (s, 3H; CHj;), 2.23 (AB portion of
an ABXY system, Jyp, =142, Jypuz =74, and Jyp, =63 Hz, 1H;
H2a), 2.55 (AB portion of an ABXY system, Jyyp3="7.2 and Jypm =
1.7 Hz, 1H; H2b), 515 (s, 2H; OCH,Ph), 539 (dd, Jysp.=7.4 and
Jusyon="7.2 Hz, 1H; H3), 6.21 (dd, Jy30,=6.3 and Jyy o, =1.7 Hz, 1H;
H1), 7.28-7.49 ppm (m, 9H; 2xPh); *C NMR (300 MHz, CDCl;): 0=
21.1 (CHj;), 412 (CH,), 54.4 (CH), 66.8 (CH,), 75.6 (CH), 124.0 (CH),
126.1 (CH), 128.0 (CH), 128.1 (CH),128.4 (CH), 128.5 (CH), 129.7 (CH),
136.2 (C), 140.1 (C), 144.4 (C), 156.2 (NCOO), 170.9 ppm (OCO); IR
(KBr): #=3311, 1735, 1684 cm™'; MS (90 eV, ESI): m/z (%): 348 (100)
[M+Na]*; elemental analysis caled (%) for CiH;)NO, (325.4): C 70.14,
H 5.89, N 4.30; found: C 70.02, H 6.01, N 4.10.

Enzymatic acylation of (+)-cis-3-(/N-benzyloxycarbonylamino)indan-1-ol
(+)-cis-3: The reaction was carried out as described above for the (+)-
trans-3 isomer. In this case, both the substrate and product were obtained
in enantiopure form after 60 h (Table 2, entry 3).
(1S,3R)-(+)-3-(N-benzyloxycarbonylamino)indan-1-ol  (1S5,3R)-3: The
previously described procedure gave the title compound as a white solid
(97%): m.p. 162-164°C; conversion: 50%, ee>99%; HPLC analysis
(Chiralcel OD—H, hexane/EtOH 90:10, 0.6 mLmin~!, 30°C, 215 nm):
(£)-cis-3, two peaks, trp=12.6 and 16.7 min; (+)-(1S,3R)-3, one peak,
=167 min; [a]¥=+58.5 (¢c=1.0 in MeOH); 'HNMR (400 MHz,
CD;OD): 6=1.73 (AB portion of an ABXY system, Jyp, =134,
Jaam =71, and Jip,3=62Hz, 1H; H2a), 2.93 (AB portion of an
ABXY system, Jippu=7.0 and Jyp 3 =6.6 Hz, 1H; H2b), 5.03 (dd,
Juia=71 and Jy,=7.0Hz, 1H; H1), 511 (dd, Jy3,=6.6 and
Jizma=6.2 Hz, 1H; H3), 5.17 (s, 2H; OCH,Ph), 7.27-7.43 ppm (m, 9H;
2xPh); "CNMR (75 MHz, CD;0D): 6=44.9 (CH,), 53.8 (CH), 67.6
(CH,), 73.2 (CH), 124.7 (CH), 125.0 (CH), 128.8 (CH), 129.0 (CH), 129.1
(CH), 129.3 (CH), 129.5 (CH), 138.4 (C), 143.8 (C), 145.9 (C), 158.8 ppm
(NCOO); IR (KBr): #=3443, 3293, 1683 cm™'; MS (90 eV, ESI): m/z
(%): 306 (100) [M+Na]*; elemental analysis calcd (%) for C,;H;;NO;
(283.3): C 72.07, H 6.05, N 4.94; found: C 71.98, H 6.31, N 4.78.
(1R,35)-(—)-1-acetoxy-3-(N-benzyloxycarbonylamino)indan  (1R,35)-4:
The previously described procedure gave the title compound as a white
solid (96%): m.p. 153-155°C; conversion: 50%, ee>99%; [a]y=-9.3
(¢=1.0 in MeOH); 'HNMR (400 MHz, CD,0D): =1.88 (AB portion
of an ABXY system, Jy, yop=13.3, Jipan3=8.3, and Jypp, 5y =7.2 Hz, 1H;
H2a), 3.03 (AB portion of an ABXY system, Jyu;=7.9 and Jypm =
7.8 Hz, 1H; H2b), 2.11 (s, 3H; CHj;), 5.10 (dd, Ji350,=8.3 and Jyz =
79Hz, 1H; H3), 516 (s, 2H; OCH,Ph), 6.08 (dd, Jy;u»="7.8 and
Jmm.=72Hz, 1H; Hl), 731-7.43ppm (m, 9H; 2xPh); "CNMR
(75 MHz, CDCl;): 6=21.0 (CHj;), 40.6 (CH,), 53.2 (CH), 66.7 (CH,), 75.0
(CH), 124.4 (CH), 125.1 (CH), 128.0 (CH), 1284 (CH), 128.6 (CH),
129.4 (CH), 136.2 (C), 140.3 (C), 143.0 (C), 155.8 (NCOO), 170.6 ppm
(OCO); IR (KBr): 7=3296, 1734, 1685 cm™'; MS (90 eV, ESI): m/z (%):
348 (100) [M+Na]*, 348 (4) [M+K]*; elemental analysis calcd (%) for
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CyH;yNO, (325.4): C 70.14, H 5.89, N 4.30; found: C 70.32, H 5.73, N
4.52.

HPLC analysis: (—)-(1R,35)-4 (0.07 mmol) was dissolved in MeOH
(0.25 mL) and was subsequently treated with 1N NaOH (0.07 mL). After
the mixture had been stirred for 20 min at room temperature, the solvent
was removed under reduced pressure. The residue was acidified with 1N
HCI and was then extracted with CH,Cl,. The combined organic fractions
were dried over Na,SO, and filtered. Removal of the solvent under
vacuum gave (—)-(1R,35)-3 in quantitative yield. Previously optimized
conditions were used for the HPLC analysis: (4 )-cis-3, two peaks, tz=
12.6 and 16.7 min; (—)-(1R,35)-3, one peak, tz =12.6 min.

General procedure for the Mitsunobu reaction: Phthalimide (0.12 mmol),
PPh; (0.12 mmol), and DEAD (0.12 mmol) were added to a solution of
either (15,35)-3, (15,3R)-3, or (1R,3S)-3 (0.11 mmol) in dry THF (1.5 mL)
under an atmosphere of nitrogen. The reaction mixture was stirred at
room temperature for 24 h and was then evaporated under reduced pres-
sure. The desired compound, (1R,35)-5, (1R,3R)-5, or (15,35)-5, was puri-
fied by column chromatography on silica using CH,CL/Et,O (95:5) as
eluent.
(+)-cis-1-(N-benzene-1,2-dicarbonyl)amino-3-(/N-benzyloxycarbonyl)ami-
noindan, (1R,35)-5: The previously described procedure gave the title
compound as a white solid (76%): m.p. 201-203°C; ee>99%; [a]y=
+106.7 (c=1.5 in CHCL); 'HNMR (400 MHz, CDCl,): 6=2.26 (AB
portion of an ABXY system, Jy,mn=14.6, Ju.m =44, and Juy,m=
4.4 Hz, 1H; H2a), 3.21 (AB portion of an ABXY system, Jy,y; =9.4 and
Juwuz=9.4 Hz, 1H; H2b), 5.20 (s, 2H; OCH,Ph), 5.50 (ddd, Jy3xu=9.7,
Jisuw =94, and Jysm,=44Hz, 1H; H3), 580 (dd, Jyun=94 and
Juima=4.4Hz, 1H; H1), 6.30 (d, Jxyus =9.7 Hz, 1H; NHCbz), 7.13-7.49
(m, 9H; 2x Ph), 7.74-7.85 ppm (m, 4H; Ph); *C NMR (75 MHz, CDCl,):
0=37.5 (CH,), 51.5 (CH), 53.8 (CH), 66.4 (CH,), 1232 (CH), 123.4
(CH), 124.8 (CH), 127.8 (CH), 1282 (CH), 1285 (CH), 128.8 (CH),
131.5 (CH), 134.0 (CH), 136.5 (C), 139.6 (C), 143.4 (C), 156.1 (NCOO),
167.7 ppm (N(CO),); IR (KBr): #=3335, 1712, 1682 cm™!; MS (60 eV,
ESI): m/z (%): 413 (100) [M+H]™, 435 (64) [M+Na]"; elemental analy-
sis caled (%) for CpsHyN,O, (412.4): C 72.80, H 4.89, N 6.79; found: C
72.67, H 5.18, N 6.57.
(+)-trans-1-(N-benzene-1,2-dicarbonyl)amino-3-(N-benzyloxycarbonyl)a-
minoindan (1R,3R)-5: The previously described procedure gave the title
compound as a white solid (68%): m.p. 202-204°C; ee>99%; [a]¥=
+177.0 (¢=0.9 in CHCL); 'HNMR (400 MHz, CDClL,): 6=2.41 (AB
portion of an ABXY system, Jyp,pn=14.3, Jami=9.1, and Jyp 3=
5.1 Hz, 1H; H2a), 2.93 (AB portion of an ABXY system, Jy, 3 =8.1 and
Juwm =4.6 Hz, 1H; H2b), 5.14 (d, Jyuu; =8.3 Hz, 1H; NHCbz), 5.18 (s,
2H; OCH,Ph), 5.80 (ddd, Jyznu=8.3, Juzmw =381, and Jys g, =5.1 Hz,
1H; H3), 6.00 (dd, Jyp.=9.1 and Jy, y,=4.6 Hz, 1H; H1), 7.17-7.46
(m, 9H; 2x Ph), 7.72-7.84 ppm (m, 4H; Ph); ®C NMR (75 MHz, CDCl,):
0=384 (CH,), 524 (CH), 55.7 (CH), 66.7 (CH,), 1232 (CH), 1239
(CH), 124.6 (CH), 128.0 (CH), 1284 (CH), 128.7 (CH), 1289 (CH),
131.8 (CH), 133.9 (CH), 136.4 (C), 140.1 (C), 143.6 (C), 156.0 (NCOO),
167.6 ppm (N(CO),); IR (KBr): #=3335, 1708, 1675cm™"; MS (90 eV,
ESI): m/z (%): 413 (33) [M+H]*, 435 (100) [M+Na]*; elemental analy-
sis caled (%) for CsHyN,O, (412.4): C 72.80, H 4.89, N 6.79; found: C
72.97, H 4.96, N 6.60.
(—)-trans-1-(N-benzene-1,2-dicarbonyl)amino-3-(N-benzyloxycarbonyl)-
aminoindan (1S,35)-5. (1R,35)-4 (0.26 mmol) was dissolved in MeOH
(1 mL) and was subsequently treated with 1N NaOH (0.27 mL). After
the mixture had been stirred for 20 min at room temperature, the solvent
was removed under reduced pressure. The residue was acidified with 1N
HCI and was then extracted with CH,Cl,. The combined organic fractions
were dried over Na,SO, and filtered. The solvent was removed under
vacuum to give compound (1R,3S)-3 in quantitative yield. Mitsunobu re-
action of (1R,3S)-3 was carried out as previously described to give the
title compound as a white solid (64%): m.p. 201-203°C; ee>99 %;
[a]f¥=-170.8 (¢=0.9 in CHCLy); elemental analysis caled (%) for
C,sHyN,O, (412.4): C 72.80, H 4.89, N 6.79; found: C 72.68, H 5.04, N
6.95.

General procedure for hydrazinolysis of the phthalimide group: Diamine
(1R3S8)-5 or (1R,3R)-5 (0.1 mmol) was dissolved in 2m methanolic hydra-
zine (2.2 mL), and was then stirred at room temperature for 2 h. The sol-
vent was evaporated to dryness and the residue was washed with CHCl,
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and filtered. The filtrate was concentrated under reduced pressure to
give either (15,3R)-6 or (1R,3R)-6, respectively.
(18,3R)-(—)-cis-3-amino-1-(N-benzyloxycarbonyl)aminoindan (15,3R)-6:
The previously described procedure gave the title compound as a white
solid (98%): m.p. 121-123°C; ee>99%; [a]y=—45.9 (c=1.4 in CHCL);
"H NMR (300 MHz, CDCl;): 6 =1.49 (m, 1H; H2a), 2.06 (brs, 2H; NH,),
297 (m, 1H; H2b), 4.28 (t, J=7.4 Hz, 1H; H1), 5.16 (m, 1H; H3), 5.18
(s, 2H; OCH,Ph), 5.41 (d, /=83 Hz, 1H; NHCbz), 7.29-7.41 ppm (m,
9H; 2xPh); *CNMR (75 MHz, CDCl;): 6=45.9 (CH,), 53.4 (CH), 54.0
(CH), 66.7 (CH,), 123.3 (CH), 123.7 (CH), 127.8 (CH), 128.0 (CH), 128.2
(CH), 128.4 (CH), 136.4 (C), 142.5 (C), 146.1 (C), 156.1 ppm (NCOO);
IR (KBr): #=3301, 1684 cm™"; MS (90 eV, ESI): m/z (%): 283 (100)
[M+H]*, 305 (51) [M+Na]*; elemental analysis caled (%) for
C;HsN,O, (282.3): C 72.32, H 6.43, N 9.92; found: C 72.08, H 6.58, N
9.71.

(1R,3R)-(+)-trans-1-amino-3-(N-benzyloxycarbonyl)aminoindan
(1R,3R)-6: The previously described procedure gave the title compound
as an oil (74%): ee>99%; [a]¥=+14.1 (c=0.4 in CHCL); 'HNMR
(300 MHz, CDCl;): 6=1.85 (brs, 2H; NH,), 2.18-2.38 (brm, 2H; CH,),
4.53 (t, J=62Hz, 1H; H1), 494 (brd, 1H; NHCbz), 5.16 (s, 2H;
OCH,Ph), 5.37 (brm, 1H; H3), 7.28-7.38 ppm (m, 9H; 2xPh); *C NMR
(75 MHz, CDClLy): 6=45.0 (CH,), 544 (CH), 54.8 (CH), 66.7 (CH,),
123.9 (CH), 124.7 (CH), 128.1 (CH), 128.5 (CH), 128.7 (CH), 136.4 (C),
142.1 (C), 146.9 (C), 156.0 ppm (NCOO); IR (KBr): #=3310, 1701 cm™';
MS (90 eV, ESI): m/z (%): 283 (100) [M+H]*, 305 (63) [M+Na]*; ele-
mental analysis calcd (%) for C;;H;sN,O, (282.3): C 72.32, H 6.43, N
9.92; found: C 72.48, H 6.38, N 9.87.

General procedure for the cleavage of N-benzyloxycarbonylamides: To
compound (1R,3S)-5 or (1R,3R)-5 (0.1 mmol) was added a 10% HCO,H
solution (2.2 mL in MeOH, purged with nitrogen prior to use) followed
by Pd-black (14 mg). The mixture was vigorously stirred for 2 h and was
then filtered through Celite and washed with MeOH. The solvent was re-
moved to give the desired product (1R,3S)-7 or (1R,3R)-7, respectively.
(1R,3S)-(+)-cis-3-amino-1-phthalimidoindan as its formic acid salt
(1R,3S)-7: The previously described procedure gave the title compound
in quantitative yield as a white solid: m.p. 165-167°C; ee>99 %; [a]X =
+145.4 (c=1.0 in MeOH); 'H NMR (300 MHz, D,0): 6=2.36 (m, 1H;
H2a), 3.04 (m, 1H; H2b), 4.83 (m, 1H; H3), 5.72 (m, 1H; H1), 7.12-7.70
(m, 8H; 2xPh), 832ppm (brs, 1H; HCOO"); "CNMR (75 MHz,
CD;0D): 6=35.7 (CH,), 52.8 (CH), 54.5 (CH), 124.5 (CH), 125.3 (CH),
125.9 (CH), 130.4 (CH), 131.4 (CH), 133.0 (CH), 135.8 (CH), 139.7 (C),
142.4 (C), 169.5 ppm (N(CO),); IR (KBr): #=3446, 2966, 1716 cm™'; MS
(60 eV, ESI): m/z (%): 262.1 (100) [(M—HCOOH)—NH,]*, 279.1 (40)
[(M—HCOOH)+H]", 301.1 (11) [(M—HCOOH)+Na]*; elemental anal-
ysis caled (%) for C;gH¢N,O, (324.3): C 66.66, H 4.97, N 8.64; found: C
66.45,H 5.07, N 8.74.

(1R,3R)-(+)-trans-3-amino-1-phthalimidoindan as its formic acid salt
(1R,3R)-7: The previously described procedure gave the title compound
in quantitative yield as a white solid: m.p. 177-179°C; ee>99%; [a]X =
+167.7 (c=1.1 in MeOH); '"H NMR (300 MHz, CD;0D): §=2.61 (brm,
1H; H2a), 2.99 (brm, 1H; H2b), 5.26 (brm, 1H; H3), 6.11 (m, 1H; H1),
7.26-7.87 (m, 8H; 2xPh), 8.56 ppm (brs, 1H; HCOO"); “CNMR
(75 MHz, CD;0D): 0=36.3 (CH,), 53.6 (CH), 56.1 (CH), 1242 (CH),
125.5 (CH), 125.8 (CH), 1304 (CH), 131.3 (CH), 133.1 (CH), 135.6
(CH), 140.9 (C), 142.8 (C), 169.1 ppm (N(CO),); IR (KBr): 7#=3446,
2968, 1716cm™; MS (60eV, ESI): m/z (%): 262.1 (100)
[(M-HCOOH)—-NH,]*, 279.1 (55) [(M-HCOOH)+H]*, 301.1 (8)
[(M—HCOOH)+Na]*; elemental analysis caled (%) for C;sH(N,O,
(324.3): C 66.66, H 4.97, N 8.64; found: C 66.78, H 5.13, N 8.59.
(1R,3R)-(+)-trans-1,3-indandiamine as its formic acid salt (1R,3R)-8:
The previously described procedure was applied to (1R,3R)-6 to give the
title compound (89%): ee>99%; [a]d¥=+20.1 (c=037 in MeOH);
'H NMR (300 MHz, CD;0D): 6=2.19 (t, J=6.0 Hz, 2H; H2a and H2b),
456 (t, J=6.0Hz, 2H; H1 and H3), 7.18-7.47 ppm (m, 4H; Ph);
BCNMR (75 MHz, CD;0D): 6=46.6 (CH,), 56.5 (CH), 126.3 (CH),
130.3 (CH), 147.6 ppm (C); MS (30eV, ESI): m/z (%): 132.1 (60)
[(M—2HCOOH)—NH,]*, 149.1 (100) [(M—2HCOOH)+H]"*; elemental
analysis caled (%) for C;;H;sN,O, (240.3): C 54.99, H 6.71, N 11.66;
found: C 54.78, H 6.93, N 11.48.
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Zinc(mm)-Selective Ratiometric Fluorescent Sensors Based on Inhibition
of Excited-State Intramolecular Proton Transfer

Maged M. Henary, Yonggang Wu, and Christoph J. Fahrni*!*!

Abstract: To develop a zinc(m)-selec-
tive emission ratiometric probe suitable
for biological applications, we explored
the cation-induced inhibition of excit-
ed-state intramolecular proton transfer
(ESIPT) with a series of 2-(2'-benzene-
sulfonamidophenyl)benzimidazole de-

the ESIPT process and yields a signifi-
cant hypsochromic shift of the fluores-
cence emission maximum. Whereas the
paramagnetic metal cations Cu", Fe",
Ni", Co", and Mn" result in fluores-
cence quenching, the emission response
is not altered by millimolar concentra-

tions of Ca or Mg"!, rendering the sen-
sors selective for Zn" among all biolog-
ically important metal cations. Due to
the modular architecture of the fluoro-
phore, the Zn" binding affinity can be
readily tuned by implementing simple
structural modifications. The synthe-

rivatives. In the absence of Zn" at neu-
tral pH, the fluorophores undergo
ESIPT to yield a highly Stokes’ shifted
emission from the proton-transfer tau-

.. . sensors - zinc
tomer. Coordination of Zn" inhibits

Introduction

The development of cation-selective fluorescence sensors
has been an important goal of coordination chemistry for
decades."! Fluorescence-based probes provide high sensitivi-
ty and are therefore particularly well suited for the visuali-
zation of metal cations in biological environments.”) The
majority of fluorescence sensors function as cation-respon-
sive optical switches that translate the binding event into an
increase or decrease of the emission intensity.”) Due to the
linear relationship between intensity and cation concentra-
tion, quantitative measurements are, in principle, possible;
however, the emission intensity depends also on the sensor
concentration, which is typically not known with sufficient
accuracy in biological applications. Because the sensor
enters the cell through passive diffusion across the plasma
membrane, the intracellular concentration may vary as a
function of incubation time, temperature, membrane perme-
ability, and variations in cell size.

Ratiometric probes that exhibit a spectral shift upon bind-
ing of the cation offer an elegant solution to this problem.
The ratio of the emission intensities at two excitation or
emission wavelengths varies as a function of the cation con-

[a] Dr. M. M. Henary, Y. Wu, Prof. Dr. C. J. Fahrni
School of Chemistry and Biochemistry
Georgia Institute of Technology
770 State Street, Atlanta, GA 30332 (U.S.A.)
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sized probes are suitable to gauge free
Zn" concentrations in the micromolar
to picomolar range under physiological
conditions.

probes

centration, but is independent of the probe concentration,
pathlength, or spectral sensitivity of the instrument.[*! This
approach was originally developed for the visualization of
calcium-ion fluxes in live cells,”! and a number of ratiomet-
ric sensors are now commercially available."! More recently,
studies on various eukaryotic cell lines indicate the presence
of intracellular compartments containing weakly bound,
labile Zn" (presumably up to millimolar concentrations). To
study the dynamics of compartmentalized Zn" in live cells
quantitatively, a cell-permeable, emission ratiometric sensor
would be very beneficial. Most of the currently available
cell-permeable Zn" probes function only as fluorescence
switches and are not suitable for ratiometric measure-
ments.'"?? Furthermore, due to the high cost of laser equip-
ment, modern 3D-imaging tools, such as confocal and multi-
photon microscopy, depend on a single-excitation light
source. To take advantage of these new imaging techniques,
the sensor must provide a spectral shift of the peak emis-
sion; however, with the exception of IndoZin,™ currently
available cell-permeable ratiometric Zn" sensors require
dual excitation and are therefore not suitable for these ap-
plications.[®-2%242]

To develop a Zn"-selective emission ratiometric probe, we
recently explored the photophysics of cation-induced inhibi-
tion of excited-state intramolecular proton transfer
(ESIPT).”™ Benzimidazole derivatives (T,) containing an
intramolecular hydrogen bond undergo ESIPT and yield a
highly Stokes’ shifted emission from the proton-transfer tau-
tomer T; (Scheme 1).2*! If the acidity of the proton at-
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Scheme 1. Simplified Jablonski diagram illustrating the increase of the emission energy upon metal-cation-in-

duced inhibition of excited-state intramolecular proton transfer.

tached to X is sufficiently high, coordination of a metal
cation M** will remove this proton and disrupt the ESIPT
process. Since emission of the coordinated species TM*
occurs with normal Stokes’ shift, a significant blueshift is ex-
pected. For example, the acidity of the phenol proton in
2-(2’-hydroxyphenyl)benzimidazole (I) is sufficiently high,
such that Zn" coordination in organic solvents does indeed
yield the expected blueshift of the peak emission.*!

I (trans)

COOH

L
oty O "fb
N N
©AH

However, in aqueous solution the proton-transfer emis-
sion of 2-(2'-hydroxyphenyl)benzimidazole is surprisingly
weak, and the spectrum is dominated by a normal emission
band, which presumably originates from the frans-rotamer
that cannot undergo ESIPT.”>* In contrast, 2-(2'-tosylami-
nophenyl)benzimidazole (II) lacks the electron lone pair re-
quired to stabilize the trans-rotamer by means of intramo-
lecular hydrogen bonding. With only the cis-rotamer pres-
ent, both in organic solvents and aqueous solution, the mol-
ecule exclusively exhibits the emission of the ESIPT tauto-
mer with a large quantum yield (0.3-0.5).F' Given the

3016 ——
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similar acidity of sulfonamides

T and phenols, coordination of

Zn" should also result in dis-
placement of the proton and in-
hibition of the ESIPT process
as observed for the phenol de-
rivative I. Hence, to evaluate
this fluorophore as a platform
for the design of Zn"-selective
ratiometric probes, we synthe-
sized a family of water soluble
2-(2'-benzenesulfonamidophen-
yl)benzimidazole derivatives
(IIT) and studied their emission
responses towards biologically
important metal cations under
physiological conditions. Fur-
thermore, to explore the tuna-
bility of the Zn" affinity and se-
lectivity, we introduced various
Lewis base donors (L) in prox-
imity to the bidentate cation
binding site.

emission

L = solvent
X =0, NH, NCOR, NTs

Results and Discussion

Synthesis: By using a modular approach, ligands 7-9 were
synthesized from precursor 5§ (Scheme 2). Coupling of com-
mercially available amine 1 with sulfonyl chloride 2, fol-
lowed by oxidation of the benzylic hydroxyl group with
manganese(1v) oxide provided aldehyde 3. Copper(11)-medi-
ated coupling with 1,2-diamino-3-hydroxymethylbenzenel™!
(4) followed by oxidation with manganese(iv) oxide gave
key intermediate 5, which was readily converted to the sub-
stituted ligands 7a, 8a, and 9a by means of reductive amina-
tion with the corresponding amines. The unsubstituted de-
rivative 6a is principally accessible by oxidative coupling of
3 with 1,2-phenylenediamine; however, since 2-(2'-amino-
phenyl)benzimidazole is commercially available, ligand 6a is
better synthesized through condensation with sulfonyl chlo-
ride 2 in a single step. The water-soluble acids 6b, 7b, 8b,
and 9b were obtained by hydrolysis with lithium hydroxide
in aqueous methanol.

Protonation equilibria: The protonation equilibria of the
four benzimidazole ligands 6b, 7b, 8b, and 9b were investi-
gated by potentiometric and spectrophotometric titrations.
For the determination of the pK, values, a solution of each
ligand in water (0.5-1mm) was titrated with 0.1m KOH at a
constant ionic strength of 0.1m KCl (Figure 1). The mea-
sured potential data were converted to —log[H;07"] based
on the electrode potential (E;) and slope s, which were de-
termined by Gran’s method;* nonlinear least-squares fit
analysis®™®! provided the corresponding pK, values (Table 1).

Ligand 6b exhibits two protonation steps with pK,=38.0
and 4.5, which can be readily assigned to the nitrogen atom
of sulfonamide and the carboxylic acid moiety, respectively.
The tertiary-amine substituent in ligand 7b yields an addi-
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Scheme 2. a) pyridine, 0°C; b) MnO,, CH,CL,, RT (53 %, from 1); c) Cu(OAc),, EtOH, reflux (20%); d) Cu(OAc),, EtOH, reflux (36%); ¢) MnO,,
CH,Cl,, RT (86%); f) NaBH(OAc);, Et,NH, 1,2-EtCl, (76 %); g) NaBH(OAc);, N-2-picolyl-N-methylamine, 1,2-EtCl, (97%); h) NaBH(OAc);, N,N-

2,2'-dipicolylamine, 1,2-EtCl, (80 % ).
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Figure 1. Potentiometric titration curves for ligands 6b-9b in water (0.1M
KCl, 25°C; ligand concentrations (mm): 6b 1.0; 7b 0.47; 8b 0.64; 9b
0.76).

tional protonation step with pK,=10.1. Consistent with the
presence of an ammonium cation, protonation of the car-
boxylic acid moiety now requires more acidic conditions

Chem. Eur. J. 2004, 10, 3015-3025 www.chemeurj.org
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(pK,=3.73) compared with 6b. The picolyl susbtituents in
8b and 9b substantially lower the pK, of the nitrogen atom
of the tertiary amine, an observation which is in agreement
with the reported low pK, (7.3) of bispicolylamine.***” Be-
cause protonation of the nitrogen atom of sulfonamide is ex-
pected to occur in the same pH range, the pK, assignment
to either functional group is ambiguous for 8b and 9b.

To clarify this ambiguity we performed additional spectro-
photometric titrations. The spectral changes associated with
deprotonation of the nitrogen atom of sulfonamide provide
a characteristic signature to unequivocally assign the corre-
sponding pK, values. Deconvolution analysis of the UV-visi-
ble traces with the SPECFIT software package™! provided
the absorption spectra for the species with protonated and
deprotonated sulfonamide nitrogen atoms (Figure 2, left).
The absorption maxima of the deconvoluted spectra are in-
cluded in Table 1 for ligands 6b, 7b, 8b, and 9b. Hence, for
both ligands 8b and 9b the highest pK, values correspond
to protonation of the nitrogen atom of sulfonamide, while
the next lowest pK, values are associated with the picolyl-
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Table 1. Protonation constants and photophysical data for ligands 6b, 7b, 8b, and 9b in aqueous solution.”!

amine substituents. In summary,

Species/Equilibrium  Data 6b 7b 8b 9b deprotonation of the sulfon-
[LH J/[H*][L*] PK, 8044003 10124003  842+003  873+003 amide moiety occurs for all li-
[LH,)/[H*][LH] pK, 4.50+0.03 8.02+0.03 7.31+0.03 649+0.03  gands at —log[H;0%]>8 and
[LHs;]/EHJ:r][LHz]Jr PK; ﬂja 3~/73i0-05 3-/33i0-05 ;giiggg yields qualitatively identical ab-
LH, H"][LH; K, n/a n/a n/a .84 £0. . .
Ef’ ML zbsorption A [nm]®1 301 (15870) 304 (10120)11  303(15170) 304 (12320) sorption spectra with a sharp
329 (10920) 326 (7470)11 329 (10600) 332 (9220) peak around 300 nm and a red-
excitation Ay, [nm]® 296 29911 297 297 shifted band centered around
emmission A, [nm]9 418 41910 419 419 330nm (Figure 2, left). The
Stokes” shift [em '] 6470 68101 6530 6250 substituents attached to the
LH- absorption Ay, [nm]" 299 (12300) 306 (9360)®! 305 (12850) 305 (10100) ' . L
excitation Ay, [nm]9 300 3091 309 308 enzimidazole ring in ligand
emission A,y [nm][d] 460 46918l 471 460 7b, Sb, and 9b are electronical-
Stokes’ shift [cm™'] 11700 113601 11550 11050 ly decoupled from the chromo-
quantum yield'® 0.23 0.321! 0.28 0.09

phoric m-system and conse-

[a] 0.1m KCI, 25°C; [b] From deconvolution analysis, molar extinction coefficient [Lmol 'cm™'] in parenthe-
ses; [c] pH 11.0, 0.1m KCl; [d] pH 7.00, 10mm PIPES, 0.1M KCI; [e] Quinine sulfate in 1~ H,SO, as standard;

[f] Monoprotonated species LH™; [g] Diprotonated species LH,.
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Figure 2. Comparison of the UV-visible absorption (left) and normalized
fluorescence emission spectra (right) of the species with protonated
(—) and deprotonated (——-) sulfonamide nitrogen atom in aqueous
solution (0.1M KCI, 25°C) for ligands a) 6b, b) 7b, c) 8b, and d) 9b. The
emission spectra were recorded at pH 7.2 (—) and 11.0 (——-). The UV-
visible traces were obtained through deconvolution of a series of spectra
with pH range 7-10.
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quently show no significant in-
fluence on the absorption spec-
tra. As illustrated by the distri-
bution diagram in Figure 3, the
protonated sulfonamide species

3 4 5 6 7 8 9 10 M
100 b b b b bl b

a) LH- L2-

LH,

n
o
(IR R B R
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Figure 3. Calculated species distribution diagrams for ligands a) 6b,
b) 7b, c) 8b, and d) 9b.

dominate the equilibrium composition at neutral pH. How-
ever, the lower protonation constants of ligands 6b and 7b
are responsible for the presence of approximately 10% of
the sulfonamide anion, thus shifting the optimal conditions
for ratiometric cation measurements for these two ligands to
a lower pH range.

Upon excitation at the peak-absorption wavelength, all
four ligands 6b—9b display an intense fluorescence emission
with a quantum yield range of 9-32%. At neutral pH, the
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emission spectrum of each ligand consists of a single band
centered uniformly around 460 nm (Figure 2, right). The
spectra are not influenced by the choice of excitation wave-
length, suggesting the presence of a single, emissive species
in the excited-state manifold. The large Stokes’ shifts, aver-
aging approximately 11000 cm ™', are characteristic for emis-
sion of the corresponding proton-transfer tautomer Tl
Deprotonation of the nitrogen atom of sulfonamide disrupts
the ESIPT process and results in a blueshifted, normal emis-
sion band of the sulfonamide anion around 419 nm. Unlike
the structurally related 2-(2'-hydroxyphenyl)benzimidazoles,
which exhibit multiple emission bands under identical condi-
tions,”**! ligands 6b-9b display uniform photophysical
properties, which render them potentially suitable as cation-
selective probes.

Ground-state tautomerism: The NH-proton in benzimida-
zoles is known to undergo rapid, annular tautomerization.*’)
While in the case of ligands 6a/b the annular tautomeriza-
tion corresponds to a degenerate equilibrium, the tautomer
pairs of the substituted ligands 7a/b-9a/b are structurally
different and represent a nondegenerate, prototropic equi-
librium (Scheme 3). The 'H NMR spectra of ligands 6a/b—

R' R'
R
Lp ) o)
\ N R
H H

Scheme 3. Nondegenerate prototropic equilibrium of the tautomer pairs
of the substituted ligands 7a/b—9a/b.

9a/b all contain a single set of resonances for the benzimida-
zole protons. Conclusively, the tautomerization rate at room
temperature is too fast to be observed on the NMR time-
scale, resulting in a spectrum at the fast-exchange limit with
averaged signals. As exemplified by ligand 7a in CD;0D, at
lower temperatures the proton resonances undergo line
broadening (Figure 4); however, even at —60°C the tauto-
merization rate does not reach the slow-exchange limit that
would provide the chemical-shift information for each tauto-
mer and their concentration ratio. The data set is therefore
not suitable to determine the equilibrium constant and acti-
vation barrier of the prototropic equilibrium.

The tautomerization equilibrium constants for 4(7)-substi-
tuted benzimidazoles reported in the literature are very
close to 1, indicating near equivalence in the stability of the
N1(H) and N3(H) tautomers.*” Thus, the stability difference
between the annular tautomers of ligands 6-9 is primarily
controlled by steric factors and presumably rather small. We
therefore assume that both tautomers are present in signifi-
cant concentrations, and that the previously discussed ab-
sorption and emission spectra correspond to the averaged
spectra of both tautomers.

Chem. Eur. J. 2004, 10, 3015-3025 www.chemeurj.org
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Figure 4. Variable-temperature '"H NMR spectra of ligand 7a in CD;0D
(3mm).

Complexation studies: Among the biologically important
metal cations, only Zn" yielded a bright, blueshifted fluores-
cence emission when added to an aqueous solution of any of
the four ligands 6b-9b. At neutral pH, coordination of Ca"
and Mg" is presumably too weak to replace the sulfonamide
proton, and gives no visible change of the fluorescence emis-
sion. The paramagnetic transition-metal cations Mn", Co",
Fe"", Ni", and Cu" coordinate to the ligands, but partially or
completely quench the fluorescence emission. Given the se-
lective fluorescence response towards Zn", we investigated
the interaction of this cation with each of the four ligands
6b-9b in more detail. A compilation of all thermodynamic
and photophysical data obtained from these studies is given
in Table 2.

Table 2. Thermodynamic and photophysical data for the complexation of
ligands 6b-9b with Zn" in aqueous solution.!

Data 6b 7b 8b 9b
log K™ 4504004 3.09+0.04 923+0.04 12.10+0.04
absorption A, [nm]! 327 318 297 334
excitation A,,,, [nm] 294 299 300 338
emission A, [nm] 406 420 415 406
Stokes’ shift [cm™'] 5950 7640 9570 5310
R F(400/500)1! 0.44 0.15 0.24 0.14
Roax F(400/500)1! 8.46 3.06 7.34 11.6
Runa/ Rusin 19 20 30 82
quantum yield! 022 0.23 0.17 0.21

[a] 0.1m KCIO,, 25°C, 10mm PIPES, pH 7.20; [b] Apparent binding con-
stant at pH 7.20; [c] From deconvolution analysis; [d] Ratio R of fluores-
cence emission intensities at 400 and 500 nm; [e] Quinine sulfate in 1N
H,SO, as standard.

Absorption and emission spectra: Since coordination to the
sulfonamide group is accompanied by loss of the nitrogen-
bound proton, the UV-visible spectrum should display a sim-
ilar redshift as previously observed for the deprotonated sul-
fonamide anion (Figure2). Addition of Zn" triflate to
ligand 6b at neutral pH did indeed yield a new redshifted
band at 327 nm and a single isosbestic point at 318 nm (Fig-

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim — 3019
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ure Sa, left). When excited at this wavelength, the emission
spectra at various Zn" concentrations also revealed an iso-
sbestic point at 428 nm (Figure 5a, right), which is consistent
with a simple equilibrium system involving free and Zn'-
bound ligands. As expected, displacement of the sulfon-
amide proton by Zn" inhibits the ESIPT process and results
in a significant blueshift of the peak emission.

250 300 350 400 400 500 600
1.0 IAAII:Iklllllllll TR 1 Ll L
i R

0.8 T a) -2

0.6 f ! |

0.4 -1

%27 \

004+ 71— 710
2

absorbance

0.6 T c)

relative fluorescence intensity

"
UL
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wavelength [nm]

Figure 5. UV-visible absorbance (left) and fluorescence emission spectra
(right) of ligands a) 6b, b) 7b, c¢) 8b, and d) 9b as a function of added
Zn" (excitation at the isosbestic point of the UV-visible traces, pH 7.20,
10mm PIPES, 0.1M KCIO,).

Ligand 7b shows qualitatively the same behavior as 6b
(Figure 5b); however, at Zn" concentrations above 10mm
the isosbestic point of the initial set of UV-visible traces is
no longer conserved, indicating the formation of a new spe-
cies (Figure 5b, left, dotted curves). The continuous increase
of the absorbance over the entire wavelength range contra-
dicts the presence of a stoichiometrically well-defined com-
plex; this is possibly a result of precipitation and/or the for-
mation of a coordination polymer.

In contrast, the UV-visible titration of ligand 8b with Zn"
did not yield the expected redshifted absorption band as ob-
served for 6b and 7b under identical conditions (Figure 5c,
left). Evidently, the sulfonamide nitrogen atom does not par-
ticipate in coordination to Zn", and remains protonated

3020
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throughout the titration. Interestingly, the emission spectra
acquired under identical conditions revealed the same char-
acteristic blueshift as observed for 6b and 7b, and indicated
inhibition of the ESIPT process. This might initially appear
as a contradiction, however, the formation of the ESIPT
tautomer requires not only the presence of the sulfonamide
proton but also the proton-accepting electron lone pair of
the benzimidazole nitrogen atom. If this nitrogen atom is co-
ordinated to Zn", the ESIPT process is inhibited regardless
of the protonation state of the sulfonamide group. This in-
terpretation is further supported by the apparent Zn" bind-
ing affinity of log K=9.2 (vide infra), which is significantly
higher than the apparent binding affinity of the picolylamine
moiety (logK,=3.1, pH 7.2).1*1

Titration of ligand 9b with Zn" displayed a similar red-
shifted absorption band in the UV-visible spectrum as previ-
ously observed for 6b and 7b, indicating coordination of
Zn" to the sulfonamide nitrogen atom (Figure 5d, left). The
high apparent binding affinity of logK=12.1 at neutral pH
(vide infra) suggests formation of a pentadentate complex
involving coordination of all five nitrogen-donor atoms. This
assumption is additionally supported by a comparison with
the apparent Zn" affinity of dipicolylamine (logKz,=7.3 at
pH 7.2), which is five orders of magnitude lower than the
affinity of 9b. The fluorescence emission maxima again un-
dergo a blueshift (Figure 5d, right), which is in agreement
with the inhibition of ESIPT in favor of the normal emission
of the Zn"-bound fluorophore.

Apparent Zn" binding affinities: The binding affinities at
neutral pH of the four ligands 6b-9b were determined by
using nonlinear least-squares fit analysis of the emission re-
sponses at various Zn" concentrations (Table 2). For ligands
6b and 7b the Zn" affinities were directly obtained from
mol-ratio plots with Zn" concentrations ranging between
10um and 50mm. The two ligands (6b, 7b) bind Zn"™ with
logK=4.50+0.04 and 3.0940.04, respectively, and form
both complexes with a 1:1 stoichiometry. Much to our sur-
prise, the diethylamino substituent attached to the benzimi-
dazole ring in 7b did not yield an increase, but rather a de-
crease in binding affinity. Since the UV-visible traces indi-
cate that the sulfonamide nitrogen atom is coordinated to
Zn", it appears unlikely that the diethylamino group is also
involved in complexation to the metal center. Compared
with 8b and 9b, the nitrogen atom of the tertiary amine in
7b is approximately three orders of magnitude more basic,
and presumably remains protonated even in the presence of
millimolar concentrations of Zn". The additional charge of
the resulting ammonium cation might therefore be responsi-
ble for the unexpectedly low Zn" affinity of 7b.

Initial mol-ratio plots of the emission response of ligands
8b and 9b with Zn" revealed a fractional saturation of
>99% throughout the entire titration range, indicating a
significantly higher binding affinity compared with 6b or 7b.
Thus, to reliably measure the Zn" affinity of logK=9.23+
0.04 for 8b a set of Zn"/EGTA (EGTA = ethylenebis(oxy-
ethylenenitrilo)tetraacetic acid) buffer solutions were used
with free Zn" concentrations ranging between 10pm and
18nm. Similarly, the affinity of logK=12.10+£0.04 for 9b
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was determined with a set of Zn"/HEDTA (HEDTA =N-
(2-hydroxyethyl)ethylenediaminetriacetic acid) buffer solu-
tions with free Zn" ranging between 0.16-13 pm.

Ratiometric measurements: If the peak excitation or emis-
sion wavelengths are shifted upon binding of the metal
cation, the ratio R of the intensities at two different wave-
lengths 4, and 4, is sufficient to determine the metal concen-
tration, regardless of the probe concentration, path length,
or other instrument-related parameters.! With a 1:1 binding
stoichiometry the Zn" concentration is given by Equa-
tion (1):

R—R,i, \ S
[ZHH] — Kd( mm) apo

Rmax_R Sbnd (1)

in which R, and R, are the limiting R values in the ab-
sence and at saturating levels of Zn", respectively. The two
instrument-specific factors S,,, and Sy, are determined from
solutions containing accurately known concentrations of the
probe and Zn". Since R,,,/Rnm, reflects the limiting dynamic
range and resolution for concentration measurements, this
parameter is a good measure to compare the performance
of various probes. For each of the four ligands 6b-9b, the
ratio of the emission intensities at 400 and 500 nm were de-
termined at various Zn" concentrations covering at least
one logarithmic unit above and below the corresponding dis-
sociation constants. Nonlinear least-squares fit analysis using
Equation (1) yielded the R, and R, values listed in
Table 2. The calculated R,,,,/R.;, ratios range between 19-82
and compare well to the commercially available ratiometric
calcium probes indo-1 (R, /Rpyin=21) or fura-2 (R./Rumin=
45)."1 A plot of the emission—intensity ratio versus the free
Zn" concentration further illustrates the dynamic range of
each of the ligands 6b-9b (Figure 6). For a better compari-
son, R ../R, was normalized to unity and the experimental
ratios R were scaled accordingly. Because reliable concen-
tration measurements are only feasible between 20-80%
fractional saturation,*” the analytically useful concentration
range is typically restricted to one order of magnitude above
and below the dissociation constant of the probe. Fluoro-
phore 6b is thus suitable to gauge free Zn" between 30 um
and 3mwm, whereas the high-affinity probes 8b and 9b can
be used for concentrations between 1-10nm and 0.2-20pwm,

norm. F (400 nm)/F (500 nm)

pZn

Figure 6. Change of the emission intensity ratio at 400 and 500 nm (4., =
320 nm) for ligands 6b-9b as a function of free Zn" (pZn= —log[Zn"...],
pH 7.2, 10mm PIPES, 0.1M KCIO,).
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respectively. The lower affinity of ligand 7b does not signifi-
cantly expand the dynamic range relative to 6b, since ac-
cording to the previously discussed UV-visible data, the
binding stoichiometry is not conserved at Zn" concentra-
tions above 10mwm (see absorption and emission spectra sec-
tion). This ligand was therefore excluded from the investiga-
tion of the emission response towards other biologically im-
portant metal cations.

Selectivity towards Zn": In coordination studies with other
biologically relevant metal cations, ligands 6b, 8b, and 9b
revealed a selective response towards Zn". Since coordina-
tion of Zn" results in a blueshift of the emission maximum
to 405 nm, the emission intensity at this wavelength is a
good indicator for the selectivity of the probe response
(Figure 7). With up to millimolar concentrations of Ca™ and

Bl Mo
& [ ab
= [deb
[% ]
&
=
&
4
&
o

L Zn' Cd" Ca" mMg" mn' Co' Fe' Ni' Cul

Figure 7. Emission intensity at 405 nm (4.,=320 nm) of ligands 6b, 8b,
and 9b in response to various metal cations. Concentrations: 6b 10 um,
all M** 1mm; 8b 10pm, Ca", Mg" 1 mwm, all other M** 10um; 9b 10 um,
Ca", Mg" 1mm, all other M?>* 10um (pH 7.2, 10mm PIPES, 0.1 KCIO,).

Mg" the emission spectra of all three ligands essentially re-
mained unchanged, whereas the paramagnetic metal cations
Ccu, Fe, Ni', Co", and Mn" resulted in fluorescence
quenching. We also investigated the emission response for
Cd": a nonbiological d'° metal cation that often exhibits
similar coordination properties to Zn". In the presence of
Cd" all three ligands showed increased emission intensities
at 405 nm; however, only 8b yielded a similarly strong fluo-
rescence enhancement as observed with Zn" (Figure 7).
Figure 8 shows the emission intensity ratios at 400 and
500 nm as a function of selected divalent metal cations
(dark columns). With the exception of Cu", the emission re-
sponse of 6b was not significantly altered by millimolar con-
centrations of the tested cations. The ligands 8b and 9b re-
vealed a similar trend; however, Co", Ni", and Fe" also
yielded an increased emission ratio. Nevertheless, because
the fluorescence emission in the presence of these cations is
very weak, it should be possible to distinguish this ratio in-
crease from the Zn"-selective emission change (Figure 7).
To further gauge the selectivity of the ligands, the emis-
sion response of each cation was measured in the presence
of an equimolar amount of Zn" (Figure 8, light columns).
Under these conditions the emission ratios for 8b and 9b
were essentially restored to the same values as those ob-
served for the Zn"-saturated probe. Only the measurements
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Figure 8. Emission intensity ratios at 400 and 500 nm in response to vari-
ous metal cations (pH 7.2, 10mm PIPES, 0.1m KCIO,): a) 10um 6b, all
M?** 1mm; b) 10um 8b, Ca', Mg" 1mwm, all other M?* 10um; c) 10 um so-
lution of 9b, Ca", Mg" 1mwm, all other M?>* 10pm. Binding competition
measurements were acquired after equilibration for 3h (6b) and 24h (8b
and 9b) with solutions containing equimolar concentrations of Zn" and
the respective metal cation.

with Cu" resulted in a significant change in the emission
ratio, but again induced fluorescence quenching. In compari-
son, the response of ligand 6b, which is lacking any addi-
tional coordinating pyridine groups, was less selective.
Whereas Ca', Mg, and Mn" did not interfere with Zn"
binding, the emission ratios for Co", Fe', Ni"", and Cu" were
significantly lower suggesting competitive binding of these
cations; however, for Cd™induced fluorescence enhance-
ments the emission ratios were essentially restored in the
competition assays with all three ligands, indicating a lower
binding affinity of Cd" compared with Zn".

Conclusion

In summary, the benzimidazole derivatives 6b—9b demon-
strate that cation-induced inhibition of ESIPT leads to a
substantial spectral shift of the fluorescence emission and is
a promising concept for the development of Zn"-selective
ratiometric probes. The modular architecture of the probe
principally allows for tuning of the binding affinity as illus-
trated with the picolylamine-substituted derivatives 8b and
9b. Because the spectral characteristics are not significantly
altered by the attached substituents, the approach is suitable
for generating a family of probes that can be used with a
single filter set. Probes 6b-9b require excitation in the UV
range, which is a limiting factor for fluorescence microscopy
applications. However, the probes can be used in any cu-
vette-based application, for example, in competition experi-
ments for the determination of the binding affinities of spec-
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troscopically silent ligands. The high-affinity probes 8b and
9b should be particularly suitable for the measurement of
the binding affinities of Zn" metalloproteins, whose binding
constant is typically in the range between 10°-10”m™" (e.g.,
alkaline phosphatase, K,,=10"-10%" carboxy peptidase,
K7,=2.1x10% carbonic anhydrase, K, =1.3x10%*]). We
anticipate that simple structural modifications through intro-
duction of suitable substituents should yield a sufficiently
redshifted excitation maximum and also render the fluoro-
phore platform suitable for microscopy applications. To
evaluate their suitability as Zn"-selective probes in multi-
photon laser microscopy, we are currently exploring the
two-photon cross sections of these fluorophores. This ap-
proach would be particularly attractive for in vivo applica-
tions, since the required excitation wavelength corresponds
to one-half of the single-photon energy.

Experimental Section

Materials and reagents: 2-Aminobenzyl alcohol (Aldrich, 98 %), 2-(2'-
aminophenyl)benzimidazole (Alfa-Aesar, 98 %), phenol (Aldrich, 99 %),
ethyl bromoacetate (Aldrich, 98 %), manganese dioxide (Aldrich, 99 %),
1,2-phenylenediamine (Aldrich, 99 %), copper acetate monohydrate (Al-
drich, 98 %), thionyl chloride (Aldrich, 99 %), 2,2’-dipicolylamine (TCI,
97 %), N,N-diisopropylethyl amine (Aldrich, 99 %), N-(2-hydroxyethyl)-
ethylenediaminetriacetic acid (HEDTA, Aldrich, 99 %), ethylenebis(oxy-
ethylenenitrilo)tetraacetic acid (EGTA, Aldrich, 97%). NMR: ¢ in ppm
versus SiMe, (0 ppm, 'H, 400 MHz). MS: selected peaks; m/z. Melting
points are uncorrected. Flash chromatography: Merck silica gel (240-
400 mesh). TLC: 0.25 mm, Merck silica gel 60 F,s,, visualizing at 254 nm
or with 2% KMnO, solution.

Synthesis: 2,3-Diaminobenzyl alcohol®! 4 and ethyl 2-phenoxyacetate!“!
were synthesized following the published procedures.

Ethyl (4-chlorosulfonylphenoxy)acetate (2): Chlorosulfonic acid (7.0 mL)
was added dropwise to a solution of ethyl 2-phenoxyacetate (2 g,
11 mmol) in dichloromethane (50 mL) and cooled with ice. After stirring
for 3h at RT, the reaction mixture was poured into ice-cold water
(20 mL) and extracted two times with diethyl ether (40 mL). The com-
bined organic extracts were dried with anhydrous MgSO, and concentrat-
ed under reduced pressure to provide the sulfonyl chloride 2 as a yellow-
ish oil (2.40 g, 78% yield). 'H NMR (CDCl,;, 400 MHz): 6=1.32 (t, J=
7.1Hz, 3H), 429 (q, J=7.1Hz, 2H), 473 (s, 2H), 7.04 (d, /=9.3 Hz,
2H), 7.97 ppm (d, J=9.3 Hz, 1H); MS (70 eV): m/z (%): 278/280 (39/15)
[M*], 243 (100); EI-HRMS: m/z caled (%) for [M*] C,H;,ClO;S:
278.0016; found: 278.0049.

Ethyl [4-(2-formylphenylsulfamoyl)phenoxy]acetate (3): A mixture of 1
(500 mg, 4.06 mmol), 2 (1.4 g, 5.0 mmol), and pyridine (0.5mL) in di-
chloromethane (5 mL) was stirred at RT for 2 h. The reaction mixture
was quenched with water (50 mL) and extracted twice with dichloro-
methane. The combined organic extracts were dried with anhydrous
MgSO, and concentrated under reduced pressure to give ethyl [4-(2-hy-
droxymethylphenylsulfamoyl)phenoxy]acetate as a yellow oil (1.42 g).
Without further purification, the product was dissolved in dichlorome-
thane (10 mL) and stirred together with manganese dioxide (4.8 g) at RT
overnight. The suspension was filtered through a pad of Celite and con-
centrated under reduced pressure. Recrystallization from ethyl acetate
provided aldehyde 3 as a white solid (783 mg, 53 % yield). M.p. 83-85°C;
'H NMR (CDCl;, 400 MHz): §=1.27 (t, J=7.1Hz, 3H), 424 (q, J=
7.1Hz, 2H), 4.62 (s, 2H), 6.89 (d, /J=8.7Hz, 2H), 7.15 (t, J=7.6 Hz,
1H), 7.49 (t, J=7.1Hz, 1H), 7.58 (dd, /J=7.4, 1.4 Hz, 1H), 7.66 (d, J=
8.2 Hz, 1H), 7.81 (d, J=8.7 Hz, 2H), 9.81 (s, L H), 10.75 ppm (s, 1 H); ®C
NMR (CDCl;, 100 MHz): 6=14.6, 62.0, 65.6, 115.1, 118.0, 122.1, 123.2,
129.7, 132.2, 136.0, 136.3, 140.0, 161.5, 167.9, 195.0 ppm; MS (70 eV): m/z
(%): 363 (34) [M™], 243 (35), 120 (100); EI-HRMS: m/z caled for [M*]
C;H;NO,S: 363.0776; found: 363.0771; elemental analysis calcd (%) for
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C;H;NOgS (363.4): C 56.19, H 4.72, N 3.85; found: C 56.26, H 4.64, N
3.93.

Ethyl {4-[2-(4-formyl-1 H-benzimidazol-2-yl)phenylsulfamoyl]phenoxy}-
acetate (5): Acetic acid (0.280 mL), aldehyde 3 (1.11 g, 3.06 mmol) in
MeOH (5mL), and copper(m) acetate monohydrate (610 mg) in water
(10 mL) were sequentially added with stirring to a solution of 2,3-diami-
nobenzyl alcohol 4 (300 mg, 2.17 mmol) in EtOH/H,O (20 mL, 1:1). The
mixture was heated under reflux for 3 h, filtered hot, and the residue
washed with water. The precipitate was redissolved in a mixture of etha-
nol (12mL) and concd HCl (2.2mL). After addition of Na,S-9H,O
(1.05¢g in 8 mL water) the mixture was heated under reflux for 1h,
cooled to RT, and filtered through a pad of Celite to remove the precipi-
tated CuS. The filtrate was neutralized with aqueous NaHCO; and ex-
tracted three times with dichloromethane. The combined organic extracts
were dried with MgSO, and concentrated under reduced pressure. The
crude product was purified on silica gel (hexanes/ethyl acetate 1:2—1:1)
to provide the hydroxymethyl-substituted benzimidazole as a glassy, yel-
lowish solid (378 mg, 36% yield). M.p. 54-56°C; 'H NMR (CDCl,,
400 MHz) (note: tautomeric proton exchange broadens a few signals):
0=1.30 (t, J=7.1Hz, 3H), 4.26 (q, /J=7.1 Hz, 2H), 4.50 (s, 2H), 5.02 (s,
2H), 6.39 (d, J=8.7Hz, 2H), 7.09 (brs, 1H), 7.15 (t, /=7.6 Hz, 2H), 7.22
(d, J=7.6 Hz, 1H), 7.33 (brs, 1H), 7.32 (t, J=7.6 Hz, 2H), 7.49 (d, J=
7.6 Hz, 1H), 7.67 (brs, 1H), 7.73 (d, J=7.6 Hz, 1H), 9.80 (brs, 1H),
9.99 ppm (brs, 1H); MS (70 eV): m/z (%): 481 (65) [M™*], 435 (27), 312
(31), 220 (100); EI-HRMS: m/z caled (%) for [M*] CyuHpuN;O4S:
481.1308; found: 481.1297.

The above intermediate (482 mg, 1.0 mmol) was dissolved in dichloro-
methane (15 mL) and stirred with manganese dioxide (1.1 g) at RT over-
night. The suspension was filtered through a pad of Celite and concen-
trated under reduced pressure. Recrystallization from diethylether pro-
vided aldehyde 5 as a glassy, yellow solid (415 mg, 86 % yield). M.p. 65—
67°C; 'H NMR (CDCl;, 400 MHz): 6=1.24 (t, J=7.1 Hz, 3H), 4.21 (q,
J=7.1Hz, 2H), 4.52 (s, 2H), 6.65 (d, J=8.8 Hz, 2H), 7.17 (t, J=8.0 Hz,
1H), 7.39 (td, /=838, 1.7Hz, 1H), 7.49 (t, J=8.0Hz, 1H), 7.64 (d, /=
9.3 Hz, 2H), 7.68 (dd, /=8.8, 1.1 Hz, 1H), 7.79 (dd, J=8.5, 1.7 Hz , 2H),
8.11 (d, /J=7.7Hz, 1H), 10.11 (s, 1H), 10.87 (brs, 1H), 12.35 ppm (s,
2H); "C NMR (CDCl;, 100 MHz): 6=14.5, 61.9, 65.3, 114.5, 115.6, 116.4,
121.0, 121.3, 123.0, 123.8, 126.2, 126.9, 127.8, 129.3, 131.7, 132.2, 138.0,
149.0, 151.9, 160.9, 167.9, 192.4 ppm; MS (70 eV): m/z (%): 479 (64) [M*
], 415 (25), 378 (5), 328 (50), 236 (100), 209 (11), 181 (9); EI-HRMS: m/z
caled (%) for [M*] C,H, N;O,S: 479.1151; found: 479.1145; elemental
analysis calcd (%) for C,HyN;O4S (479.5): C 60.12, H 4.41, N 8.76;
found: C 60.24, H 4.49, N 8.66.

Ethyl {4-[2-(1 H-benzimidazol-2-yl)phenylsulfamoyl]phenoxy}acetate (6a):
A solution of 2-(2’-aminophenyl)benzimidazole (310 mg, 1.48 mmol) and
2 (500 mg, 1.79 mmol) in pyridine (3 mL) was stirred for 2 h. The reac-
tion mixture was diluted with water (20 mL) and extracted twice with
ethyl acetate (40 mL). The combined organic extracts were dried with
MgSO, and concentrated under reduced pressure. The crude product was
purified by flash chromatography on silica gel (hexanes/ethyl acetate 2:1)
to give ligand 6a as a yellowish solid (400 mg, 60% yield). M.p. 134—
136°C; 'H NMR ([D¢]DMSO, 400 MHz): 6 =1.12 (t, J=6.6 Hz, 3H), 4.08
(q, J=7.1Hz, 2H), 4.77 (s, 2H), 6.92 (d, /=88 Hz, 2H), 7.19 (t, /=
7.7Hz, 1H), 7.28-7.31 (m, 2H), 740 (t, J=7.7Hz, 1H), 7.60 (d, J=
8.8 Hz, 1H), 7.64-7.67 (m, 4H), 8.02 (d, /=82 Hz, 1H), 13.23 ppm (s,
2H); "C NMR (CDCl;, 100 MHz): 6=14.8, 61.5, 65.4, 115.7, 116.4, 119.2,
123.8, 124.0, 128.0, 129.5, 131.5, 131.8, 151.0, 161.5, 168.5, 168.5 ppm; MS
(70 eV): miz (%): 451.1 (44) [M*], 387.1 (14), 300.1 (40), 208.1 (100); EI-
HRMS: m/z caled (%) for [M*] C,;HyN;OsS: 451.1202; found:
451.1189; elemental analysis caled (%) for C;3H,N;O5S (451.5): C 61.18,
H 4.69, N 9.31; found: C 61.09, H 4.72, N 9.36.

{4-[2-(1 H-Benzimidazol-2-yl)phenylsulfamoyl]phenoxy}acetic acid (6b):
Ethyl ester 6a (170 mg, 0.38 mmol) was added to a solution of
LiOH-H,O (350 mg) in a mixture of methanol (1 mL) and water (1 mL).
The mixture was stirred at RT for 1h, and the organic solvent subse-
quently removed under reduced pressure. The aqueous residue was acidi-
fied by the addition of 1M HCI and the product then extracted twice with
ethyl acetate. The combined organic extracts were dried with MgSO, and
concentrated under reduced pressure to provide acid 6b as a yellowish
solid (140 mg, 88 % yield). For the photophysical studies a sample of the
compound (10 mg) was further purified by semipreparative reversed-
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phase HPLC (10x300mm C18 column, CH;CN/H,O (0.01%TFA)
75:25—98:2); M.p. 140°C (decomp); 'H NMR ([D¢]DMSO, 400 MHz):
0=4.66 (s, 2H), 6.90 (d, /=8.8 Hz, 2H), 7.19 (t, J=7.7 Hz, 1H), 7.28-
7.31 (m, 2H), 7.40 (t, J=7.7 Hz, 1H), 7.60 (d, J=8.8 Hz, 1H), 7.65-7.67
(m, 4H), 8.02 (d, J=8.2Hz, 1H), 13.23 ppm (s, 2H); MS (70 eV): m/z
(%): 423 (20) [M™], 300 (17), 208 (100); EI-HRMS: m/z caled (%) for
[M*] C,;H;N;05S: 423.0889; found: 423.0863.

Ethyl {4-{2-{4-[(diethylamino)methyl]-1 H-benzimidazol-2-yl}phenylsulfa-
moyl}phenoxy}acetate (7a): Diethyl amine (31 pL, 0.292 mmol) and
sodium triacetoxyborohydride (66 mg, 0.313 mmol) were added to a solu-
tion of aldehyde 5 (100 mg, 0.209 mmol) in 1,2-dichloroethane (15 mL).
The reaction mixture was allowed to stir for 2.5 h under N, and was then
quenched by the addition of 1M aqueous NH,OH (3 mL). The product
was extracted twice with dichloromethane and the combined organic ex-
tracts were dried with MgSO,. The organic solvent was evaporated under
reduced pressure and the residue purified by using flash chromatography
on silica gel (dichloromethane/methanol/TFA 50:1:0.25—50:1:0.5) to pro-
vide ligand 7a as a glassy, pale yellow solid (85 mg, 76 % yield). M.p. 54—
56°C; 'H NMR (CDCl;, 400 MHz): 6=1.15 (t, J=7.1 Hz, 3H), 1.23 (t,
J=7.1Hz, 6H), 2.68 (q, J=6.9 Hz, 4H), 4.01 (s, 2H), 420 (q, J=7.1 Hz,
2H), 4.52 (s, 2H), 6.70 (d, /=8.8 Hz, 2H), 7.08-7.13 (m, 2H), 7.20 (t, /=
7.7Hz, 1H), 7.30 (t, J=7.7 Hz, 1H), 7.30 (t, J=8.2 Hz, 1H), 7.63 (brs,
1H), 7.67 (d, J=7.7Hz, 1H), 7.70-7.74 (m, 3H), 9.44 (brs, 1H),
12.52 ppm (brs, 1H); ®C NMR (CDCl;, 100 MHz): 6=8.1, 10.5, 43.2,
522,579, 614, 110.6, 112.7, 114.6, 116.3, 118.9, 119.1, 119.6, 120.6, 122.3,
122.6, 125.4, 126.8, 128.6, 129.5, 134.0, 145.7, 156.8, 164.0 ppm; MS
(70 eV): miz (%): 536 (1) [M™*], 507 (52), 465 (100), 222 (100), 72 (25);
EI-HRMS: m/z caled (%) for [M*] CH;N,OsS: 536.2093; found:
536.2065; elemental analysis calcd (%) for C,sH3,N,O5S-0.5H,0 (545.7):
C 61.63, H 6.10, N 10.27; found: C 61.83, H 6.13, N 9.93.

{4-{2-{4-[ (Diethylamino)methyl]-1 H-benzimidazol-2-yl}phenylsulfamoyl}-
phenoxylacetic acid (7b): Ethyl ester 7a (22 mg, 0.041 mmol) was hydro-
lyzed as described for acid 6b to provide the free acid 7b (12 mg, 58 %).
M.p. 225-227°C; 'H NMR (CD;OD, 400 MHz): 6=1.42 (t, J=7.1 Hz,
6H), 3.35 (q, J=7.4Hz, 4H), 3.63 (brs, 1H), 4.34 (s, 2H), 4.74 (s, 2H),
6.61 (d, J=82Hz, 2H), 7.24 (t, J=7.4 Hz, 1H), 7.32 (d, J=7.7 Hz, 2H),
7.34-7.45 (m, 3H), 7.69 (t, /=69 Hz, 2H), 7.81 ppm (dd, /=8.7, 1.1 Hz,
1H); MS (70 eV): miz (%): 509 (100) [M+1]*, 435 (5), 338 (15), 295
(44); ESI-TOF-HRMS: m/z caled (%) for [M+1]* C,HyN,OsS:
509.1859; found: 509.1884.

Ethyl {4-{2-{4-[(methylpyridin-2-ylmethylamino)methyl]-1 H-benzimida-
zol-2-yl}phenylsulfamoyl}phenoxy}acetate (8a): Prepared as described for
7a by reductive amination of aldehyde 5 (100 mg, 0.209 mmol) with
methyl picolylamine*”! (100 mg, 0.819 mmol), providing 8a as a glassy,
pale yellow solid (119 mg, 97 % yield). M.p. 56-58°C; 'H NMR (CDCl,
400 MHz): 6=1.22 (t, J=7.1 Hz, 3H), 2.29 (s, 3H), 3.74 (s, 2H), 3.89 (s,
2H), 4.18 (q, /=7.1Hz, 2H), 441 (s, 2H), 6.64 (m, 2H), 7.03 (d, /=
7.1 Hz, 1H), 7.14-7.18 (m, 3H), 7.27 (d, J=7.7 Hz, 1H), 7.33 (td, J=7.7,
1.7Hz, 1H), 7.65 (dd, J=7.7, 2.2 Hz, 1H), 7.68-7.73 (m, 3H), 7.78 (dd,
J=82, 1.1 Hz, 1H), 8.18 (d, /=7.7Hz, 1H), 843 (d, /=44 Hz, 1H),
13.48 ppm (brs, 2H); “C NMR (CDCl;, 100 MHz): 6=14.4, 43.0, 58.8,
61.8, 63.1, 65.3, 114.5, 117.6, 118.2, 120.3, 122.1, 122.5, 122.8, 123.4, 123.6,
123.9, 127.2, 129.4, 130.5, 132.8, 133.1, 137.3, 138.0, 143.0, 149.2, 150.5,
159.0, 160.6, 167.9 ppm; MS (70 eV): m/z (%): 586 (100) [M+1]*, 344
(13), 293 (27); ESI-TOF-HRMS: m/z caled (%) for [M+1]*
C3H3,N5O5S: 586.2124; found: 586.2089; elemental analysis caled (%)
for C;H;NsOsS (585.7): C 63.57, H 534, N 11.96; found: C 63.57, H
5.44, N 11.78.

{4-{2-{4-[ (Methylpyridin-2-ylmethylamino)methyl]-1 H-benzimidazol-2-
yl}phenylsulfamoyl}phenoxy}acetic acid (8b): Ethyl ester 8a (40 mg,
0.068 mmol) was hydrolyzed as described for acid 6b to give free acid 8b
(23 mg, 61%). M.p. 133-135°C; 'H NMR (CDCl;, 400 MHz): 6 =2.47 (s,
3H), 3.63 (brs, 1H), 4.08 (s, 2H), 422 (s, 2H), 4.36 (s, 2H), 6.40 (d, /=
8.3 Hz, 2H), 7.06-7.18 (m, 4H), 7.28 (d, J=6.1 Hz, 2H), 7.31 (d, J=
7.7Hz, 4H), 7.69 (d, J=6.7 Hz, 2H), 7.75 (d, J=7.1 Hz, 2H), 8.55 ppm
(d, J=44Hz, 1H); MS (70eV): m/z (%): 558 (100) [M+1]*, 344 (5),
279, (19); ESI-TOF-HRMS: m/z caled (%) for [M+1]* CyH,N;OsS:
558.1811; found: 558.1846.

Ethyl {4-{2-{4-[(bispyridin-2-ylmethylamino)methyl]-1 H-benzimidazol-2-
yl}phenylsulfamoyl}phenoxy}acetate (9a): Prepared as described for 7a
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by reductive amination of aldehyde 5 (40 mg, 0.083 mmol) with 2,2'-dipi-
colylamine (22 mg, 0.11 mmol), providing 9a as a glassy solid (44 mg,
80% yield). M.p. 65-67°C; 'H NMR (CDCl,, 400 MHz): 6=1.23 (t, J=
7.1 Hz, 3H), 3.89 (s, 2H), 3.91 (s, 4H), 4.19 (q, J=7.1 Hz, 2H), 4.41 (s,
2H), 6.66 (d, J=9.3 Hz, 2H), 7.09-7.20 (m, 4H), 7.25 (d, J=7.6 Hz, 2H),
7.36 (td, /=85, 1.4 Hz, 1H), 7.54 (td, J=7.6, 1.6 Hz, 2H), 7.72-7.77 (m,
3H), 7.81 (dd, J=8.2, 1.1 Hz, 1H), 8.17 (dd, /=7.9, 1.1 Hz, 1 H), 8.40 (d,
J=3.8 Hz, 2H), 13.20 (brs, 2H), 14.11 ppm (s, 1H); *C NMR (CDCl,,
400 MHz): 6=14.5, 56.5, 59.9, 61.9, 65.4, 114.6, 118.6, 120.6, 122.3, 122.6,
123.0, 123.3, 123.6, 123.7, 126.9, 129.5, 130.6, 133.0, 133.3, 137.1, 138.1,
143.0, 149.0, 150.6, 159.2, 160.7, 167.9 ppm; MS (70 eV): m/z (%): 662 (5)
[M*], 570 (100), 465 (13), 222 (40), 198 (53), 93 (78); EI-HRMS: m/z
caled (%) for [M*] CyH3NOsS: 662.2311; found: 662.2276; elemental
analysis calcd (%) for C;H3,NqO5S-0.5H,0 (671.8): C 64.37, H 5.25, N
12.51; found: C 64.76, H 5.13, N 12.16.

{4-{2-{4-[ (Bispyridin-2-ylmethylamino)methyl]-1 H-benzimidazol-2-yl}-
phenylsulfamoyl}phenoxy}acetic acid (9b): Ethyl ester 9a (22 mg,
0.033 mmol) was hydrolyzed as described for acid 6b to give free acid 9b
(16 mg, 76 %). For all photophysical studies a sample of the compound
(10 mg) was further purified by semipreparative reversed-phase HPLC
(10x300 mm C18 column, CH,CN/H,O (0.01 %TFA) 75:25—98:2). M.p.
80-82°C; 'H NMR (CDCl;, 400 MHz): 6=3.91 (s, 4H), 3.99 (s, 2H), 4.39
(s, 2H), 6.50 (d, J=8.7Hz, 2H), 7.06 (d, /=7.1Hz, 1H), 7.16 (t, J=
7.6 Hz, 4H), 7.25 (s, 2H), 7.38 (t, J=7.6 Hz, 1H), 7.52 (d, J=8.7 Hz,
2H), 7.59 (td, J=17.6, 1.4 Hz, 2H), 7.68 (d, J=7.6 Hz, 1H), 7.83 (d, J=
8.2 Hz, 1H), 8.00 (d, J=7.6 Hz, 1H), 8.40 ppm (d, /J=4.9 Hz, 2H); FAB-
MS (thioglycerol): m/z (%): 635 (100) [M*], 373 (62); FAB-HRMS: m/z
caled (%) for [M+H]™ C34H;N¢OsS: 635.2077; found: 635.2119.
Steady-state absorption and fluorescence spectroscopy: All sample stock
solutions and buffer solutions were filtered through 0.2 um Nylon mem-
brane filters to remove interfering dust particles or fibers. UV/Vis ab-
sorption spectra were recorded at 25°C by using a Varian Cary Bio50
UV/Vis spectrometer with constant-temperature accessory. Steady-state
emission and excitation spectra were recorded with a PTI fluorimeter
and FELIX software. Throughout the titration the sample solution was
stirred with a magnetic stirring device. For all titrations the path length
was 1cm with a cell volume of 3.0 mL. All fluorescence spectra have
been corrected for the spectral response of the detection system (emis-
sion correction file provided by the instrument manufacturer) and for the
spectral irradiance of the excitation channel (by using a calibrated photo-
diode). Quantum yields were determined by using quinine sulfate dihy-
drate in 1.0N H,SO, (®;=0.543+0.03) as the fluorescence standard.'*"!

Electrode calibration in aqueous solution: Measurements were per-
formed with an Orion microcombination glass electrode. The electrode
was calibrated for —log[H;07] by titration of a standardized HCI solu-
tion (Aldrich, 0.1~ volumetric standard) with KOH (Aldrich, 0.1~ volu-
metric standard) at 25°C and 0.1M ionic strength (KCI). The endpoint,
electrode potential, and slope were determined by using Gran’s
method®! as implemented in the software GLEE." The calibration pro-
cedure was repeated three times prior to each pK, value determination.
The electrode potential was measured with the Corning pH/Ion Analyzer
355 and the emf measurements were reproducible with +0.1 mV accura-
cy.

Potentiometry: All protonation constants reported in this study were de-
termined from potentiometric titrations and additionally confirmed by
spectrophotomotetric measurements. Potentiometric titrations were car-
ried out with a motorized burette (Dosimat, Metrohm, Switzerland) by
adding a total of 40-100 aliquots of KOH (0.1m) to 10.0 mL of a solution
of the corresponding ligand (0.5-1.0mm) in KClI (0.1™) under a N, atmos-
phere (solvent-vapor-saturated gas). Throughout the titration, the tem-
perature was maintained at 25+0.1°C by circulating constant-tempera-
ture water through the water-jacket of the titration cell. For the potentio-
metric titration of ligands 7b, 8b, and 9b, the initial solution was further
acidified by adding 1-3 molar equivalents of HCI (0.5m). The emf data
were converted to —log[H;O07] based on the electrode potential E° and
slope, which were determined as described above prior to each titration.
The pK, values were obtained from nonlinear least-squares fit analysis of
the potentiometric data.”*!

Spectrophotometric titrations: The UV/Vis absorption spectra of the li-
gands were monitored for a series of solutions in which —log [H;07] was

3024 — © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

varied between 5 and 11. The emf of each solution was directly measured
in the UV quartz cell (electrode diameter 3 mm) and converted to
—log[H;0*] using the E° and slope, as obtained from the electrode cali-
bration procedure described above. The raw spectral and emf data were
processed with nonlinear least-squares fit analysis using the SPECFIT
software package.”"!

Complex stability constants: All reported stability constants K were
measured at pH 7.2 (PIPES 10 mm, 0.1 KCIO, ionic background) and
refer to apparent stability constants.*")

Determination of the apparent Zn" affinity of ligands 6b and 7b: UV/Vis
spectrophotometric titrations were performed with a 60pm solution
(3.0mL cell volume) of the corresponding ligand in PIPES buffer
(10mm, pH 7.20, 0.1m KClO,) over the range of 4 logarithmic units of
free Zn". The recorded spectra were processed by nonlinear least-squares
fit analysis using the SPECFIT software package.* The resulting binding
affinities are apparent stability constants, and are defined by Equa-
tion (2):

, [ZnL] 5
= Zn](IU + [LH) + [LH,] + .. [LH,]) @)

in which [ZnL]=concentration of zinc-ligand complex, [Zn] = concentra-
tion of unbound Zn", ([L]+[LH]+...[LH,,])=concentration of all
ligand species that do not involve Zn" (at given conditions of pH 7.2,
0.1m KClO,, 25°C).F"

Determination of the apparent Zn" affinity of ligand 8b and 9b: A series
of PIPES-buffered solutions (10mm, pH 7.20, 0.1m KCIO,) were pre-
pared that contained HEDTA (10mm) or EGTA (10mm) and between
1-9mm of Zn(OTTY),. The concentration of free Zn" was calculated using
the program Hyss,®!! based on the following published pK, and logK
values for HEDTA, pK;=9.87, pK,=5.38, pK;=2.62, pK,=1.60,
logK(ZnL)=14.6 (25°C, u=0.1), and EGTA, pK,=9.40, pK,=8.79,
pK;=2.70, log K (ZnL) =12.6 (25°C, u=0.1)."Y] According to Martell and
Smith,*!! the tabulated pK, data must be corrected upward by 0.11 to ac-
count for 0.1M ionic strength. This correction is necessary because the
tabulated pK, values are determined on the basis of the concentration
and not the activity of the hydronium ions. For the calculation of the free
Zn" concentrations, the published pK, values of HEDTA and EGTA
were therefore corrected by 0.11. Ligands 8b or 9b were dissolved in
3.0 mL of the corresponding buffer solutions up to a final concentration
of 10 um. After a 24 h equilibration time, the fluorescence intensity at 400
and 500 nm was determined. The experimental data were analyzed by a
nonlinear least-squares fit algorithm with the following formalisms:

By assuming a 1:1 metal-to-ligand stoichiometry, the following relation-
ship [Eq. (3)] was found between the free Zn" concentration, apparent
dissociation constant K, and fluorescence intensity F:!

F_Fmin

[Zn] = Kd FmaxiF (3)

in which F,;,=fluorescence intensity of free ligand, F,,, =fluorescence
intensity of Zn"-bound ligand.

Using Equation (3) the emission intensity F can be expressed as a func-
tion of free Zn" and Kj, as shown in Equation (4):

[Zn]Frnax + KaFouin

F= Ky + [Zn] @)

Nonlinear least-squares fit analysis of the experimental intensities versus
the (calcd) free Zn" concentrations allowed for the determination of

Fraxs Fnins and K.
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Octanuclear Oxothiomolybdate(v) Rings: Structure and Ionic-Conducting

Properties

Charlotte du Peloux,"” Anne Dolbecq,*'* Philippe Barboux,” Guillaume Laurent,™
Jérome Marrot,™ and Francis Sécheresse™

Abstract: A family of alkali salts of oc-
tanuclear oxothiomolybdate rings has
been synthesized by crystallization of
the  [MogS;05(OH)s{HMOs(H,0)}]*"
(noted HMogM?>"; M=Mo, W) and
[MosS;O5(OH)5(C,0,)]* (noted
Mogox*") anions in an aqueous solution
of ACl (A=Li, Na, K, Rb). Single-
crystal X-ray diffraction experiments
have been performed showing that the
alkali salts exhibit a similar three-di-
mensional structure. Disordered alkali

ions form columns to which the anionic
rings are anchored. Ionic-conductivity
measurements on pressed pellets have
revealed two different behaviors. The
lithium salts of HMogM*~ (M =Mo, W)
are moderately good proton conductors
at room temperature (6=10"Scm™")

Keywords: alkali metals ionic
conductivity - molybdenum - NMR
spectroscopy - polyoxometalates

and the profile of conductivity as a
function of relative humidity shows
that the conductivity is due to surface-
proton motion (particle-hydrate-type
mechanism). On the other hand, the
lithium salt of Mogox?~ competes with
the best crystalline lithium conductors
at room temperature (o=10">Scm™),
and "Li NMR experiments confirm the
mobility of the lithium ions along the
one-dimensional channels of this mate-
rial.

Introduction

Interest in solid, inorganic ionic materials has considerably
increased in recent years because of their potential applica-
tion in various fields, such as hydrogen storage, ion ex-
change, or catalysis.! In particular, lithium-ion conductors
attract much attention and a large number of materials have
been identified that show sufficiently large conductivities for
practical applications in high-energy solid-state batteries.”!
In this respect, novel materials with high conductivities, and
explanations of the nature and details of the ionic motion,
are required. Finding relationships between the structure
and properties of solids can also help in the design of new
materials. Our group has recently developed the synthesis of
a new family of cyclic oxothiomolybdates, exhibiting various
nuclearities and geometries according to the nature of the
encapsulated template.’! These anions crystallize as alkali
salts, and the solid-state structures of these salts are some-
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times spectacular, from one-dimensional alkali chains® to
three-dimensional microporous materials.”! We have recent-
ly described the lithium salt of an octanuclear wheel built
around a central WY'O4 octahedron.) In Li;[MogSsOs-
(OH){HWO;(H,0)}]-18H,0 (noted Li;HMogW), the
anions are anchored to lacunary lithium columns. Preliminary
ionic-conductivity measurements had shown that this mate-
rial is a moderately good ionic conductor (c=10">Scm™" at
room temperature), and that the main path of conduction
involves surface protons rather than lithium ions of the bulk
material.) The synthetic protocol of [MogSsOs(OH)s-
{(HWOs(H,0)}]" has been extended to two other com-
pounds encapsulating a central Mo"'Oj octahedra or an oxa-
late (C,0,%") ligand, and we thus report a complete structur-
al study of the lithium salts of the three anionic wheels and
of the different alkali salts of [MogSsOg(OH)s(C,0,)]*". The
ionic-conduction properties of the whole family and a solid-
state 'Li NMR study of the lithium salts are also presented.

Results and Discussion

Structure of the lithium salts of the octanuclear wheels: The
HMo,>~ and HMogW?~ anions have the same overall geome-
try with C, symmetry.”) Four {M",S,0,} building blocks
(M=Mo, W) are connected by hydroxo bridges and encap-
sulate a central MO, (M =Mo, W) octahedron. The molec-
ular structure of Mogox*" is similar except for a planar oxa-
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late ligand that is encapsulated in the octanuclear wheel in-
stead of a MOj octahedron.”! The three lithium salts display
a similar three-dimensional structure in which anions and
cations are mutually connected and the anionic wheels stack
in parallel planes perpendicular to lithium columns
(Figure 1). Due to the lower symmetry of the space group

Figure 1. View of the three-dimensional structure of the lithium salts
showing the anchoring of the anions to the lithium pillars.

(monoclinic versus quadratic), three crystallographically in-
dependent positions for the lithium atoms in the lithium col-
umns were located unambiguously, Lil, Li2A, and Li2B in
Li;HMogW,® and only two positions, Lil and Li2, in
Li;HMo, and Li,Mogox. Lil has a regular tetrahedral coor-
dination while Li2, Li2A, and Li2B are octahedrally coordi-
nated (Table 1). The lithium octahedra and tetrahedra are

Table 1. Selected bond distances [A].

Lithium salts

Li;HMogW Li;HMo, Li,Mogox

Lil-O1AW 1.995(12) Lil—O1W 1.963(1) Lil-O1W  2.008(3)

Lil-O1BW 1.941(11)

Li2A-O2A 2.052(5) Li2-02 2.075(2) Li2—02 2.024(3)

Li2B—O2B 2.134(5)

Li2A—O1AW 2.175(4) Li2-O1W 2.185(1) Li2—O1W 2.281(4)

Li2B—O1BW  2.205(4)

Lil-Li2A 2.95(2) Lil-Li2 2.797(1) Lil-Li2 2.818(1)

Lil-Li2B 2.62(2)

Alkali salts of Mogox>~

Na,Mogzox K,Mogox Rb,Mogox

Na—O1W 2271(4) K-O1W 2.396(4) Rb1—02 2.961(9)

Na—O1W 2.797(5) K-03 2.890(4) Rb1-O1W 2.966(16)

Na—O1 3.090(5) K-02 3.181(5) Rb1-03 3.035(10)

K-S 3.617(4) Rb1—-02 3.165(11)

Rbl1-S 3.750(12)
Rb2-O1W 2.76(3)
Rb2-03 2.96(2)
Rb2-02 3.03(2)
Rb2-0O3W 3.10(7)
Rb2-01 3.29(3)
Rb2-S 3.83(5)

alternately connected to each other by sharing edges, thus
forming a spectacular infinite lithium column (Figure 1)
with short Li-Li separations (Table 1). As a full occupancy
corresponds to four lithium atoms per anion, the Li columns
are only partially occupied. The site-occupancy factors have
been determined accurately by using neutron diffraction
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analyses in Li;HMogW, and with lower accuracy due to
lithium being a light element, by using X-ray diffraction
analyses for the other two structures (Figure 2). Therefore,
in Li;HMogW one half of the octahedral sites are vacant,
while in Li,Mogox all the octahedral sites are vacant, and in
Li;HMo, the distribution of the lithium ions in the columns
is almost regular.

Li;HMo, W
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Figure 2. Distribution of the alkali ions: a) lithium ions in the lithium
salts with the atom-labeling scheme and the occupancy factors of the lith-
ium ions; in Li;HMogW there are three crystallographically independent
lithium sites, Lil, Li2A, and Li2B, while in Li;HMo, and Li,Mogox
A- and B-type sites are equivalent; b) sodium ions in Na,Mogox; c¢) po-
tassium ions in K,Mogox; d) rubidium ions in Rb,Moz0x.

Three-dimensional structure of the sodium, potassium, and
rubidium salts of Mogox> : Surprisingly, the replacement of
the lithium cations by alkali cations with a larger ionic
radius has little influence on the structure. Indeed, the lithi-
um, sodium, potassium, and rubidium salts are isostructural
(Table 2). The anions stack in planes perpendicular to the ¢
axis almost identically in each of the four salts (Figure 3),
and the cations are connected to the anions and occupy the
interstices between the anionic wheels, thus forming infinite
chains perpendicular to the molecular plane. The difference
lies in the distribution of the alkali cations within the cation-
ic channels. In Li,Mogox, the lithium cations occupy defined
crystallographic sites with octahedral and tetrahedral coordi-
nation, the octahedral site being almost empty at room tem-
perature. In Na,Moygox, the oxo and aquo ligands around the
sodium ions define a distorted octahedron, the sodium ion
being disordered over two positions on the axis of the
column (Figure 2b). In K,Mogox and Rb,Mogox, the alkali
ions are off-center and delocalized over four and eight posi-
tions, respectively, on either side of the axis of the columns
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Table 2. X-ray crystallographic data.

Li;HMo, Li,Mogox Na,Mogox K,Mogox Rb,Mogzox
formula H,Li;M0,04,Sg C,H,,Li;M0gO35Sg C,H,,MogNa,055Sg C,H;,K;,M04035S¢ C,H;3,M040;;RDb,Sg
M, [g] 1846.1 1714.25 1746.35 1688.49 1781.23
crystal system quadratic quadratic quadratic quadratic quadratic
space group I4/m I4/m I4/Im I4/m IA/m
V4 2 2 2 2 2
T [K] 296 296 296 296 296
ATA] 0.71073 0.71073 0.71073 0.71073 0.71073
a[A] 14.7749(2) 14.6822(3) 14.7318(5) 14.7257(1) 15.0038(2)
c[A] 11.1890(2) 11.2735(4) 11.4434(5) 11.4587(1) 11.4927(2)
vV [AY 2442.53(6) 2430.19(11) 2483.51(16) 2484.78(3) 2587.17(7)
Peate [gem™] 2.510 2.343 2.335 2.257 2.287
u [mm™] 2.671 2432 2.398 2.533 4.141
reflections 8547 8676 8800 8697 4756
collected
unique 1727 (0.0808) 1738 (0.0378) 1767 (0.0482) 1751 (0.1018) 946 (0.0493)
reflections (Ry,)
refined 96 89 92 89 99
parameters
R,(F,)® 0.0310 0.0433 0.0621 0.0373
WRy(FH) 0.0779 0.1215 0.1781 0.1198

[a] R =371 wR =

Figure 3. View of the three-dimensional structure of the alkali salts of
Mogox?~ along the c axis, showing the identical disposition of the anionic
wheels in the unit cell and the disordered alkali cations in between.

(Figure 2c and 2d). However, the distance between the
anionic wheels located in the same plane or in adjacent
planes is only slightly modified by the presence of larger cat-
ions, as shown by the almost constant values of the a and ¢
parameters in the series (Table 2).

Clusters of water molecules: In all of the alkali salts, clusters
of disordered water molecules are trapped between the

3028
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holes of the grids. Hydrogen-bonding interactions are found
within the cluster of water molecules and between the ter-
minal and bridging oxygen atoms of the polyoxothioanion
and adjacent water molecules.”! In particular, strong O—
H---O bonds are present in all the salts between the hydroxo
ligands of the anion and water molecules located above and
below the molecular plane. This set of hydrogen bonds en-
sures the cohesion of the inorganic framework and provides
a conducting path for proton motion.

Ionic conductivity of the lithium salts: As representative ex-
amples, impedance spectra recorded for Li;HMogW are
shown in Figure 4 and indicate, from high to low frequency,

4 -
O RH=30%
5T O RH=70%
G
) 2 F
> \m
;\I o © © 0 o
! 1F o ° °o
o o
o°° o,
0 & 1 1 1 1
0 1 2 3 4
Zx105/ Q

Figure 4. Typical impedance plots obtained at room temperature in two
different atmospheres for an Li;HMogW pellet, showing the influence of
the relative humidity (RH) on the resistance.

bulk, grain boundary, and electrode-electrolyte effects, the
last two being represented here by a single tilted spike. The
resistance of the material is determined from the intersec-
tion of the first circle with the real Z' axis. We have previ-
ously attributed the conductivity to proton rather than lithi-

www.chemeurj.org Chem. Eur. J. 2004, 10, 3026 —3032



www.chemeurj.org



Octanuclear Oxothiomolybdate(v) Rings

um motion,’® the protons coming from the ionization of the
oxothioanion or from the dissociation of water molecules, as
postulated for alkali salts of PW;,0,,°~ anions.’l A compari-
son of the impedance spectra for Li;HMogW recorded
under two different atmospheres (Figure 4) shows the im-
portance of the experimental conditions on the values of
ionic conductivity and confirms the mechanism of the
proton conductivity. The resistance of Li;HMogW is lower,
and thus the conductivity higher, when the relative humidity
(RH) increases from 30 to 70%, while the weight of the
pellet, and thus the number of hydration molecules, remains
constant (Figure 5a). A plateau is therefore observed on the
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Figure 5. a) Adsorption isotherm of water for Li;HMogW; nH,O is the
number of hydration water molecules. b) Evolution of the conductivity at
room temperature versus the relative humidity.

absorption isotherm between 30 and 80 % relative humidity
(Figure 5a) corresponding to the stoichiometric compound
Li3[MosS;05(OH)s{HWO5(H,0)}]-18 H,O. Below that limit
there is an abrupt decrease of the amount of water in the
compound, and above 80% an additional amount of water
is adsorbed. The conductivity is strongly dependent on the
partial pressure of water (Figure 5b) and the shape of the
curve is typical of a particle-hydrate conductor.”’ These re-
sults confirm that the conductivity is mainly due to surface-
proton motion.

Impedance measurements have been performed on the
other two lithium salts of the family (Figure 6), showing that
Li;HMo, and Li;HMogW have similar behavior, while the
conductivity of Li,Mogox at room temperature is higher by
two orders of magnitude and is equal to 107> Scm™'. The
conductivity has been studied as a function of temperature
in the range —20 to 35°C. At higher temperatures, a phase
transition is observed due to the loss of some hydration
water molecules. In this temperature range, the variation of
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Figure 6. Comparison of impedance plots obtained at room temperature
(RH=70%) for the three lithium salts.

logo versus 1000/T is linear and the conductivity is thermal-
ly activated (Figure7, Table 3), with the exception of
Li,Mogox for which a bend on the curve near T=-5°C is
observed. Such a bend corresponds to a jump of activation
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Figure 7. Arrhenius plot of the ionic conductivity between —20 and 35°C.

Table 3. Conductivities at 20°C and activation energies measured be-
tween —20 and 35°C for Li;HMogW, Li;HMo,, and the alkali salts of
Mogox’", and their comparison with NASICON-type phosphates, LLTO
perovskite phases, and heteropoly compounds.

E, [eV] o [Sem™]
Li;HMosW 0.47 22x107
Li;HMo, 122 47x107°
Li,Mogox 0.36 (T=-5°C) 12x1073

1.82 (T<-5°C)
Li,M0g0X,. 0.71 1.4x107°
Na,Mogox 131 21x107
K,Mogox 0.71 41x10°°
Rb,Mogox 1.19 3.7x10°°
Li;PW,,0,,13 H,0 045 3.5x10
Liy,Ti, sAly,(PO,); (NASICON)I 0.28 51x10°
(Lig3Lags7000,5) TiO5 (LLTO)! 0.20 1.0x107°

energy from 0.36 eV at high temperature to 1.82 eV at low
temperature and can be connected either with a phase tran-
sition or a change in the conduction mechanism.

Li;HMo,, with a room temperature conductivity in the
order of Li;HMogW and a similar behavior with respect to
the relative humidity, is likely a proton conductor, but the
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mechanism of ionic conductivity for Li,Mogox seems differ-
ent and probably involves the participation of lithium
motion. Li,Mogzox has a high ionic conductivity at room tem-
perature and competes with the best-known crystalline lithi-
um-ion-conducting solids (Table 3). Indeed, materials with
the NASICON (Na superionic conductor) structure and the
formula [LiM"™,(PO,);] (M =Ge, Ti, Sn, Zr, Hf)"” or titani-
um-based perovskite phases Liy,La,, ,TiO; (LLTO),"! have
comparable values, both of bulk room temperature conduc-
tivities (107> Scm™') and activation energies (0.3-0.4 eV).

A striking feature of the lithium salt is that the conductiv-
ity of Li,Mogox is strongly dependent on the experimental
conditions. Certainly, the conductivity of a sample which has
been recrystallized in 1M LiCl aqueous solution (Li,Mog-
0X,.) 1S far lower than that of a nonpurified sample
(Table 3). This result is not surprising as it is well known
that the conductivity, especially for one-dimensional conduc-
tors, is very sensitive to the presence of impurities or struc-
tural defects, such as dislocations blocking the channels. In
the case of Li,Mogzox, the presence of potassium ions
coming from the precursor K,Mogox has been detected by
elemental analysis. We have verified that doping Li,Mo0g0X.
with a small amount of K,Mogox improves the conductivity
of the sample. A small amount of potassium could lead to a
lattice expansion that would favor the lithium motion.

Tonic conductivity of the alkali salts of Mogox*: The values
of conductivity of the A,Mogox salts are strongly dependent
on the nature of the alkaline cation A* (Figure 7, Table 3).
The salts can be divided into two categories: the good ionic
conductors (Li and Na salts) and the poor ionic conductors
(K and Rb salts). Na,Mogox is the best conductor at room
temperature, which is not surprising as it is generally known
that the small lithium ions are strongly polarizing and thus
more strongly solvated and less mobile than the sodium
ions. However, the activation energy is surprisingly high for
a fast sodium conductor,'” as activation energies greater
than 1 eV are usually encountered with poor ionic conduc-
tors.'”) Note also that its conductivity, like Li,Mogox, de-
pends on the purity of the sample. A pellet of Na,Mogox re-
crystallized in a solution of sodium chloride has a lower con-
ductivity by two orders of magnitude than the crude prod-
uct. Tons with larger ionic radii are probably too large to
move in the cationic channels so that K,Mogox and
Rb,Mogox have low conductivities at room temperature as-
sociated with high activation energies.

Li NMR study: Figure 8 shows the variable-temperature
static "Li NMR spectra (I=3/2) of Li,Mogox. The spectrum
recorded at —50°C shows the superposition of a broad reso-
nance with a linewidth of approximately 10 kHz and a
narrow peak with a linewidth of 500 Hz. As the temperature
increases, the broadest peak narrows while the linewidth of
the narrowest peak remains unchanged, so that at high tem-
perature the two peaks collapse into a single peak. Concom-
itantly, the spin-lattice relaxation time (7)) was measured at
different temperatures using a saturation-recovery sequence
(Figure 9). There are clearly two different regimes: below
—20°C the T, values for the broad and narrow peaks di-
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Figure 8. Evolution of "Li static NMR spectra of Li,Mogox with tempera-
ture.

verge, while at higher temperatures the two resonances have
the same spin-lattice relaxation values. This clearly indicates
that the broad and narrow peaks originate from two differ-
ent Li sites and that the peak shape is not due to large quad-

1.0
A
O narrow peak
0.5 - A proad peak
o A
E EEw g
g
[ A
05k T oa
o
O g
A0 b
3 4
1000/T /K™

Figure 9. Temperature dependence of the spin-lattice relaxation time
log (1/T) for Li,Mogox.

rupolar interactions. This phenomenon was confirmed by
the comparison of the /2 pulse lengths for Li,Mogox and a
solution of lithium chloride, for which the quadrupolar inter-
actions are weak: both samples have similar 7/2 pulse
lengths equal to 6.8 and 7 ps, respectively.

The most common explanation for the narrowing of a
peak upon heating is motional averaging due to an exchange
between different lithium sites."! The site exchange that
causes motional averaging requires the Li* ions to hop into
a vacant site followed by hopping into a second previously
occupied site. Site exchange is thus closely related to ionic
conductivity. At room temperature, the 'Li NMR spectra of
Li,Mogox exhibit a single narrow peak, while the spectra of
Li;HMogW and Li;HMo, show the superposition of a
narrow and a broad peak (Figure 10) correlated to localiza-
tion of the Li* ions. This behavior is consistent with the
ionic-conductivity measurements and confirms that the con-
ductivity of Li,Mogox is mainly due to Li motion, whereas
protons are the main mobile ions in the other two lithium
salts.
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Figure 10. Comparison of the "Li static NMR spectra recorded at room
temperature of Li;HMogW, Li;HMo,, and Li,Mogox.

The attribution of the broad and narrow peaks can be
made according to the proposed Li site-occupancy factors
(Figure 2). Indeed, in the structure of Li,Mogox at room
temperature the electronic density on the octahedral sites is
very weak, which means that the site population is low, or
that the lithium ions that occupy this site have large thermal
parameters, that is, are mobile.™! This result is consistent
with a high mobility of the lithium ions in octahedral sites,
so the broad peak can be attributed to Li ions in octahedral
sites, while the narrow peak would be assigned to Li ions in
tetrahedral sites. Furthermore, there are three possible
mechanisms of line broadening: 1) chemical-shift anisotropy,
usually very small for 'Li, 2) quadrupolar interactions, due
to the coupling between the nuclear quadrupole moment
and fluctuating electric-field gradients created at nuclear
sites, and 3) dipolar—dipolar interactions, generated by fluc-
tuating interactions between nuclear magnetic moments of
atoms. In the case of dipolar-dominated broadening, the
linewidth increases, and the larger the number and the
shorter the distance of surrounding Li* (homonuclear
broadening) and H* ions (heteronuclear broadening). It is
however, difficult in Li,Mogox to correlate the linewidth of
each site to structural considerations, because there are no
clear differences between the octahedral and tetrahedral
sites in terms of symmetry (quadrupolar effect) and proximi-
ty of Li* or H* ions (dipolar effect). Note also that, as usu-
ally observed, and contrary to what has been described for
some zeolites!'>!% or Li, ,,Mg;,,Cl, spinels,'”! the chemical-
shift difference between both sites is negligible, probably be-
cause the chemical environments are too close.

'H NMR study: Figure 11 shows the static 'H solid-state
NMR spectrum of Li,Mogox at room temperature. This
spectrum shows the superposition of a broad resonance with
a linewidth of approximately 20 kHz and a narrow line. The
broad peak, which contains the majority of the signal, can
be attributed to static protons while the narrow peak,
almost negligible, is due to mobile protons. This experiment
confirms that in Li,Mogzox only a small portion of the pro-
tons are mobile, probably the protons at the surface of the
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Figure 11. Static 'H solid-state NMR spectrum of Li,Moz0x recorded at
room temperature.

grains and the high-conductivity value is therefore due to
one-dimensional lithium motion.

Conclusion

In this work we have described a new family of ionic con-
ductors, two of which exhibit fast, one-dimensional ion-con-
ducting properties (6=10"°Scm™') at room temperature.
Although practical applications are questionable, because of
their narrow thermal stability domain and their solubility in
most common solvents, these materials are interesting from
a fundamental point of view for a study of conduction mech-
anisms determined by impedance measurements and corre-
lated with ’Li NMR results. Thus, the complementary use of
these two techniques has allowed the mechanism for ionic
conduction in the three lithium salts to be proposed. In the
lithium salt of the oxalate derivative, the main conducting
species are the lithium ions, while in the lithium salts of the
octanuclear wheels built around a central MOy (M =Mo, W)
octahedron, the conductivity is dominated by the protons,
which move at the surface of the particles. Furthermore, as
expected for alkali ionic conductors, ionic conductivity is
highest for the sodium salt, which is the best compromise
between ionic size and lattice-polarizing character.

Experimental Section

K;[M03S;05(OH)y{HM0O(H,0)}]-15H,0 (K;HMo,): Na,MoO,2H,0
(0.78 g, 3.22 mmol) was dissolved in degassed potassium hydroxide
(Im, 60 mL). The crude oxothio precursor [K,4(NMey)y1y5{Mo,S,0,-
(OH),}+6.3H,0], (6 g, 11.2/n mmol) was then added. The solution was
stirred vigorously until the yellow precursor dissolved to give a dark red
solution of [M0,S,0,(OH),(H,0)]*". The pH was adjusted to 4.5 by drop-
wise addition of a solution of 4m HCI. The precipitation of the potassium
salt was achieved by cooling the solution in an ice bath. The orange solid
was collected by filtration, washed with EtOH, and dried with Et,O
(5.7 g, 93.4% based on Mo). IR (KBr pellets): #=1060 (w), 951 (s), 837
(w), 758 (W), 653 (s), 598 (m), 509 (s), 416 (w), 338 cm™! (m); elemental
analysis calcd (%) for H;;K;M0,05,Ss: K 6.27, Mo 46.17, S 13.69; found:
K 5.90, Mo 46.23, S 13.36.

Li;[Mo3S;03(OH)s{HMo0O;(H,0)}1-25H,0 (Li;HMo,): K;HMo, (0.5¢g,
0.27 mmol) was dissolved in hot water (50 mL, 50°C). After addition of
LiCl (2 g, 4.7x 107 mol), the solution was allowed to stand at room tem-
perature for crystallization. Orange crystals of Li;HMo, suitable for X-
ray diffraction studies were collected after several days (0.46 g, 88.2%
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based on Mo). IR (KBr pellets): 7=1063 (w), 945 (s), 784 (w), 630 (s),
587 (m), 494 (s), 415 (w), 338 cm™! (m); elemental analysis calcd (%) for
H LisM0y04,Ss: Li 1.07, Mo 44.23, S 13.11; found: Li 1.11, Mo 44.16, S
13.10.

Li;[MogS;05(OH){HWO;(H,0)}]-118H,O (Li;HMogW): The synthesis
and characterizations have already been described.[®
Li,[Mo3S;05(OH),(C,0,)]-26 H,O (Li,Mogox): K,[MogSsOg(OH)-
(C,0,)]-14H,0 (0.5 g, 0.29 mmol) was dissolved in hot water (50 mL,
50°C). LiCl (2 g, 47 mmol) was added and the solution was left for crys-
tallization at room temperature. Orange crystals of Li,Mogox suitable for
X-ray diffraction studies were collected after several days (0.48 g, 89.1 %
based on Mo). IR (KBr pellets): 7=1099 (w), 958 (s), 789 (m), 623 (w),
517 (s), 417 (w), 340 cm ™ (w); elemental analysis calcd (%) for C,Hg,Li,-
Mo3O,6Ss: C 1.29, Li 0.75, Mo 41.33, S 13.78; found: C 1.36, Li 0.74, Mo
40.50, S 14.11.

Na,[MogS;03(0OH)5(C,0,)]-26 H,0  (Na,Mogox):  K,[MogSgOg(OH)g-
(C,04)]-14H,0 (0.5 g, 0.29 mmol) was dissolved in hot water (50 mL,
50°C). NaCl (2 g, 34.2 mmol) was added and the solution was left for
crystallization at room temperature. Orange crystals of Na,Mogox suit-
able for X-ray diffraction studies were collected after several days
(0.45 g, 82.1 % based on Mo). IR (KBr pellets): 7=1101 (w), 958 (s), 790
(m), 666 (W), 519 (s), 418 (w), 342 cm ™' (w); elemental analysis calcd (%)
for C,HgMogNa,0,Sg: C 1.27, Mo 40.63, Na 2.43, S 13.55; found: C 1.59,
Mo 40.59, Na 2.61, S 14.30.

K,[Mo3S;03(OH)3(C,0,)]-14H,0 (K,;Mog0x): The raw powder was syn-
thesized according to previously published procedures.™ For growing
single crystals, the orange powder (1.5g) was dissolved in water
(200 mL), the solution was heated at 60°C, and KCl (7.5 g, 0.1 mol) was
added. After filtration, the solution was left at room temperature for
crystallization. After a week, orange crystals were collected by filtration
(1.39 g, 91.4%). Elemental analysis calcd (%) for C,H;Mo03K,03,Ss: C
1.41, Mo 45.22, K 4.59, S 15.08; found: C 1.46, Mo 45.33, K 4.40, S 14.91.
Rb,[Mo;S;05(0OH)5(C,0,)]-114H,0  (Rb,Mogox):  K,[MogS;O5(OH),-
(C,0,4)]-14H,0 (0.5 g, 0.29 mmol) was dissolved in hot water (50 mL,
50°C). RbCl (0.15 g, 1.24 mmol) was added and the solution was left for
crystallization at room temperature. Orange crystals of Rb,Mogox suit-
able for X-ray diffraction studies were collected after several days
(0.37 g, 74.4% based on Mo). IR (KBr pellets): #=1065 (w), 951 (s), 935
(s), 787 (m), 660 (w), 522 (s), 420 (w), 342 cm ™' (w); elemental analysis
caled (%) for C,H;MogRb,0,,Ss: C 1.40, Mo 44.75, Rb 9.98, S 14.93;
found: C 1.89, Mo 45.57, Rb 8.98, S 14.54.

Infrared spectra were recorded on an IRFT Magna 550 Nicolet spectro-
photometer at 0.5 cm™! resolution by using the technique of pressed KBr
pellets.

X-ray crystallography: Intensity data collection was carried out with a
Siemens SMART three-circle diffractometer equipped with a CCD de-
tector using Moy, monochromatized radiation (A=0.71073 A). The ab-
sorption correction was based on multiple and symmetry-equivalent re-
flections in the data set by using the SADABS program!™®! based on the
method of Blessing.'” The structure was solved by direct methods and
refined by full-matrix least-squares cycles by using the SHELX-TL pack-
age.?’! Crystallographic data are given in Table 2. Selected bond distances
are listed in Table 1.

Further details on the crystal structure investigations may be obtained
from the Fachinformationszentrum Karlsruhe, 76344 Eggenstein-Leo-
poldshafen, Germany (fax: (4+49)7247-808-666); e-mail: crysdata@fiz-
karlsruhe.de) on quoting the depository number CSD-413645 for
Li;HMo.

CCDC-229243-229246 contain the supplementary crystallographic data
for Li,Mogox, Na,Mogox, K,Moz0x, and Rb,Mogox, respectively. These
data can be obtained free of charge via www.ccdc.cam.ac.uk/conts/retrie-
ving.html (or from the Cambridge Crystallographic Data Centre, 12
Union Road, Cambridge, CB2 1EZ, UK; fax: (4+44)1223-336-033; or de-
posit@ccdc.cam.ac.uk).

Ion-conductivity measurements: Two-probe impedance measurements
were carried out by using an HP4192A impedance meter between 10 and
10’ Hz. Impedance data were collected in the temperature range —20 to

50°C over cooling and heating cycles. Samples for electrical measure-
ments were prepared as 13 mm diameter pellets of approximately 0.8 mm
thickness (0~1.9 gem™). Copper electrodes were applied using Ag con-
ducting paint. The required relative humidity (RH) was obtained by
using solutions of sulfuric acid.

Li NMR experiments: Solid-state NMR analyses were performed on a
Bruker MSL 360 spectrometer equipped with a Doty MAS probe operat-
ing at Larmor frequencies of 139.96 MHz for "Li in rotors of 7 mm. The
spectra were acquired with delays of 10s. The relaxation time (7)) was
measured in the temperature range 223-303 K by using both inversion—
recovery sequences (t—7—om/2) and saturation pulse sequences. The two
methods led to the same results.
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Strong Intramolecular Secondary Si---N Bonds in Trifluorosilylhydrazines

Krunoslav Vojinovié¢,” Lorna J. McLachlan,” Sarah L. Hinchley,™
David W. H. Rankin,” and Norbert W. Mitzel**!

Abstract: The simple silylhydrazines
F;SiN(Me)NMe, 1), F,Si(N-
(Me)NMe,), (2), and  F;SiN(Si-
Me;)NMe, (3) have been prepared by
reaction of SiF, with LiN(Me)NMe,
and LiN(SiMe;)NMe,, while F;SiN(Sn-
Me;)NMe, (4) was prepared from SiF,
and (Me;Sn),NNMe, (5). The com-
pounds were characterized by gas-
phase IR and multinuclear NMR spec-
troscopy ('H, 1°C, 15N, F, %Si, 1Sn),
as well as by mass spectrometry. The
crystal structures of compounds 1-5

phy. The structures of free molecules 1
and 3 were determined by gas-phase
electron diffraction. The structures of
1, 2, and 4 were also determined by ab
initio calculations at the MP2/6-311+
G** level of theory. These structural
studies constitute the first experimental
proof for the presence of strong Si-N
[-donor-acceptor bonds between the

Keywords: crystal structure - donor
bonds - electron diffraction - hydra-
zines - silicon

SiF; and geminal NMe, groups in silyl-
hydrazines. The strength of these non-
classical Si--N interactions is strongly
dependent on the nature of the sub-
stituent at the o-nitrogen atom of the
SINN unit, and has the order 3>4>1.
The valence angles at these extremely
deformed o-nitrogen atoms, and the
Si-~N distances are (crystal/gas): 1
104.2(1)/106.5(4)°, 2.438(1)/2.510(6) A;
3 83.6(1)/84.9(4)°, 2.102(1)/2.135(9) A;
489.6(1)°, 2.204(2) A.

were determined by X-ray crystallogra-

Introduction

Silicon compounds that have atoms with donor functions in
a geminal position to the silicon atom have a unique range
of reactivity. This includes the a-fluoromethylsilanes, which
form fluorosilanes upon expulsion of carbene'! as well as
the nitrene generators that are based on silylhydroxylamines
such as R;SiN(R)OSiR;,? and which lead to the formation
of stable siloxanes. a-Aminocarbosilanes are particularly
sensitive to hydrolysis of the Si—C bond.”! This is an unusual
type of reactivity as it is not normally observed when the
geminal position to the silicon atom does not contain a
donor group. A similar type of reactivity is used for the
functionalization of polysilanes by N,N-dialkylhydroxyla-
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mine-catalysed alcoholysis of the Si—H bond.™ Furthermore,
a highly active type of cold-curing catalyst in silicone rubber
polymerization is based on hydroxylaminosilanes.’! Three-
membered SiON ring transition states have been discussed
and theoretically predicted® for the various types of silylhy-
droxylamine rearrangement reactions. One such transition
state is a dyotopic one,l’! and leads to the formation of (al-
koxy)aminosilanes.”®

Despite the wide range of reactivity observed for these
compounds, comparatively little is known about the special
bonding situation that arises in silicon compounds that con-
tain geminal donor centers. We could only prove the pres-
ence of strong non-classical Si--N interactions that lead to
three-membered SiON rings in O-silylhydroxylamines that
contain SiON units. The strongest [3-donor bonds detected
so far were found in H,Si(ONMe,),,’ CIH,SiONMe,,'”! and
F;SiONMe,.!""! H,Si(ONMe,), was structurally characterized
by X-ray crystallography and shows an average Si-O-N
angle of 95.2°; this is much lower than what would be ex-
pected in the absence of any attractive Si--N interaction. In
its crystal form, in which it is present as an anti conformer,
CIH,SiONMe, has a short Si--N distance of 2.028(1) A and
a valence angle at the oxygen atom of 79.7(1)°. In the same
conformation, but as the free molecule (gas phase), the
Si--N interaction is much weaker, and is characterized by an
oxygen atom valence angle of 87.1(9)°. This interaction is
found to be even weaker in the gauche conformer (Si-O-N
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104.7(11)°). These findings indicate that the strength of the
Si--N interaction is extremely dependent upon the electron-
ic properties of the silicon substituent anti to the nitrogen
center.

The strongest Si-N interaction in SiON systems found so
far was in F;SiONMe,, in which the Si-N distance is
1.963(1) A (Si-O-N 77.1(1)°).'"! Moreover, the strength of
this interaction is extremely phase dependent, as was shown
by subsequent structure determinations both in solution (Si-
O-N 87.1°) and the gas phase (94.1(9)°). As a result, polarity
and polarizability of the surrounding medium has significant
influence on the molecules.

In the search for Si--N attractive interactions in Si—-N—N
units, we investigated the simple systems H;SiMeNNMe,
and (H;Si),NNMe,. The three-dimensional structures of
these compounds are determined by weak attractive interac-
tions between the geminal silicon and nitrogen atoms.!']
However, as the SiH; groups are weak acceptors, much
stronger interactions would be expected for compounds that
bear more electron-withdrawing substituents at the silicon
atoms. A clear picture could not be obtained in regards to
the general presence of Si~N type [-donor interactions
from earlier quantum-chemical calculations on silylhydra-
zines. On the basis that an Si-N-N angle of 115.1° was calcu-
lated at the QCISD/6-311 4+ G** level of theory for the sim-
plest system H;SiNHNH,, it was predicted that the attrac-
tive forces between silicon and the geminal nitrogen atoms
would be negligible, but that these interactions would be
stronger in SINN compounds that bear an electronegative
fluorine substituent on the silicon atom (FH,SiN(Me)NMe,;
Si-N-N 103.1°). More intriguingly, when the hydrogen atom
on the middle nitrogen atom of the SiNN unit in FH,SiN-
(SiH;)NMe, (MP2/6-311G**) was substituted by a silyl
group, this angle was reduced to 93.9°. The reasons for this
behavior remain unclear. Moreover, as the results of quan-
tum-chemical calculations for (-donor systems were later
shown to vary substantially with the level of theory and the
size of the basis set applied, it seemed highly desirable to
obtain sound experimental data to shed more light on the
bonding that arises in SiNN systems.

Herein we demonstrate that such compounds contain
strong secondary bonds that have the same characteristics as
those present in hydroxylamines, but which are further de-
pendent on the electronic properties of the substituents on
the middle nitrogen atom of the SiNN unit.

Results and Discussion

Introduction of three fluoro substituents onto silicon atoms
can make them extremely electrophilic. Reaction of silicon
fluorides with lithiated hydrazines is known to lead to fluori-
nated silylhydrazines.'""! Thus, introduction of SiF; groups
can be realized by using silicon tetrafluoride as a reagent. In
this way we prepared trimethyl(trifluorosilyl)hydrazine

[Eq. (D)].

F,Si + LiNMeNMe, — LiF + F,SiNMeNMe, (1)
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A side reaction, in which silicon is doubly substituted,
also occurs under these conditions [Eq. (2)], but the mixture
of products can be separated by fractional condensation.

F,Si + 2LiNMeNMe, — 2LiF + F,Si(NMeNMe,),  (2)

Lithiated N,N-dimethyl-N'-(trimethylsilyl)hydrazine was
employed as a reagent to introduce an electropositive sub-
stituent onto the middle nitrogen atom of the SiNN unit.
The resultant hydrazine contained two different silyl groups
on one nitrogen atom [Eq. (3)].

F,Si + LiN(SiMe;)NMe, — LiF + F;SiN(SiMe;)NMe,
3)

We used a defluorostannylation reaction to introduce a
trimethylstannyl group. In particular, we employed N,N-di-
methyl-N',N'-bis(trimethylstannyl)hydrazine (5) [Eq. (4)].

F,Si + (Me;Sn),NNMe, (5) — Me;SnF +
F;SiN(SnMe;)NMe, (4)

At low temperatures (—78°C), only one stannyl group is
substituted in this reaction even in the presence of an excess
of SiF,. Some by-products were also detected in the spectra
of the crude product, but these were not identified further.
Compound 4 is unstable at ambient temperature and de-
composes slowly to give less volatile products. All isolated
compounds were identified by gas-phase IR and multinu-
clear NMR spectroscopy (‘H, BC, ®N, F, and »Si), as well
as by mass spectrometry.

NMR spectra: As expected, the "H NMR spectra of 1-4 dis-
play only two signals. The fluorinated silicon groups give
rise to a characteristic splitting of the *Si NMR resonances:
a triplet ("/=217.4 Hz) for 2 at §=—77.3 ppm, and quartets
for 1 (6=-98.4 ppm, J=193.8 Hz), 3 (6 =—104.0 ppm, 'J=
2004 Hz), and 4 (6=-98.1ppm, 'J/=203.7Hz). The
¥Si NMR spectrum of 3 also contains a further resonance at
0="7.32 ppm for the Me;Si group.

Coupling patterns due to the presence of fluorine atoms
are also observed in the "N NMR spectra of these com-
pounds. Compound 1 shows signals for each of the two ni-
trogen atoms of the hydrazine skeleton; one for the silicon-
bound nitrogen atom at 0=-311.5 ppm, and one for the
NMe, group at 0= —326.4 ppm. Both resonances are split
into quartets by %y (8.1 Hz) and */yngr (3.7 Hz) couplings.
Although similar patterns are found for compounds 3 and 4,
in comparison to 1 the 2/ygr coupling constant for com-
pound 3 is much smaller (3.4 Hz) and the */yygr coupling
constant is much larger (6.0 Hz), while for compound 4, the
coupling patterns could not be resolved.

The "N resonance chemical shifts for the silylated nitro-
gen atoms in 1, 3, and 4 are 0=-311.5, —290.4, and
—295.2 ppm, respectively. The variations reflect the diverse
electronic environment imposed at this nitrogen atom by
the different substituents [1 (Me), 3 (SiMe;), and 4
(SnMes)]. Unfortunately, as these values cannot be correlat-
ed purely to the different electronegativity of the bonded
atoms (C, Si, and Sn, respectively), other factors must be
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considered. The structural influence of these substituents on
the coordination geometry of the nitrogen atoms will be dis-
cussed in the structural section below.

Only one resonance is observed in the '"F NMR spectra
of compounds 1-4. This means that the fluorine atoms are
all chemically equivalent on the NMR timescale at ambient
temperature. This dynamic situation becomes important
with respect to the interpretation of the solid-state struc-
tures described below.

Molecular and crystal structures: Single crystals of the com-
pounds 1 (m.p. —52°C), 2 (m.p. 19°C), 3 (m.p. —10°C), 4
(m.p. 2°C), and 5 were grown in situ on the diffractometer
in sealed Duran” capillaries. The crystal structures of these
compounds were determined by X-ray crystallography.
Compound 1 initially crystallized from the melt in the space
group P1, but during the data collection underwent a phase
change over approximately 20 minutes, and gave rise to a
marked change in the diffraction pattern. The space group
of the new phase was C2/c. A good quality data set was ob-
tained again when a second data collection was taken for
the latter phase. The molecular structures for both phases of
1 are almost identical. Crystal structure diagrams of 1, 2, 3,
4, and § are shown in Figure 2, 1, 5, 8, and 9, respectively.

To compare the above structures with those of the free
molecules, we determined the structures of 1 and 3 by gas-
phase electron diffraction. In the course of these experi-
ments, we also calculated the structures of 1 and 3 by vari-
ous ab initio methods. The SARACEN method, which was
recently described in a review,"” was used to analyse the
electron-diffraction data. Details for refinement of the elec-
tron-diffraction data and molecular model definitions are
described in the Experimental Section as well as in the Sup-
porting Information. The molecular geometries of the gas-
phase structures of 1 and 3 are displayed in Figure 3 and 6,
respectively. The radial distribution curves of the gas-phase
electron diffraction refinements of 1 and 3 are shown in
Figure 4 and 7, respectively.

F,Si(N(Me)NMe,), (2): As compound 2 is the only silane
that contains two hydrazine groups, it will be discussed first.
The crystal structure of 2 is shown in Figure 1 and some se-
lected geometric parameters are listed in Table 1. Com-
pound 2 is closely related to its chlorine analogue CL,Si(N-
(Me)NMe,),,'! but is not isomorphous. The Si—N bond
lengths are short, but despite the presence of fluorine sub-
stituents, are slightly longer than those found in CI,Si(N-

Figure 1. Crystal structure of 2.

Chem. Eur. J. 2004, 10, 3033 3042
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Table 1. Selected structural parameters for F,Si(N(Me)NMe,), (2) as de-
termined by low-temperature X-ray crystallography.

Distances [A] Angles [°]
Si—F1 1.589(1) Si-N1-N1 109.0(1)
Si—N1 1.679(1) Si-N1-Cl1 130.9(1)
C1-N1 1.455(2) C1-N1-N2 119.4(1)
N1-N2 1.432(1) F1-Si-Fla 105.4(1)
N2—-C2 1.457(2) C2-N2-C3 111.0(1)
N2-C3 1.460(2) N1-N2-C2 112.2(1)
Si--N 2.540(1) N1-N2-C3 112.1(1)

(Me)NMe,),. In contrast to the related hydroxylamine
H,Si(ONMe,),, which has approximately Cs symmetry and a
Z arrangement of the planar OSiON units, compound 2
adopts C, symmetry and can be described as a gauche—
gauche conformer. In this respect it is similar to CI,Si(N-
(Me)NMe,),. As indicated by the sum of angles at the nitro-
gen atoms directly attached to the silicon center (359.3°),
these atoms have planar coordination environments, but
they are far from being regular trigonal planar. For example,
the three valence angles at the central nitrogen atom are
109.0(1) (Si-N-N), 130.9(1) (Si-N-C), and 119.4(1)° (C-N-N).

The differences between the Si-N-N angles in 2
(109.0(1)°) and CLSi(N(Me)NMe,), (107.7(3) and 109.6(3)°)
are almost negligible. This is surprising as substitution of the
chlorine atoms in CL,Si(NMeNMe,), by fluorine would be
expected to strengthen the interaction between the more
positively charged silicon atom and the geminal nitrogen
atoms. Systems in which attractive interactions are com-
pletely absent contain valence angles close to 120° around
the nitrogen atoms. Thus, the Si-+N distance of 2.540(1) A in
2 arises as the result of only a very weak Si--N attractive in-
teraction.

F;SiN(Me)NMe, (1): For the sake of simplicity in the discus-
sion presented below, reference is only made to the C2/c
phase (low-temperature phase) of the two crystal structures
of 1. In the solid state (Figure 2), compound 1 has an Si-N-
N angle of 104.1(1)° and an Si--N distance of 2.436(1) A,
while in the gas phase (Figure 3), the Si-N-N angle is
106.5(4)° and the Si-~N distance is 2.510(6) A. This demon-
strates that the geminal Si-~N interaction is much weaker in
F;SiN(Me)NMe, (1) than in F;SiONMe,. Although large
differences were frequently observed for the Si--N distances

Figure 2. Crystal structure of 1 as determined by low-temperature X-ray
diffraction.
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Figure 3. Gas-phase structure of 1 as determined by electron diffraction.

between the solid-state and gas-phase structures for SiON
systems,” ! this was not the case for 1.

The silyl group in both phases dictates that the a-nitrogen
atom coordination is planar [sum of angles around nitrogen
359.5° (solid), 360.0° (gas)]. Although the weak Si--N inter-
action in 1 leads to a contraction of the Si-N-N angle that is
comparatively small and comparable to that found in
H,SiN(Me)NMe, [Si-N-N 108.2(1)° (solid)], the a-nitrogen
atom is quite deformed in both the gas and solid state.
Whereas the Si-N-N angles discussed above are similar in
the solid state (Figure 2), gas phase (Figure 3), and calcula-
tions (Figure 4), the Si-N-C and C-N-N angles around the a-

P(nIr

s'1(s)

O 5 10 15 20 25 30 35
sIA”

Figure 4. Radial distribution and molecular intensity curves for the gas-
phase structure determination of 1.

nitrogen atom, although fairly consistent for the crystal
structure and calculation (134.5(1) and 121.2(2)° (solid), re-
spectively), differ markedly from the values determined in
the gas phase (126.9(7) and 126.6(8)°, respectively). A fur-
ther instance in which a substantial difference between the
experimental and theoretical structures for a free molecule
is observed will be described for compound 3 below.

3036 ———
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In contrast to the structural differences observed for the
coordination geometry of the a-nitrogen atom, the coordi-
nation of the B-nitrogen atom is consistent in all phases and
calculations (Table 2).

Table 2. Selected structural parameters for F;SiN(Me)NMe, (1) as deter-
mined by low-temperature X-ray crystallography in two different phases,
by ab initio calculations at the MP2/6-3114+G** level of theory, and by
gas-phase electron diffraction (GED). Distances are given in A, angles in
degrees.

Parameter XRD XRD MP2 (r,) GED (r,)
P1 phase C2/c phase

Si—F1 1.571(1) 1.568(1) 1.601 1.581(1)
Si—F2 1.566(2) 1.565(1) 1.598 1.578(1)
Si—F3 1.569(1) 1.565(1)

Si—N1 1.644(1) 1.646(2) 1.681 1677(3)
N1-N2 1.441(1) 1.439(2) 1.426 1.431(5)
N1-C1 1.456(2) 1.448(2) 1.456 1.467(2)
Si-N(1) 2.438(1) 2.436(1) 2.493 2.510(6)
Si-N1-N2 104.2(1) 104.1(1) 106.4 106.5(4)
C1-N1-N2 120.7(1) 1212(2) 121.1 126.6(8)
Si-N1-C1 134.6(1) 134.5(1) 1325 126.9(7)
N1-Si-F1 110.1(1) 109.9(1) 108.8 110.4(3)
N1-Si-F2 114.1(1) 115.7(1) 114.0 114.0(2)
N1-Si-F3 115.6(1) 113.8(1)

C2-N2-C3 112.1(1) 111.9(1) 1122 112.3(10)

F;SiN(SiMe;)NMe, (3): In contrast to 2, compound 3 con-
tains a much stronger B-Si-~N interaction. For example, in
the solid state the Si-N-N angle is compressed to 83.6(1)°,
and leads to a Si-+N distance of only 2.102(1) A (Figure 5);

Figure 5. Crystal structure of 3 as determined by low-temperature X-ray
diffraction.

these values are similar to those found for hydroxylamine
F;SiONMe,. It should be noted, that in the latter compound
the Si---N distance and Si-O-N angle are highly dependent
upon the medium. That is, the Si--N interaction is much
stronger in the solid state than in the gas phase. In contrast,
the respective gas-phase values for 3 (84.9(4)° and
2.135(9) A; Figure 6) are similar to those obtained for the
solid state. However, experimental gas-phase values were
found to differ significantly from ab initio calculations con-
ducted at the MP2/6-311+ G** level of theory (Figure 7). In
particular, the Si-N-N angle was predicted to be 9° greater.
Such large deviations between theoretical and experimental

www.chemeurj.org Chem. Eur. J. 2004, 10, 30333042
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Figure 6. Gas-phase structure of 3 as determined by electron diffraction.
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Figure 7. Radial distribution and molecular intensity curves for the gas-
phase structure determination of 3.

values for parameters directly connected to the non-classical
geminal Si--N interactions have previously been observed,
and can only be overcome at very high levels of theory.'"!”]
Unfortunatley, at present these cannot feasibly be applied to
molecules of the size of compound 3.

Although normally observed for silylated nitrogen atoms,
the distortion of the coordination sphere from the ideal
trigonal planar in 3 is impressive, and is the result of an at-
tractive Si--N interaction. Compression of the Si-N-N angle
enclosed by the F;Si and NMe, groups leads to a widening
of the Si-N-Si angle enclosed by the Me;Si and F;Si groups
(solid 145.9(1)°, gas 132.6(5)°), as well as a widening of the
Si-N-N angle enclosed by the Me;Si and NMe, groups (solid
130.0(1) °, gas 139.8(5)°). Therefore, a difference of more
than 55° occurs between the two Si-N-N angles in this mole-
cule in the gas phase. The implications of possible steric ef-
fects arising as a result of SiMe; substitution are discussed
later in this paper.

Chem. Eur. J. 2004, 10, 30333042 www.chemeurj.org
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As in compound 2, the coordination sphere of the a-nitro-
gen atom is found to be planar in both the solid and gas
phase, and the calculations confirm these observations. As
outlined above, the (F;)Si-N-N angle is similar in the solid
and gas phase, but the other angles that define the coordina-
tion sphere of the a-nitrogen atom deviate drastically. The
Si-N-Si angle in the solid state is extremely large
(145.9(1)°), but in the gas phase is compressed by more than
13° (132.6(5)°) to be similar to the calculated gas-phase
value (136.2°).

In contrast, the calculated gas-phase value for the
(Me;)Si-N-N angle (128.2°) is close to the solid-state value
of 130.0(1)°, but is more than 11° smaller than the corre-
sponding value in the gas-phase (139.8(5)°). Once again, the
geometry of the NMe, group was found to be similar in all
the methods of structure determination.

It is more appropriate to describe the geometry at the sili-
con atom as distorted trigonal bipyramidal than to describe
it as a distorted tetrahedron with an additional Si--N con-
tact. Two N-Si-F angles are close in value to 120° (118.2(1)
and 117.2(1)°), therefore, these two fluorine atoms and the
a-nitrogen atom make up the equatorial plane (the respec-
tive F-Si-F angle is 107.3(1)°). The fluorine atom with the
lengthened Si—F bond is at an axial position (N-Si-F
108.3(1)°), while the p-nitrogen atom becomes the second
axial ligand through a Si--N interaction. As a result, com-
pound 3 has a much more pronounced distortion than 1.
Once again, this reflects the different strengths of the Si-N
interactions between these molecules.

The geometry of the silicon atom reflects the hypercoordi-
nation. There are two different Si—F bond lengths in the
solid state: two shorter ones (1.578 A) to the fluorine atoms
in a gauche orientation in the FSiNN unit, and a longer one
(1.591(1) A) to the anti fluorine atom. The longer bond
length for the latter can be attributed to a trans effect as a
result of the fifth ligand at silicon, namely the B-nitrogen
atom. Although less pronounced, the differing Si—F bond
lengths were also reflected in the calculations, but could not
be resolved in the experimental gas-phase structure, in
which all the Si—F distances were refined jointly to be one
length.

The strong Si--N interaction observed also leads to a
marked increase in the N—N bond length (1.487(2) A in the
solid state). This is substantially greater than the corre-
sponding distance in 1 (1.438(2) A) or 2 (1.432(1) A), in
which the Si--N interactions are weaker. Consequently, the
Si—N bond in the SiNN ring is also lengthened (1.662(1) A)
in comparison to that observed in 1 (1.646(2) A) (Table 3).

F;SiN(SnMes;)NMe, (4): None of the intermolecular contacts
in solid 1 and 3 are closer than the sum of the van der Waals
radii, but molecules of 4 aggregate into endless chains
through F--Sn interactions (Figure 8). This is intriguing, as
the trifluorosilyl groups in all these compounds are better
acceptors than the trimethylstannyl group in 4. Although
the structure-determining motif in compounds such as
F;SiCH,NMe,""®! that contain F;Si—N linkages!" has been to
form dimers with Si—N contacts, the trimethylstannyl group
in 4 makes contact with a terminal fluorine atom of the SiF;
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Table 3. Selected structural parameters for F;SiN(SiMe;)NMe, (3) as de-
termined by low-temperature X-ray crystallography, by ab initio calcula-
tions at the MP2/6-311+G** level of theory, and by gas-phase electron
diffraction (GED). Distances are given in A, angles in degrees.

Parameter XRD MP2 (r.) GED (r,)
Si—F1 1.591(1) 1.607 1.574(1)
Si—-F2 1.578(1) 1.602

Si—-F3 1.577(1) 1.600

Si2—C1 1.860(1) 1.869 1.873(1)
Si2—C2 1.855(1) 1.876

Si2—C3 1.861(1) 1.876

Sil-N 1.662(1) 1.690 1.690(6)
Si2—N 1.758(1) 1.779 1.769(6)
N1-N2 1.487(1) 1.462 1.463(3)
N2—-C4 1.463(2) 1.459 1.463(3)
N2—-C5 1.462(2) 1.461

Sil--N2 2.102(1) 2.308 2.135(9)
Sil-N1-Si2 145.9(1) 136.2 132.6(5)
Sil-N1-N2 83.6(1) 93.9 84.9(4)
Si2-N1-N2 130.0(1) 128.2 139.8(5)
N1-Sil-F1 108.3(1) 109.7 109.0(5)
N1-Sil-F2 117.2(1) 114.9 113.9(5)
N1-Sil-F3 118.2(1) 1142 116.0(6)
N1-Si2-C1 103.5(1) 105.8 104.4(6)
N1-Si2-C2 111.3(1) 110.5 107.4(8)
N1-Si2-C3 111.6(1) 110.9 109.1(9)
N1-N2-C4 112.5(1) 1124

N1-N2-C5 113.0(2) 112.8

Figure 8. Crystal structure of 4 as determined by low-temperature X-ray
diffraction, and aggregation of the molecules into chains by Sn-F inter-
molecular interactions.

unit in an adjacent molecule rather than with the more basic
nitrogen atom of the NMe, group. The reason that these al-
ternative donor—acceptor contacts are not used for the for-
mation of intermolecular secondary bonding interactions
demonstrates that in all three compounds the F;Si and
NMe, groups are already involved in a different type of in-
teraction.

F;SiN(Me)NMe, (1), F;SiN(SiMe;)NMe, (3), and
F;SiN(SnMe;)NMe, (4) differ only in the group attached to
the silicon-bound nitrogen atom, yet the Si-N-N angle of
89.6(1)° (solid state) in 4 is about 6° larger than in 3, and
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more than 14° smaller than in compound 1. Therefore, in re-
gards to the strength of the intramolecular Si---N interaction,
4 adopts an intermediate position between 1 and 3. This is
also reflected in other parameters. For example, 4 has a rela-
tively long N—N bond (1.472(3) A) in comparison to that
found in 1 (1.439(2) A), but it is not as long as in compound
3 (1.487(1) A). The same comparison is applicable to the
Si—N bond, which is 1.651(2) A in 4, 1.662(1) A in 3, and
1.646(2) A in 1.

The coordination geometry at the silicon atom in 4 more
closely resembles that of 3 than 1. This is consistent with the
observation that the N-Si-F angles (average of 117.0°) for
the fluorine atoms in the gauche position are slightly smaller
than those found in compound 3 (average of 117.6°), while
the N-Si-F angle for the anti fluorine atom is slightly larger
(109.6(1)° rather than 108.3(1)°), and that the difference be-
tween the anti and gauche Si—F bond lengths is smaller in
compound 4 than in 3. The very large Si-N-Sn (141.2(1)°)
angle in 4 parallels the even larger Si-N-Si angle (145.9(1)°)
in 3, and the coordination geometry of the a-nitrogen atom
is also planar.

The coordination geometry at the tin atom is distorted
tetrahedral. Surprisingly, two of the N-Sn-C angles are as
would be expected for a tetrahedron, while the angle in the
approximate plane of molecular symmetry is slightly smaller
(100.3(9)°). The reason for this distortion is not obvious, but
could be the result of an attractive interaction between the
fluorine atom F1 and one hydrogen atom of the respective
methyl group (Table 4).

Table 4. Selected structural parameters for F;SiN(SnMe;)NMe, (4) as de-
termined by low-temperature X-ray crystallography.

Distances [A] Angles [°]

Si—F1 1.582(2) Si-N1-Sn 141.2(1)
Si—F2 1.574(2) N1-Si-F1 109.6(1)
Si—F3 1.577(2) N1-Si-F2 116.9(1)
Sn—Cl1 2.123(3) N1-Si-F3 117.2(1)
Sn—C2 2.132(3) N1-Sn-C1 100.3(9)
Sn—C3 2.119(3) N1-Sn-C2 107.8(1)
Si-N 1.651(2) N1-Sn-C3 108.6(1)
Sn-N 2.078(2) N1-N2-C4 111.3(2)
N1-N2 1.472(3) N1-N2-C5 111.6(2)
N2—C4 1.457(3)

N2-C5 1.455(3)

Si--N2 2.204(3)

Since the atom bonded to the a-nitrogen center of the
SiNN unit is always a Group 14 element (1: C, 3: Si, and 4:
Sn), the different strengths of the Si--N interaction in the
F;Si-N-NMe, skeleton should be related to electronic or
steric properties of this binding atom or substituent. To
obtain a reasonable estimate for the steric contribution, we
calculated the molecular structure of F;SiN(SiH;)NMe, (6)
at the MP2/6-3114G** level of theory and compared it
with the structure determined for the silicon-methylated
compound F;SiN(SiMe;)NMe, (3). Selected values can be
found in Table 5. On the basis of these data, a purely steric
argument can be excluded, as the parameters determined

www.chemeurj.org Chem. Eur. J. 2004, 10, 30333042



www.chemeurj.org



Intramolecular Secondary Si-~-N Bonds in Trifluorosilylhydrazines

3033-3042

Table 5. Comparison of selected calculated parameters for the molecular
structures of F;SiN(SiMe;)NMe, (3) and F;SiN(SiH;)NMe, (6) at the
MP2/6-311+G** level of theory. Distances are given in A, angles in de-
grees.

Parameter F;SiN(SiMe;)NMe, (3) F;SiN(SiH;)NMe, (6)
(F3)Si—-N 1.690 1.693

(Mey/H;)Si—N 1.779 1.765

N-N 1.462 1.458

Si--N 2.308 2.397

(F3)Si-N-N 93.8 98.8

(Mey/H;)Si-N-N 128.2 125.8

Si-N-Si 136.2 135.4

N-Si-Fi, prane 109.7 109.7

N-N-C 111.8/112.4 111.7

were not significantly different. In particular, the (F;)Si-N-N
angle was calculated to be 93.8° for 3 and 98.8° for 6, while
the Si-+N distance was determined to be 2.308 and 2.397 A
for 3 and 6, respectively. It should be noted that the extent
by which the Si-N-N angles deviate from one another in the
two compounds is only an approximation because attractive
forces between silicon and nitrogen atoms, as well as angular
potential, compensate for one another to some extent. How-
ever, if steric repulsion existed between the Me;Si and H;Si
groups in 3 and 6 and the other groups in these molecules,
the greatest deviation would be expected to be observed in
this parameter. As a result, only a small steric effect with
regard to the bulkier Me;Si group in 3 could be deduced.
Moreover, this conclusion neglects to take into account the
different electronic properties of Me;Si and H;Si groups.
The Si-N-Si angles should reflect the differences in repulsion
between F;Si and Me;Si/H;Si groups, but were found to be
almost equal in 3 and 6 (136.2 and 135.4°, respectively). Sim-
ilarly, the N-N-C angles would differ if a marked steric re-
pulsion existed between the NMe, and Me;Si/H;Si groups,
but they too were very similar (111.8/112.4° in 3 and 111.7°
in 6). In summary, the size of the substituent at the a-nitro-
gen atom has only a small steric effect. However, even in
the absence of relevant steric contributions, calculations pre-
dict a marked Si--N attractive interaction in 3.

(Me;Sn),NNMe, (5): In the course of our structure determi-
nation experiments, we were able to obtain crystals of com-
pound 5 and determine its solid-state structure (Figure 9).
This allowed us to compare F;SiN(SnMe;)NMe, (4) with
(Me;Sn)N(SnMe;)NMe, (5), and thereby, to study the ef-

Figure 9. Crystal structure of 5.
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fects of exchanging the electrophilic F;Si group for the less
Lewis acidic Me;Sn group, which has been shown to act as a
weak acceptor in the geminal system Me;SnONMe,.*)

In compound 5, the NMe, group leans slightly towards
the Sn2 atom; this leads to one Sn-N-N angle being smaller
and one larger (Sn2-N-N 109.5(4)°, Sn1-N-N 125.2(4)°). The
Sn1Me; group has an almost tetrahedral coordination geom-
etry around tin, with all the N-Sn-C angles lying between
107.7(3) and 108.1(3)°. However, as a result of steric repul-
sion between the NMe, and the SnMe; groups, the Sn2Me;
group has a distorted coordination geometry around the tin
atom with two small N-Sn-C angles (104.5(3) and 107.2(3)°)
and one larger one (115.7(3)°). The conformation of the
Sn2Me; group is different from that observed in compound
4, as in 5 it is eclipsed with the N—N bond, whereas in 4 it is
eclipsed with the N—Si bond. The result of this is that the
Me;Sn group distortion at the a-nitrogen atom is opposite
to what is observed in compound 4, namely the N-Sn-C
angle is made wider rather than being compressed (Table 6).

Table 6. Selected structural parameters for (Me;Sn),NNMe, (5) as deter-
mined by low-temperature X-ray crystallography.

Distances [A] Angles [°]
Sn1-N1 2.048(6) Sn1-N1-Sn2 125.2(4)
Sn2-N1 2.025(5) Sn1-N1-N2 125.2(4)
N1-N2 1.428(7) Sn2-N1-N2 109.5(4)
Sn1-C1 2.123(7) N1-Sn1-C1 108.1(3)
Sn1—C2 2.134(7) N1-Sn1-C2 107.8(3)
Sn1-C3 2.141(7) N1-Snl1-C3 107.7(3)
Sn2—C4 2.129(7) N1-Sn2-C4 104.5(3)
Sn2-C5 2.113(8) N1-Sn2-C5 107.2(3)
Sn2—-C6 2.120(7) N1-Sn2-C6 115.7(3)
N2-C7 1.443(10) N1-N2-C7 110.7(6)
Conclusion

Silylhydrazines are now the second class of silicon com-
pounds, after silylhydroxylamines with SiON units, for
which a relatively strong attractive interaction between sili-
con and a geminal donor center has been unequivocally
proven by experiments. These findings will help the chemis-
try of this class of compounds to be better understood.
Silylhydrazines that contain electronegative substituents
at silicon are compounds in which non-classical secondary
bonds exist between silicon and the geminal nitrogen atoms.
The strength of this interaction is dependent on the elec-
tronic properties and steric requirements of the substituent
at the o-nitrogen atom, as well as on the nature of the sili-
con substituents. The nature of the binding atom seems to
play the major role, whereas steric factors are not dominant
for substituents up to the size of Me;Si and Me;Sn. The
VSEPR model, which takes into consideration the polarity
of the bond from the a-nitrogen atom towards its substitu-
ent, can be used to rationalize these results. In compound 1,
this bond polarity is much lower than in 3 and 4, and thus,
the maximum electron density in this bond is closer to the
nitrogen atom in 3 and 4. This subsequently results in the re-
pulsion of the adjacent Si—N and N—N bonds, and together
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with the attractive force between silicon and the f-nitrogen
atoms, constitutes a further factor in shortening the Si--N
distance.

It should be noted that a pronounced effect of this nature
can probably only be observed in compounds in which no
more than one nitrogen atom of the hydrazine skeleton has
a silicon substituent attached. If both nitrogen atoms are si-
lylated, then both will have an approximately planar coordi-
nation geometry, and thus, neither is able to act as a donor
in an attractive Si--N interaction.

Further studies on geminal silicon donor systems will be
directed towards aminomethylsilanes and oxymethylsilanes
that contain Si—C—N and Si—C—O units, as these types of
molecules are important building blocks in the synthesis of
organosilicon compounds.

Experimental Section

All syntheses were carried out in a vacuum line that contained greaseless
stopcocks (Young’s taps) directly attached to the gas cell of an FTIR
spectrometer (Midac Prospect FTIR). Tetrafluorosilane,?!! trimethylhy-
drazine,”™ N,N-dimethyl-N'-(trimethylsilyl)hydrazine,*! N-lithio-N',N'-di-
methyl-N-(trimethylsilyl)hydrazine,”® and N,N-dimethyl-N’,N'-bis(trime-
thylstannyl)hydrazine® were prepared as described in the respective lit-
erature procedures. Dimethyl ether gas was dried over CaH,, condensed,
and degassed prior to use. The other solvents were dried over CaH,. All
NMR spectra were recorded at 21°C on a JEOL JNM-LA-400 spectrom-
eter in sealed tubes with C¢Dg being directly condensed onto the frozen
samples from an Na/K alloy.

F;SiN(Me)NMe, (1) and F,Si(N(Me)NMe,), (2): n-Butyllithium (12.5 mL
of a 1.6Mm solution in n-hexane, 20 mmol) was added dropwise to a solu-
tion of trimethylhydrazine (1.5g, 20 mmol) in n-hexane (20mL) at
—78°C. The reaction mixture was then warmed to room temperature and
stirred for 1h, after which time all volatiles were removed under
vacuum. Dimethyl ether (15mL) and then a 1.5 molar excess of SiF,
(3.1g, 29 mmol) were condensed onto the freshly prepared LiN-
(Me)NMe, (1.5 g, 19 mmol, 96%) at —196°C. The reaction mixture was
then warmed to —96°C (toluene slush) and subsequently allowed to
reach —30°C over a period of several hours, at which temperature it was
stirred for 1 h. All volatiles were then condensed and separated by frac-
tional condensation (—10, —78, and —196°C traps). The —10°C cold trap
retained the least volatile F,Si(N(Me)NMe,), (2) (1.2 g, 5.7 mmol, 30%)
as a colorless, crystalline solid (m.p. 19°C). '"H NMR (C¢Dg): 6=2.27 (s,
6H; Me,N), 2.42 ppm (t, “Jyensip= 1.5 Hz, 3H; MeN); "C NMR (C,Dy):
0=222 (q, Uey=1349Hz, MeN), 43.1ppm (qq, Jey=133.4 and
T enen=4.8 Hz, Me,N); “N NMR (C¢Dg): 6=-312.2 ppm (s); "F NMR
(CeDg): 0=—-78.0ppm (s); ¥Si NMR (C¢De): 0=-77.3ppm (t, Jgr=
2174 Hz); IR (gas, selected data): #=2955m, 2874m, 2791w, 870s,
714w cem™; GCMS (70eV): miz: 212 [M]*, 169 [M—NMe,]*, 154
[M—(NMe,—Me)]*, 138 [M—NMeNMe,]*.

The —78°C cold trap contained F;SiN(Me)NMe, (1) (0.52 g, 3.3 mmol,
15%) as a colorless liquid that was very sensitive to air and moisture
(m.p. —52°C). 'HNMR (C¢Dg): 6=2.05 (s, 6H; Me,N), 2.09 ppm (q,
Juonse=1.6 Hz, 3H; MeN); PCNMR (CiD¢): 6=21.1 (q, Jeu=
135.7 Hz, MeN), 42.4 ppm (qq, Yoy =134.5 and *Joyeyy =4.4 Hz, Me,N);
SN{'H} NMR (DEPT, C;Dy): 0=—311.5 (q, Jxsr=8.1 Hz), —326.4 ppm
(@, ansr=3.7Hz); Y"FNMR (C,D): 6=-83.4ppm (s); ¥SiNMR
(CeDg): 6=-98.4ppm (q, Jsr=193.8 Hz); IR (gas, selected data): =
2970m, 2861m, 2791w, 971ss, 890s, 715w cm ™.

F;SiN(SiMe;)NMe, (3): A twofold excess of SiF, (7.1 g, 66 mmol) was
condensed onto a frozen (—196°C) solution of freshly prepared LiN(Si-
Me;)NMe, (4.6 g, 33 mmol) in Me,O (15 mL). The mixture was warmed
to —96°C, and was then allowed to warm to —30°C over a period of 5 h,
at which temperature it was stirred for a further 1 h. All volatiles were
condensed and separated by fractional condensation (—50, —96, and
—196°C traps). Compound (3) (2.1 g, 10 mmol, 30%) was isolated in the
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—50°C trap as a colorless, very smelly liquid (m.p. —10°C). "H NMR
(CeDg): 6=0.06 (s, 9H; Me;Si), 2.30 ppm (s, 6H; Me,N); “C NMR
(CeDg): 6=1.19 (q, Vi3 =118.7 Hz, Me,N), 48.2 ppm (q, 'Jc;;=135.6 Hz,
MeN); “N{'H} NMR (DEPT, C;D;): 6=—-290.4 (q, Jysir=3.4 Hz, NSi,),
—319.6 ppm (q, *Jxsir=6.0 Hz, NC,); F NMR (C¢D;): 6 =—76.8 ppm (s);
#Si NMR (C¢Dg): 6=-7.32 (s, SiMes), —104.0 ppm (q, Jg=200.4 Hz);
IR (gas, selected data): 7=2963m, 2874m, 2789w, 2795w, 1789w, 1259w,
964m, 758w cm™'; GCMS (70 €V, selected data): miz: 216 [M]*, 201
[M—Me]*, 73 [Me,Si]*.

F;SiN(SnMe;)NMe, (4): A slight excess of SiF, (0.52 g, 5 mmol) was con-
densed onto a solution of (Me;Sn)NNMe, (1.68 g, 4.35 mmol) in Et,O
(15mL) at —196°C. The reaction mixture was warmed to —78°C, then
over a period of several hours it was warmed to room temperature and
stirred overnight. After the mixture was cooled to —55°C, the solvent
was removed under reduced pressure. The residue was then condensed
into another flask, pentane (5mL) was added, and the mixture was
stored at —78°C for two days, after which time large colorless crystals
were obtained. These melted at 2°C to give a very air- and moisture-sen-
sitive liquid (0.28 g, 0.9 mmol, yield 21%) that slowly decomposed at
room temperature. '"HNMR (C¢Dg): 6=0.17 (s, Me;Si), 2.29 ppm (s,
NMe,); “N{'H}NMR (DEPT, CD,): 6=-2952 (brs), —318.5 ppm
(brs); YFNMR (C¢Dg): 0=-79.35ppm (s); “SiNMR (C,Dg): 0=
—98.11 ppm (q, Jsr=203.7 Hz); '’Sn NMR (C¢Dy): 0=67.44 ppm (s);
GCMS (70eV): miz: 308 [M]*, 293 [M—Me]*, 220 [M—-FsSi]*, 165
[Me;Sn]*.

Crystal structures: Single crystals were generated by slowly cooling the
melt after a solid-liquid equilibrium of the sample in a sealed Duran® ca-
pillary was established. All but one of the crystals (an optically selected
very small seed crystal) were then melted by locally warming the sample.
The data collection was undertaken with a DIP 2020 diffractometer
(Enraf Nonius) with an image-plate detector. Graphite-monochromated
Moy, radiation was used (1=0.71073 A). Intensity corrections were ap-
plied by means of the SCALEPACK program. The structures were
solved by direct methods and refined using the full-matrix least-squares
procedure (SHELXTLP®) against F°. Plots of the molecular structures
are represented by thermal ellipsoids at the 50 % probability level. De-
tails for the crystal data and refinements are provided in Table 7.

CCDC-229353 (1), CCDC-229354 (1), CCDC-229352 (2), CCDC-229355
(3), CCDC-229357 (4), and CCDC-229356 (5) contain the supplementary
crystallographic data for this paper. These data can be obtained free of
charge via www.ccdc.can.ac.uk/conts/retrieving.html (or from the Cam-
bridge Crystallographic Center, 12 Union Road, Cambridge CB21EZ,
UK; Fax: (+44)1223-336033; or deposit@ccdc.cam.ac.uk).

Gas-phase electron diffraction experiment: The Edinburgh gas-diffrac-
tion apparatus®®’) was used to collect data for 1 and 3. The sample and
nozzle temperatures were held at 239 and 293 K, respectively, for 1, and
273 and 293 K, respectively, for 3. An accelerating voltage of about
40 kV (electron wavelength ca. 6.0 pm) was used and the scattering inten-
sities for both compounds were recorded at nozzle-to-film distances of
128.2 and 285.2 mm for 1 and 127.7 and 285.4 mm for 3 on Kodak Elec-
tron Image film. Three films were collected at each nozzle-to-plate dis-
tance. The weighting points for the off-diagonal weight matrices, correla-
tion parameters, and scale factors for the two camera distances for both
compounds are given in Table 8. For calibration purposes and in order to
minimise any systematic errors in wavelength and camera distances, the
scattering patterns of benzene were also collected and analysed in the
same way. The electron-scattering patterns were converted into digital
form at the Institute of Astronomy, Cambridge, UK using a PDS densi-
tometer and a scanning program described elsewhere.” Data reduction
and least-squares refinements were carried out using standard pro-
grams.” The scattering factors of Ross et al. were employed."
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Table 7. Crystal and refinement data for the solid-state structures of compounds 1-5.

Compound F;SiN(Me)NMe,  F;SiN(Me)NMe,  F,Si(N(Me)NMe,),  F;SiN(SiMe;)NMe,  F;SiN(SnMe;)NMe,  (Me;Sn),NNMe,
@ Q) (2 A3 4 ®)
formula C;H,F;N,Si C;H,F;N,Si CeHsF,N,Si CsH5F;N,Si, CsH,5F;N,SiSn CgH,,N,Sn,
formula weight 158.21 158.21 212.32 216.37 306.97 385.67
crystal system triclinic monoclinic monoclinic orthorhombic orthorhombic monoclinic
space group Pl C2lc C2/c Pbca Pbca P2)/c
a[A] 6.3676(3) 19.5157(13) 9.0946(2) 13.2781(1) 13.5469(2) 15.6424(7)
b [A] 6.5163(4) 6.5080(5) 11.2124(3) 10.9471(1) 11.1830(1) 7.5735(2)
c[A] 10.2513(5) 11.4913(9) 11.6720(2) 14.7906(2) 14.7578(2) 12.7078(4)
a ] 79.091(3) 90 90 90 90 90
AN 72.896(3) 94.907(3) 111.8907(12) 90 90 105.9583(13)
v [°] 63.708(5) 90 90 90 90 90
v [AY] 363.63(3) 1454.14(19) 1104.40(4) 2149.91(4) 2235.73(5) 1447.55(9)
Peatea [gem™] 1.445 1.445 1.277 1.337 1.824 1.770
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Tubular-Shaped Stoichiometric Chrysotile Nanocrystals

Giuseppe Falini,"”! Elisabetta Foresti,! Massimo Gazzano,™ Alessandro F. Gualtieri,'*
Matteo Leoni,'" Isidoro G. Lesci,'®' and Norberto Roveri*®"!

Abstract: Stoichiometric chrysotile tub-
ular nanocrystals have been synthe-
sized as possible starting materials for
applications toward nanotechnology,
and as a standard reference sample for
the investigation of the molecular inter-

characterized by chemical, morphologi-
cal, structural, spectroscopic and micro-
calorimetric analyses. They show a con-
stant “cylinder-in-cylinder” morpholo-
gy constituted by two or three concen-
tric subunits. Each single nanocrystal

has a tubular shape of about 49+1 nm
in outer maximum diameter, and a
hollow core of about 7+1 nm. Struc-
tural investigation carried out on an X-
ray powder pattern allowed to improve
the structural model proposed for

actions between chrysotile, the most
utilized asbestos, and biological sys-
tems. Chrysotile nanocrystals have
been synthesized under controlled hy-
drothermal conditions, and have been

hazard

Introduction

Asbestos fiber properties, such as heat resistance, noncom-
bustibility, unusual tensile strength and resistance to selec-
tive chemical attack, are important for the wide use of min-
eral chrysotile in a variety of industrial applications.'! Chrys-
otile, which accounts for approximately 95% of manufac-
tured asbestos,>? occurs as a natural fiber that can be
woven, moulded, and added to other inorganic and polymer-
ic compounds to form superior and advanced materials with
an enhanced value.™ The silicate mineral chrysotile is also a
naturally occurring, nano-sized, tube-shaped material which
may represent an alternative to carbon nanotubes for cer-
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chrysotile mineral samples. Synthetic
chrysotile crystallizes in the monoclinic
Cc space group with a=0.5340(1) nm,
b=0.9241(1) nm, and ¢=1.4689(2) nm,
£=93.66(3)°.

health
reference

tain applications, such as the manufacture of nanowires.>®l
The mineral chrysotile nanotubes differ from carbon nano-
tubes in some important physical parameters, that is, they
are nonconducting, they have lower mechanical strength,
their length can reach a millimeter range, and they are
always uncapped.’¥

Health hazards associated with asbestos are well docu-
mented in the medical and general health literature, and its
deleterious environmental effects are now well-known.”!
Pleural thickening and calcification, pulmonary fibrosis, lung
cancer, and pleural mesothelioma are the main health issues
associated with asbestos exposure. These pathologies cannot
be ascribed exclusively to asbestos fibrous form, and its
length to diameter ratio is greater than three.'"” In fact, the
chemical, structural, and physico-chemical properties of
chrysotile fibers are of major significance in their interac-
tions with biological systems.!"!

Mineral chrysotile, Mg;Si,Os(OH), is composed of sheets
of Si-centred tetrahedra in a pseudohexagonal network
joined to sheets of octahedral magnesium hydroxide
(Figure 1). The structure of chrysotile fibrils is composed of
layers curved concentrically or spirally, usually around the
x axis (clinochrysotile and orthochrysotile), and seldom
around the y axis (parachrysotile), into a tubular structure
(rolls) of about 22-27 nm in diameter.'"? The rolls possess
hollow cores with a diameter of about 5-8 nm, because the
layers cannot energetically withstand too tight a curva-
ture.!® The earlier X-ray diffraction studies on chrysotile
showed a remarkable distortion (curvature) of the unit cell
with respect to the conventional crystal structures, so that a
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¢=1.46nm

Figure 1. A perspective view of the OT layers in the chrysotile structure.
Magnesium environment is represented by octahedra, silicon environ-
ment by tetrahedra. The length of the c axis is reported.

new theory specially formulated for cylindrical lattices had
to be developed.'*'% The existence of regular cylindrical (or
helical) and spiral lattices with a triclinic (anorthic), mono-
clinic (clinochrysotilel!'), and orthorhombic (clinochryso-
tile or parachrysotile) symmetry was recognized.

Natural chrysotile fibers may contain different propor-
tions of chrysotile polytypes (ortho-para-clino-chrysotile),
and mineral samples usually show the intimate intergrowth
of the chrysotile polymorphs lizardite and antigorite.'”)
Chrysotile fibers are contaminated with other minerals, and
trace metals are particularly abundant. In fact, they general-
ly develop as a result of defects in the mineral structure and
are subject to many isomorphic substitutions, therefore most
fibers contain impurities.”” These heterogeneities could
probably be correlated to the different chrysotile crystal
morphologies observed; these include hollow cylinders, non-
hollowed cylinder, tube-in-tube fibers, conically wrapped
fibers, cone-in-cone-shaped concentric structures, spiral, and
multispiral structures.*!]

In natural chrysotile fibers, the tubular crystals have an
outer diameter, which ranges from 10 to 50 nm, and an
inner diameter between 1 and 10 nm. Its high degree of het-
erogeneity strongly affects the biological-mineral system in-
teraction; this has been widely investigated in order to indi-
viduate the causes of health hazards associated with asbes-
tos.”>% For these reasons, the availability of synthetic chrys-
otile nanotubes with stoichiometric composition, and con-
stant morphology and structure is crucial. Chrysotile
nanotubes may be used both as a standard reference sample
to investigate the chrysotile features responsible for devel-
oping pathologies, and their properties for potential applica-
tions in nanotechnology.

Syntheses of chrysotile have been recorded as early as the
1920’s and 1930’s. Chrysotile has been synthesized by differ-
ent hydrothermal reactions in the MgO-SiO, system.”"! The
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formation of fluorhydroxylchrysotile MgSi,O,,F,(OH)g., has
been investigated by Ushio and Saito.”! Olivine was com-
pletely serpentinized in the presence of NaOH? and trans-
formed firstly into antigorite, which recrystallizes as chryso-
tile on further reaction in the presence of NaOH, but forms
lizardite in the presence of water.””! Chrysotile microcrystals
have been synthesized from olivine and water over a range
of different temperature, pressure and time, and ! various
Mg-Ni chrysotile samples have been synthesized by hydro-
thermal reactions.”®! Chrysotile was obtained by transforma-
tion of synthetic diopside CaMg(Si,O;).”"! A number of hy-
drothermal investigations have been made on various as-
semblages of minerals which make up the serpentine multi-
system. These studies are not oriented towards chrysotile
syntheses, but rather to the investigation of the reactions,
which involve mineral transformations in an attempt to es-
tablish stability ranges.”** In the light of the wide availabil-
ity of asbestos as a natural raw material, the purpose of syn-
thesis may seem somewhat incongruous.® Nevertheless, in
this paper we present a new approach to synthesize stoichio-
metric chrysotile regular tube-shaped nanocrystals as a
unique phase under controlled hydrothermal conditions.
Chemical analysis: X-ray powder diffraction (XRPD), fouri-
er transform infrared spectroscopy (FTIR) and Raman spec-
troscopy, and scanning electron microscopy (SEM), trans-
mission electron microscopy (TEM), atomic force microsco-
py (AFM), and microcalorimetric techniques have been
used to characterize the synthetic nanocrystals in order to
present them as a possible standard reference sample. Their
possible applications range from biology to medicine in
order to understand the interactions of nanocrystals with bi-
ological systems, and for the preparation of quantum wires
in nanotechnology.

Results and Discussion

Synthesis and characterization: Stoichiometric chrysotile
nanocrystals have been synthesized as a unique phase by
means of hydrothermal reactions under controlled condi-
tions. Silica source MCM41 was used instead of the most
diffused silica gels for two main reasons: i) commercial silica
gel is commonly associated with considerable amounts of
metal oxides, and ii) its constant morphology plays a role on
the kinetics of the reaction, which ensures a higher reliabili-
ty. The use of favorable laboratory synthesized MCM41 sat-
isfies the necessary required purity of the reactants in terms
of metal ions. This MCM41 showed a average pore size of
3.9 nm and a specific area surface of 910 m’g~". The reaction
was carried out by using MCM41 in an aqueous solution of
MgCl, with a Si/Mg molar ratio equal to 0.68. The pH was
raised to 13.0 by adding NaOH solution, and a hydrothermal
treatment at 82 atm for 24 h was then performed. The stoi-
chiometric Si/Mg molar ratio of 0.66 induces the formation
of brucite as a second phase, while a Si/Mg molar ratio
higher than 0.68 leads to the formation of other silicate com-
pounds such as talc. The optimum value to synthesize chrys-
otile single phase is pH 13.0; higher values favor the con-
temporary formation of brucite, while lower values reduce
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the chrysotile crystallinity. Reaction times lower than 24 h
do not allow chrysotile to reach a high degree of crystallini-
ty. The powder X-ray diffraction pattern of the synthesized
chrysotile displays the characteristic reflections of high crys-
talline chrysotile as a unique crystalline phase (Figure 2a).

Arbitrary Units
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Figure 2. a) Experimental, b) calculated XRPD patterns of the chrysotile
nanocrystals, and c¢) comparison between the observed and the calculated
powder patterns.

The TGA and DTA curves of synthetic chrysotile fibers
are reported in Figure 3. An endothermic area at 650°C cor-
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Figure 3. a) TGA and b) DTA scans of synthetic chrysotile fibers.

responding to the dehydroxyla-
tion of the chrysotile crystals
and the sharp exothermic peak

silica gives evidence for the homogeneity and purity of syn-
thetic chrysotile crystals.

The synthetic chrysotile main-band frequencies from the
FTIR and Raman spectra are reported in Table 1. They
agree with literature data,”*! and confirm the high purity
of the chrysotile, and the absence of other phases. The ICP
analysis gives a Si/Mg molar ratio equal to 0.66, as expected
for stoichiometric chrysotile. The presence of foreign metals
is relegated to very low amounts.

Crystal structure: The peak positions of the observed pat-
tern match those reported on the ICDD file no. 43-662, and
unambiguously indicate that the synthetic nanofibres are
composed of pure clinochrysotile. Unfortunately, it is known
that the space group C2/c reported on the ICDD file is in-
correct.® This problem, combined with the observation that
the relative intensities were fairly different from those re-
ported in the file, prompted an accurate search for a better
space group, a new indexing of the observed pattern, and
the structure determination with the Rietveld method. The
runs for the unit-cell determination in TREORM clearly in-
dicate a monoclinic setting very similar to the one reported
on the ICDD file no. 43-662. A first selection based on sys-
tematic absences and peak positions indicated the following
possible space groups: Cc, Ca, C2/c, which considers a c axis
of about 1.46nm and P2,, P2,m™!, and Cm considers a
c axis of about 0.73 nm. The LeBail fits carried out by using
the selected space groups clearly indicate three best choices:
Cc, C2/c, and P2,. Among these, only Cc is consistent with
an OT (O =octahedral and T=tetrahedral) layer structure
(1:1 tetrahedral and octahedral layer unit; Figure 1). In fact,
in the C2/c space group, whatever the choice of origin may
be, one of the layers is invariably doubled in the cell, which
generates a TOT or a OTO unit. In the space group P2,
whatever the choice of the origin may be, the symmetry in-
variably causes an inversion of the polarity of the tetrahedra
in the T layer.

The coordinates of an ideal trioctahedral OT unit in the
unit cell with ¢=1.46 nm, space group Cc, were used as an
input for a Rietveld structure refinement in GSAS.*!! The
final agreement factors are R,=23.4%; R,,=26.0%; XZ:
5.6. The refined unit cell parameters are a=0.5340(1) nm,
b=0.9241(1) nm, ¢=1.4689(2) nm, and [=93.66(3)°. Fig-
ure 2a and b report the observed and calculated powder pat-
tern up to 80° of 26. The refined atomic parameters are re-

Table 1. Assignment of the chrysotile FTIR and Raman bands.

at 810°C indicates the crystalli-

: o FTIR [cm™'] Assignment Raman [cm '] Assignment
zation of the remammg amor- - 569y MgOH stretch 3694 external MgOH stretch
phous anhydrous materials (the 3645 (shoulder) MgOH stretch 3643 internal MgOH stretch
so-called meta-chrysotile 3410 (broad) H,O stretch 1102 antisymm. Si—O—Si stretch
Mg;Si,0;) into forsterite 1640 (broad) H,O bend 690 symm. translation mode Si—O
(Mgzslo4)[36] are observed. The 1082 S}*O*Sl stretch 463 '
lack of additi 1 K b 1015 Si—O—Mg stretch 344 Mg—OH symm.translation mode
ac O_ a 1t19na peaxs, O_ 958 Si—O stretch 231 Mg—O symm. mode
served in the mineral chrysotile o4 } Mg—OH libration 431
fibers thermal analyses, togeth- 435 Si—O—Mg bend 388 Mg—O antisymmetric mode
er with the sharpness of the ?;g

transformation to forsterite and

Chem. Eur. J. 2004, 10, 3043 -3049 www.chemeurj.org
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ported in Table 2. The different curve in Figure 2c shows a
good degree of agreement between the calculated and the
experimental patterns, although the Rietveld algorithm is

Table 2. Atomic coordinates for Mg;Si,Os(OH), nanocrystals.

electron density of crystal walls is nearly uniform and
almost continuous along the cylinder axis, while the crystal
core has a lower electron density, which suggests the ab-
sence of material or the pres-
ence of an amorphous phase. A
value of about 7+1 nm for the

Atom type ~la y/b e Occupancy Uil A’) central hole diameter has been
Mg 0.8852(6) 0.1980(4) 0.2303(4) 1.00 0.0076)  determined. A graphical repre-
Mg 0.3747(7) 03771(7) 0.2327(5) 1.00 0.007(6) . o )
Mg 0.8818(8) 0.5235(7) 0.2204(7) 1.00 0.007(6) Sentation of the cyl}nder mn
Si 0.0257(5) 0.3641(8) 0.0410(5) 1.00 0.018(8)  cylinder” morphology is shown
Si 0.5208(5) 0.5335(9) 0.0400(2) 1.00 0.018(8) in Figure 5(bottom).

o) 0.0726(8) 0.1978(5) 0.0000(4) 1.00 0.013(9) AFM image of the tubular
o) 0.2387(9) 0.4750(9) 0.0023(3) 1.00 0.0139)  pvcotile nanocrystals s re-
o) 0.7395(9) 0.4214(7) 0.0063(7) 1.00 0.013(9) =

o 0.0438(8) 0.3596(7) 0.1560(9) 1.00 0.013(9) Ported in Figure 6a. The mean
0 0.532(1) 0.537(1) 0.155(1) 1.00 0.013(9) outer diameter of the tubular
O(OH) 0.7299(9) 0.363(2) 0.2878(6) 1.00 0.013(9)  chrysotile crystals has been val-
O(OH) 0.2395(7) 0.197(1) 0.2791(9) 1.00 001309 yated by using the height pro-
O(OH) 0.5334(8) 0.2053(9) 0.1807(8) 1.00 0.013(9) . .

O(OH) 0.2025(9) 0.5416(9) 0.296(1) 1.00 00139) 1ile from the AFM image analy-

not specifically designed to take into account curved cylin-
drical stacking. In any case the model obtained by GSAS
program is the preffered choice, because even when a spe-
cifically modified version of DIFFaX was used (a suite es-
pecially developed to study planar faults in crystals) it was
not possible to obtain significantly better results.*’! The
structure has been refined by means of GSAS anisotropic
broadening parameter along the b axis by using the stacking
fault model and the following values for the anisotropic Lor-
entian coefficients: Lx=21(1) and stec =76(1).

The structural result is very useful because a)it proves
that the refined pattern belongs to a pure chrysotile sample;
b) it improves the model used for the quantitative phase
analysis with the Rietveld method proposed by Gualtieri
and Artioli who refined a natural impure standard sample,
and™ ¢) it fills the void opened in the literature, since Wiks
demonstrated the inconsistency of chrysotile space group.™

Morphology: The optical microscopy images of synthesized
stoichiometric chrysotile show a bundle morphology very
close to that of natural chrysotile fibers. SEM images (Fig-
ure 4a and b) reveal how the long bundles are constituted of
finely matted fibres of a small size (about a few microns
long). TEM analysis was carried out on synthetic chrysotile
fibers only disaggregated by sonication, without any addi-
tional treatment; this reveals the tubular chrysotile single
nanocrystals, which aggregate to form microfibers structures
(Figure 4c). The single nanocrystals, which have a cylindrical
shape with a length of the order of some microns, show a
transparency in the central area that run longitudinally
along the crystal (Figure 4d). This finding indicates that the
crystal core is void or contains low-electron dense material,
such as an amorphous phase. The hollow tubular morpholo-
gy of a chrysotile single crystal is clearly shown in Figure 5(-
top), in which three tubular subunits are concentrically ar-
ranged in a telescopic form. “Cylinder-in-cylinder” morphol-
ogy is the unique shape observed and the number of concen-
tric tubes is two or three. TEM images indicate that the

3046 ——
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sis, as shown in Figure 6b. The

Figure 4. Synthetic chrysotile nanocrystals. a) SEM images: scale bar=
10 um, b) scale bar=1 pum, and c¢) TEM images: scale bar =2 um, d) scale
bar =500 nm.

Figure 5. Top: TEM image of a single tubular chrysotile nanocrystal and
bottom: graphical representation of the crystal with dimensioning (nm).

measured average values are 21+1 nm, 35+ 1 nm, and 49+
1 nm for concentrically arranged tubes, one, two, and three,
respectively. These values have been confirmed by measur-
ing the nanocrystals in the TEM images.

The average value of the tube wall thickness is about
7 nm; this was determined by measurements of the nano-
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Figure 6. a) AFM image of synthetic chrysotile nanocrystals; scale bar =500 nm. Height profiles of a nanocrystal constituted by two tubes concentrically
arranged: b) perpendicular to the crystal axis and c) along crystal axis, respectively.

crystals in the TEM images and of the AFM height profile,
as reported in Figure 6¢c. The wall thickness of 7 nm of each
tube is constant, independent from the fact that the nano-
crystal is constituted by one, two, or three concentric tubes.
The wall thickness value suggests the presence of about ten
OT layers concentrically arranged in every cylindrical unit,
in agreement with the layer thickness of 0.73 nm observed
in electron diffractions patterns and micrographs by Yada.['’
The value obtained by the crystal structure analysis corre-
sponds to half of the ¢ parameter of the unit cell.l'”)

Conclusion

Chrysotile nanocrystals have been synthesized under con-
trolled hydrothermal conditions by reacting MCM41 meso-
porous silica with MgCl, in alkaline solution. The synthetic
crystals display the characteristic X-ray diffraction pattern
of chrysotile as a unique crystalline phase. Stoichiometry
has been determined by ICP analysis. The high purity of the
synthesized sample was confirmed by microcalorimetric and
spectroscopic analysis: DTA and TGA curves, and FTIR
and Raman spectra do not show any of the additional
peaks/bands usually assigned to impurities associated with
mineral chrysotile. The X-ray powder diffraction analysis al-
lowed us to improve the structural model proposed earlier
for a mineral sample.””! The search for the best space group
indicates a Cc space group with ¢=1.469 nm, which corre-
sponds to an OT layer thickness of 0.734 nm.

TEM and AFM observations revealed that single nano-
crystals have a constant hollow cylindrical morphology.
Each nanocrystal is constituted of up to three concentrically
arranged tubes and shows an inner channel of about 7 nm in
diameter. The tube wall is always formed by about ten con-
centric octahedra—tetrahedra layers, and it is about 7 nm
thick. The nanocrystals tend to aggregate forming fibers. A
model based on a “cylinder in cylinder” structural motive
has been proposed to explain the different diameter of the
nanotubes.

The absence of any poisoning with foreign ions, especially
those considered being responsible for asbestos toxicity, sug-
gests that synthetic chrysotile nanocrystals can be used as a
possible standard reference sample to investigate chemico-
physical properties and interactions with biological systems
of mineral chrysotile. Relating the availability of stoichio-
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metric chrysotile nanocrystals with constant morphology
and structure allows us to consider the nanotubes as possible
starting materials to prepare either quantum wires with opti-
cal-electron properties or fibrous materials for innovative
applications.

Experimental Section

Materials: All chemicals used were reagent grade. Mesoporous silica
MCM41 was prepared by using a sol-gel process according to the
method reported by Kresge et al.l*! Tetraethyl orthosilicate (TEOS) was
hydrolyzed at an ambient temperature in an aqueous acidic solution by
using CTAB as a template. The product was filtrated and washed with
water, dried at room temperature, and calcined at 600°C for 5 h.

Chrysotile synthesis: The synthetic procedure is a modification of the
method reported by Noll et al.?* The hydrothermal synthesis was carried
out in a Parr 4564 reactor equipped with a vessel (160 cm®). For the prep-
aration of nanochrysotile crystals, a gel mixture of MCM41 and MgCl, in
aqueous solution with a Si/Mg molar ratio in the range of 0.6-0.7 was
prepared. Its pH was raised to a range of 12-13 by adding aqueous
NaOH solution. The final volume was 70 cm®, and the final concentra-
tions were 10mm MgCl, and 0.4m NaOH. The hydrothermal treatment
was carried out at a temperature of 300°C on the saturated vapor pres-
sure curve (82 atm) with a run duration ranging from 8 h to 3 days. The
precipitate removed from the solution was repeatedly washed with deion-
ised water and dried for 3 h at 150°C.

Inductively coupled plasma atomic emission spectrometry (ICP-AES)
analysis: The determination of the elements in the chrysotile crystalline
samples was carried out by using ICP-AES Varian Liberty Model 200 in-
strument. The samples solutions were prepared inside hermetically
sealed Teflon holders following two steps: a) HF (1 mL of 48 % wt) and
HNO; (5 mL 48 % wt) were added to the sample (40 mg) and processed
into the mineralizer for 30 min applying 250 Watts (Milestone, model
MLS 1200), and b) in order to obtain the formation of the complex with
BF,”, Li,B,0; (20mL of 1,8 % wt) was added to preparation a), and
processed into the mineralizer for 15 min applying 250 Watts. The sample
solutions were then diluted with double distilled water up to 100 mL.

Differential thermal analysis and thermo gravimetrical analysis (DTA-
TGA): analysis: DTA-TGA were carried out by using a Polymer Thermal
Science STA 1500 instrument. The weight of the samples were in the
range of 5-10 mg, and standard pure corundum was used as a reference.
Heating was performed in a platinum crucible under a nitrogen flow
(20 cm*min') at a rate of 5°Cmin" up to 1200°C. The heating rate used
is in acordance with the reported literature protocol on the DTA-TGA
investigation on chrysotile samples!*®!.

X-ray diffraction analysis: The synthetic chrysotile sample for the X-ray
data collection was manually ground in an agate mortar. The powder was
mounted on a 1.5 mm thick flat Al holder by using the front loading tech-
nique, and the data collection was performed by using a Philips PW
1050/81 powder diffractometer equipped with a secondary graphite mon-
ochromator; Cug, radiation at 40 kV and 40 mA was used. The instru-
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ment was configured with a 1° divergence and receiving slits (0.2 mm),
respectively.

The presence of impurities was checked and excluded by a preliminary
qualitative analysis of the X-ray powder pattern. Phase identification was
possible by using the ICDD-PDF-2 database.*’! Cell determination was
performed by using the TREORY0 program.“’! The indexing procedure
and determination of the space group was possible by means of Chekcell
V.44 and the LeBail fit procedures in GSAS. !

The data set was refined with the Rietveld method by using GSAS. The
refinement was carried out according to the following features: a) the
background was successfully fitted with a Chebyshev function with nine
coefficients; b) the peak profiles were modelled by using a pseudo-Voigt
function with one Gaussian and one Lorenzian component with an aniso-
tropic broadening axis (along the b axis) by means of the stacking fault
model described in GSAS; c) the lattice constants, the phase fractions,
and the coefficients corresponding to the sample displacement and asym-
metry were also refined. The cut-off value for the calculation of the peak
profiles in all refinements was 0.05 %, and d) the atomic coordinates and
the atomic displacement parameters U, were also independently refined.
Soft constraints with a final weight of 100 were imposed for the Si—O
and Mg—O distances, and an overall isotropic atomic displacement pa-
rameter was refined for each atomic species. A refinement of the fiber
texture was accomplished by using the spherical harmonics correction im-
plemented in GSAS which significantly improved the fit of the profile
(R,=18.0%, R,=23.3%, y*=4.7). The final texture index by means of a
6th order harmonics correction was 2.725 with the following individual
orientation distribution coefficients: (20—2)=0.074(9), (200) =—0.503(8),
(202)=0.885(7), (40—4)=2.292(7), (40—2)=-0.493(8), (400)=0.547(9),
(60—2)=0.427(8), (600)=1.310(7), (602)=-0.944(8), (604)=-2.29(1),
(606) =0.343(8). Further details of the crystal structure investigation may
be obtained from the Fachinformationzentrum Karlsruhe, 76344 Egges-
tein-Leopoldshafen, Germany (fax +49 7247-808-666; e-mail: crysdata@
fiz-karlsruhe.de) on quoting the depository number CSD-413633.

FTIR spectroscopy: The infrared spectra were registered from 4000 to
400 cm™" at 2 cm™' resolution by using a Bruker IFS 66v/S spectrometer.
The sample environment atmosphere had a total pressure of 2 mbar of
air dried to an atmospheric dew point of —40°C (py,o ~13 Pa) by means
of a Balston 76-01 Membrane Air Dryer. Aperture 8 mm, 16 scans, veloc-
ity 10 kHz, detector DLATGS, apodization function 3-term Blackman-
Harris. Pellets (KBr) were obtained under vacuum by using powdered
samples (3 mg) carefully mixed with infrared grade KBr (300 mg).

FT-Raman spectroscopy: The FT-Raman spectroscopic analyses were
performed by using a Perkin—Elmer System 2000 FT spectrometer equip-
ped with a Raman accessory, which composed of a Spectron Laser
System SL 301 Nd:YAG laser operating a wavelength of 1064 nm. The
spectrum of each sample was recorded in triplicate by accumulating

300 scans at 4 cm™' resolution between 400 and 4000 cm™'.

Microscopic investigations: SEM observations were carried out by using
a Philips XL-20 scanning electron microscope. The dried chrysotile sam-
ples were glued by carbon tape on an aluminum stub and were gold
coated.

TEM observations were carried out on samples sonicated for short time
in order to slip the aggregates without any additional treatment. A water
drop of the chrysotile suspension was transferred onto holey carbon foils
supported on conventional copper microgrids. A Philips CM 100 trans-
mission electron microscope operating at 80 kV was used.

AFM observations were carried out on diluted water suspensions of
chrysotile adsorbed on freshly cleaved mica at room temperature for
10 min. The mica surface was then thoroughly rinsed with double distilled
water and dried under nitrogen flow. A Nanoscope III Multimode (Digi-
tal Instruments, Santa Barbara, CA) was used. The samples were imaged
in contact mode by using a J scanner and silicon nitride tips (200 um long
with nominal spring constant 0.06 Nm™"). The images were flattened off
line by using the digital instrument software program in order to high-
light specific features.
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Solvent Effect on Mineral Modification: Selective Synthesis of Cerium
Compounds by a Facile Solution Route

Shaofeng Chen,'™"' Shu-Hong Yu,*'*" Bo Yu,™ Lei Ren,'! Weitang Yao," and

Helmut Colfen!?!

Abstract: A mild solution method has
been designed for the selective synthe-
sis of orthorhombic and hexagonal
CeOHCO:;, as well as cubic CeO, crys-
tals in an ethanol/water mixed solvent.
This study added a new example for se-
lectively controlling different cerium
compounds by manipulating the bal-
ance between kinetics and thermody-
namics in a mixed solvent system. The
competitive reactions taking place in
the ethanol/water system, phase transi-
tion, and shape evolution were fully in-
vestigated: they were found to be
strongly dependent on the composition

the ethanol content in the mixed sol-
vent and that of the reaction time on
the phase transition and shape of or-
thorhombic and hexagonal CeOHCO;
crystals is discussed in detail. Metasta-
ble hexagonal CeOHCO; can be trap-
ped, even at 80°C, in the ethanol/water
solvent mixture without the need for
the high temperature adopted by previ-
ous hydrothermal approaches. The evo-

Keywords: cerium - crystal growth -
hydroxycarbonate - luminescence -
metastable  phases -  phase
transitions

lution process of orthorhombic and
metastable hexagonal phases under
mild solution conditions is discussed
for the first time. Supersaturation will
become faster and more evident when
water is replaced by ethanol, because
the inorganic salts have a lower solubil-
ity in ethanol than in water, and this
will generally favor the formation of
the kinetic phase, such as the hexago-
nal CeOHCO; phase reported in this
paper. The optical properties of the
products with different phases and
composition were investigated.

of the reaction media. The influence of

Introduction

Rare-earth compounds have been extensively utilized as
functional materials,'! because of their electronic proper-
ties as well as their optical and chemical characteristics that
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arise from their 4f electrons. Most of their properties are
dependent on the composition, crystal type, shape, and size.
Among compounds of the rare-earth family, Pr, Tb, and Ce,
in particular, have attracted a lot of attention on account of
their special bonding states of atoms or ions,!"2%7 as well as
their wide range of applications in catalysis,*'°! luminescent
devices,"'? superconductivity,"*!* and other areas.""'" In-
organic salts of cerium,!®?" which have easily controllable
ligand environments, are popular in preparing compositions
containing cerium. For this reason, cerium hydroxycarbon-
ate was synthesized,”™ ! and the selection of shape and
crystal polymorphs was further investigated. Recently, a hy-
drothermal process has been employed for the synthesis of
cerium hydroxycarbonate. The temperature was found to be
a key parameter for the phase transition from orthorhombic
CeOHCO; to a hexagonal phase.’ Wang et al.”” reported
that the quantity of urea in the Ce(NOj)s;/urea reaction
system can evidently change the shape of orthorhombic
CeOHCOs;. In addition, the presence of polyvinylpyrroli-
done (PVP) is helpful to form orthorhombic CeOHCO; at a
relatively low temperature.!

Manipulation of the thermodynamic and kinetic control
processes plays a key role in crystal growth, which deter-
mines the final crystal habit, phase, shape, and structure.” !

DOI: 10.1002/chem.200306066 Chem. Eur. J. 2004, 10, 30503058
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The examples of fine control over the thermodynamic/kinet-
ic balance of the formation of biominerals with complex
forms and specific polymorphs can be found in the bodies or
shells of various organisms. In general, kinetic control is
based predominantly on modification of the activation-
energy barriers of nucleation, growth, and phase transforma-
tion, for which usually either a constrained reaction environ-
ment, such as a polymer matrix??” was used or the formation
of amorphous particles often preceded the complex struc-
ture development under control of molecular templates.”!

Solvent effects on the shape, size, and phase formation for
various semiconductor nanocrystals under solvothermal con-
ditions have been reported previously.” Only a few exam-
ples dealing with phase transitions of semiconductor nano-
crystals at high pressures”™ have been reported, including
the solvent-induced phase transition of ZnS nanocrystallites
with a size of 3 nm from the hexagonal to the cubic phase at
ambient temperature and pressure.””) Several previous in-
vestigations have been reported on the use of simple alco-
hols in controlled calcium carbonate crystal growth.-31-34
The results mainly show that crystallization of CaCOj; crys-
tals under ambient conditions in the presence of different al-
cohol media has shown remarkable effects on the stabiliza-
tion of the vaterite phase and an accelerated crystal growth
rate. Recently, we demonstrated that metastable hexagonal
In,O; nanofibers can be templated under ambient pressure
by annealing InOOH nanofibers that had been obtained
from a solvothermal reaction in ether.”

Herein, we present a mild solution-based route to selec-
tively synthesize orthorhombic and hexagonal CeOHCO;, as
well as cubic CeO, nanocrystals in an ethanol/water solvent
mixture. The competitive reactions in the ethanol/water
system, the phase transition, and shape evolution were fully
investigated. They were found to be strongly dependent on
the composition of the ethanol/water medium. The influence
of the ethanol content in the mixed solvent and the reaction
time on the stabilization of the hexagonal phase is discussed
in detail. The optical properties of the products with differ-
ent phases and compositions were investigated.

Experimental Section

All chemicals used in this study are commercially available (Aldrich) and
were used without further purification. In a typical synthesis
Ce(NO;);6H,0 (0.434 g, AR purity: 99 %) and urea (0.36 g, CR purity:
99.0% ) were added to a solvent mixture of distilled water and anhydrous
ethanol (total amount: 20 mL) under vigorous magnetic stirring. The
clear solution was poured into a
20 mL wide-mouthed jar that was then
closed and kept at 80°C for one day.

size and morphology were determined with a JEOL JSM-6700F scanning
electron microscope (SEM). Photoluminescence (PL) emission was per-
formed at room temperature with a Perkin-Elmer LS55 luminescence
spectrometer.

Results and Discussion

Selective synthesis of the cerium compounds: The reaction
in pure water at 80°C leads to the formation of pure ortho-
rhombic CeOHCO; (JCPDS Card41-13, a=5.015, b=
8.565, ¢c=7.337 A, symmetry group Pmcn), as detected by
the XRD pattern shown in Figure 1a.

The results obtained in solutions with differing ethanol/
water ratios are summarized in Figure 1 and Table 1. This
ratio has a significant effect on the phase formation. From
the XRD pattern (Figure 1) and Table 1, it can be seen that

Intensity (a.u.)

20 (degree)

Figure 1. XRD patterns of cerium compositions synthesized at 80°C for
24 h. a) Pure orthorhombic CeOHCO; (sample 1, pure water). b) Almost
pure hexagonal CeOHCO; (Sample 2, R=3). ¢) A mixture of almost two
nearly identical amounts of orthorhombic and hexagonal CeOHCO;,
(Sample 3, R=1). d) A mixture of cubic CeO,, as well as hexagonal and
orthorhombic CeOHCO; (sample 4, R=1/3). e) A mixture of pure cubic
CeO, and orthorhombic CeOHCO; (sample 5, R=3/17). f) A mixture of
almost pure cubic CeO, containing a minor amount of orthorhombic
CeOHCO; (sample 6, R=1/9). g) Pure cubic CeO, (Sample 7, pure alco-
hol). Solvent composition: total volume is 20 mL, R =volume of distilled
water:volume of anhydrous ethanol (v/v). A orthorhombic CeOHCO;
(JCPDS file no. 41-13), * hexagonal CeOHCO; (JCPDS file no. 32-189),
@ cubic CeO, (JCPDS file no. 75-390).

Table 1. The summary of the main results on the products obtained under different solvent conditions but oth-
erwise unaltered experimental conditions.

The solution was then air-cooled to

. Sample no. Composition of solvents Products detected by XRD
room temperature. The resulting prod- -
. . Distilled water [mL] Ethanol [mL]

ucts were centrifuged, washed with -
distilled water, and dried at 60°C. The 1 20 - orthorhombic CeOHCO;
hydrothermal reaction was carried out 2 15 5 hexagonal CeOHCO,,""! orthorhombic CeOHCO,™"
in a Teflon-lined autoclave, as de- 3 10 10 orthorhombic and hexagonal CeOHCO;
scribed previously. 4 5 15 cubic CeO,, orthorhombic, hexagonal CeOHCO;

. 5 3 17 cubic CeO,, orthorhombic CeOHCO,"
The obtained sample was character- . . o
. s s 6 2 18 cubic CeO,, orthorhombic CeOHCO3[ L
ized on a (Philips X’Pert Pro Super) .

7 20 cubic CeO,

X-ray powder diffractometer with
Cuy, radiation (A=1.541874 A). The
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[a] Dominant phase. [b] Minor amount in the product.
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if the amount of anhydrous ethanol is increased to 5 mL, the
hexagonal phase CeOHCO; appeared in the product
(JCPDS Card 32-189, a=7.238, ¢=9.959 A), indicating that
this phase could be formed as a result of a change in the
local solution conditions, such as alcohol content and pH
value. In contrast, a previous study showed that the hexago-
nal phase can only appear at 180°C under autogenous pres-
sure in pure water through a hydrothermal process.”* How-
ever, the present result suggests that the presence of ethanol
is very favorable for the formation and stabilization of the
hexagonal phase, even at temperatures as low as 80°C
under ambient pressure. It is well-known that physicochemi-
cal solvent properties, such as polarity, viscosity, and soft-
ness, will strongly influence the solubility and transport be-
havior of the precursors.* In the present system, the addi-
tion of ethanol changes the chemical properties of the sol-
vent, such as dielectric constant, interionic attraction, and
the solute-solvent interaction as a result of the solubility dif-
ference,™ as well as the pH value of the local solution,
which could have significant effect on the crystal growth and
phase formation in the present case. In addition, the appear-
ance of the metastable hexagonal phase under the mild con-
ditions employed could be understandable from the view-
point of thermodynamics/kinetics: a change in the solution
properties will either minimize the free-energy difference
between the orthorhombic and hexagonal phase or change
the pH value of the solution under the same conditions,
which will favor the formation of the metastable hexagonal
phase. This phenomenon is quite similar to the more favora-
ble formation of vaterite than calcite under more acidic con-
ditions.””! In addition, the internal energy difference be-
tween the hexagonal and orthorhombic phases could be
very small under certain experimental conditions. Also, su-
persaturation will become faster and more evident by re-
placing water with ethanol, because the inorganic salts have
a lower solubility in ethanol than in water; this will general-
ly favor the formation of the kinetic phase, such as hexago-
nal CeOHCO; phase in the present case.

As the volume of ethanol increases from 5 to 10 mL, the
relative intensity of the orthorhombic CeOHCO; phase in-
creases, as shown in Figure 1b and c. In addition, a cubic
CeO, phase appears when the amount of ethanol reaches
15 mL. This phase coexists with the hexagonal and ortho-
rhombic CeOHCO; phases (Figure 1d). When the amount
of ethanol was increased to 17-18 mL, the formation of hex-
agonal CeOHCO; phase was suppressed (Figure le and f).
Pure CeO, nanoparticles were obtained when the reaction
was performed in pure ethanol (20 mL) (Figure 1g).

Shape and phase evolution in the ethanol/water system: The
shape evolution was investigated in detail by scanning elec-
tron microscopy (SEM). Figure 1a shows that the 011, 012,
020, and 121 diffraction peaks for the pure orthorhombic
CeOHCO; phase are unusually strong compared with to
those reported (JCPDS Card 41-13). This indicates that
they will be the most exposed faces. In addition, the diffrac-
tion intensity of the planes that are parallel to the [100] axis
are intensified. The intensity of the (200) peak is very weak
compared to that of the (020) peak, implying that the long
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axis of the particles is the a axis. This assumption fits the re-
sults observed from SEM quite well (see also the Supporting
Information, Figure 1). The SEM image in Figure 2a shows

Figure 2. SEM images of the products obtained in the presence of differ-
ent volumes of ethanol (80°C, 1 day). a) Orthorhombic CeOHCO; (sol-
vent: pure water, 20 mL). b) Dominant hexagonal CeOHCO;, coexisting
with a minor amount of orthorhombic CeOHCO; (solvent: 5 mL ethanol
+ 15 mL water).

that pure orthorhombic CeOHCO; crystals have a typical
sharp, elongated, oval-like morphology with an aspect ratio
of ~4, which is similar to that obtained under hydrothermal
conditions.”** When 5 mL ethanol was added under identi-
cal conditions, spheres of the hexagonal phase with a size of
~200-800 nm were found to be the major product. They co-
existed with a minor amount of large orthorhombic
CeOHCO; crystals, as shown in Figure 2b and Figure 3a.
The surface of some oval-like crystals in Figure 2b became
rougher than that shown in Figure 2a. In addition, the two
ends of the oval-like crystals become less sharp and their
aspect ratio decreased. A typical high-resolution SEM
image in Figure 3b shows that many spherical crystals with
round cavities coexisted with incomplete oval-like ortho-
rhombic CeOHCOj; crystals. This could be attributable to
the more favorable pH conditions for the formation of hex-
agonal phase in this reaction stage.

It has been reported that orthorhombic CeOHCO; is
stable even at 160°C in a hydrothermal system;*! however,
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Figure 3. SEM images of the sample obtained in the presence of 5mL
ethanol (R=1/3, ethanol/water, v/v; 80°C, 1 day). a) Spherical crystals of
hexagonal CeOHCO;. b) A typical picture showing the transition process
from orthorhombic CeOHCO; to hexagonal CeOHCO;. Inset: Cavites
on the surface of large shuttle-like crystals that were left by spherical
hexagonal CeOHCO; particles.

in our experiments, hexagonal crystal growth often appeared
in a mixed ethanol/water solution. The presence of ethanol
instead of water will evidently change the local solution con-
ditions for the crystal growth, such as the pH value, which
could favor the formation of hexagonal CeOHCO; phase,
similar to the previously reported favored formation of the
vaterite phase instead of the calcite phase under more acidic
conditions.’”) In addition, the mixed solvent system could
also minimize the difference in the phase-transition free
energy between the orthorhombic phase and the hexagonal
phase; this is similar to that of the transformation from hex-
agonal ZnS to cubic ZnS.”" These effects can contribute to
the formation of the kinetic phase, and a possible phase
transformation can occur even at lower temperatures and
ambient pressure. However, the presence of the orthorhom-
bic phase indicates that the altered solvent conditions do
not allow for an exclusive polymorph selection. In the inset
of Figure 3b inset, spherical cavities can be recognized that
appear to originate from spherical hexagonal particles,
which are also found on the orthorhombic particle surface.
The spherical particles could have dissolved, similar to the
sacrificial CaCOj vaterite dissolution to form hollow calcite

Chem. Eur. J. 2004, 10, 3050-3058 www.chemeurj.org
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spheres,®® indicating that the hexagonal phase is only meta-
stable relative to the orthorhombic phase.

The presence of abundant ethanol could also reduce the
hydration energy and thus the redox potential of Ce** to
make it more easily oxidizable in the presence of a minor
amount of O,, so that a CeO, phase can form (see Table 1
and Figure 1). In fact, the reactions are competitive. They
are very dependent on the solution composition and local
solution chemistry. The main reactions in the system can be
expressed as follows [Egs. (1)-(5)]:

CO(NH,), + H,0 = CO, + 2NH; 1)
CO, + H,0 = CO¥ +2H" 2)
NH; + H,0 = NH; + OH"~ (3)
Ce* + OH™ + CO;™ = CeOHCO; (4)

Ce(H,0),(OH"){"" + H,0 = Ce0, -nH,0 + H;0"  (5)

At 80°C, urea decomposes, as shown in Equation (1). The
resulting gases dissolve in the mixed solvent to yield OH™
and CO,*", which are critical for continuation of Equa-
tion (4). According to the Gibbs free-energy theory, the cal-
culated Gibbs free energies of Equations (2) and (3) are
—210.16 kJmol™" and 95.31 kJmol~!, respectively; this im-
plies that the reaction in Equation (2) occurred more easily.
In the present experiment, if 0.36 g urea completely decom-
posed, as described in Equation (1), it will produce 0.1344 L
of CO, (under standard conditions) and 0.2688 L of NH;.
Considering their solubility, all produced gases should com-
pletely dissolve in water at room temperature. Furthermore,
it should be pointed out that the strong hydrogen bonds be-
tween the urea and water/ethanol, and the mild reaction
temperature (80°C) could make decomposition rate of urea
rather low. This is supported by the fact that the experimen-
tal yield of the final product was much lower than the calcu-
lated value.

The complete replacement of water by ethanol will sup-
press the reactions shown in Equations (1)—(3) on account
of the poor solubility of CO, and NH; in ethanol. This re-
sults in nonhydrated species in the solution. Therefore, the
Ce’* ions are more easily oxidized, even in the presence of
a minor amount of O,. When water is added, the tendency
to form CeOHCOj; increases, because CO, and NHj; dissolve
more easily in water and will shift Equilibrium (4) towards
the right-hand side. The extremely low yield of CeO, nano-
particles confirmed this fact.

Under comparable conditions, the solubility of NH; in
H,O (700 volume units of NH; can dissolve in one volume
unit of water under standard conditions) is higher than that
of CO, (0.385 g per 100 mL water at 273 K under standard
pressure) and the concentration of OH™ in the mixed sol-
vent is higher than that of CO4*". This is confirmed by the
fact that the solvent pH always increased with increasing re-
action time. On the basis of the HSAB (hard/soft acid/base)
theory, CO;*>~ and OH™ are hard bases, and Ce** is a hard
acid. Considering their polarity, ion charge, and ion radius, it
is not difficult to bond each other to form CeOHCO; if the

3053



www.chemeurj.org



FULL PAPER

S.-H. Yu et al.

amount of ethanol is not too high (for example, 5 mL and
10 mL). However, when the amount of ethanol in the
system reached the critical value, for example, 15-20 mL,
the tendency of Ce’* to oxidize should be considered, be-
cause the reactions that rely on a suitable amount of water
for the hydration reactions in this system decreased. The re-
sults show that the oxidation tendency of Ce’* increased
with decreasing amount of water, as clearly confirmed by a
series of experimental results shown in Figure 1d—g and
Table 1. The coexistence of the three phases with compara-
ble amount of phase composition was found in the presence
of 5mL ethanol (Figure 1d). All diffraction intensities for
the {1kl} were enhanced relative to those observed in the
presence of a smaller amount of ethanol (Figure 1a and c).
SEM images in Figure 4 indicated that the orthorhombic
crystals tend to become shorter along the a axis, and the
crystal faces become more exposed and well-developed.
When the amount of water present in the system decreases,
the reactions in Equations (1)-(3) will be seriously sup-
pressed, and the oxidization of the hydrated precursor Ce-
(H,0),(OH"),“*™* is favored,” leading to the formation of
CeO, nanoparticles. The water-dependent phase formation
and transformation was clearly demonstrated in Figure 1d-g
and Table 1.

Figure 4. SEM image of a mixture of orthorhombic CeOHCO;, hexago-
nal CeOHCO;, and CeO, nanoparticles synthesized at 80°C for 24 h
(sample 4, ethanol/water, v/v, R=1/3).

Phase stability of CeOHCOj;: To distinguish which of the
two phases of CeOHCO; is more stable in the adopted sol-
vent system or at different temperatures, designed experi-
ments were conducted by varying the temperature and hy-
drothermal treatment of the prepared sample. The solution
of precursors in the mixed solvent for the synthesis of
sample 2 listed in Table 1 was subjected to hydrothermal
treatment in a Teflon-lined autoclave at 200°C for 24 h. The
XRD patterns in Figure 5a and b clearly indicate that ortho-
rhombic CeOHCO; becomes a dominant phase in the prod-
uct and only traces of hexagonal CeOHCO; were detected
when the reaction temperature was raised from 80 to 200°C.
As previous results® indicate the formation of the hexago-
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Figure 5. XRD patterns of cerium compounds. a) Almost pure hexagonal
CeOHCO:;, synthesized in 15 mL distilled water + 5 mL ethanol at 80°C
for 12 h (Sample 2 in Table 1). b) Almost pure orthorhombic CeOHCO;
and a trace amount of hexagonal CeOHCO;, synthesized at 200°C for
24 h with the same solution composition as that of sample 2. ¢) A trace
amount of orthorhombic CeOHCO; and almost pure cubic CeO,, synthe-
sized by hydrothermal treatment of sample 2 powder at 200°C for 24 h.
A orthorhombic CeOHCO; (JCPDS file no.41-13), = hexagonal
CeOHCO; (JCPDS file no. 32-189), @ cubic CeO, (JCPDS file no. 75-
390).

nal phase at 180°C after 12 h, our results indicate a com-
plete transformation of the hexagonal into the orthorhombic
phase, probably by a dissolution—recrystallization process, in
agreement with the formation of the spherical cavities in
Figure 3b.

In order to further understand the phase transition from
the hexagonal to the orthorhombic phase, the prepared
powder of sample 2 with hexagonal phase as the dominant
phase was dispersed in distilled water and was then subject-
ed to hydrothermal treatment in an autoclave at 200°C for
24 h. The XRD pattern of the collected powder shown in
Figure 5c indicates that the CeOHCO; phase is not stable at
high temperatures and tends to be oxidized to a CeO,
phase. In addition, the hexagonal phase vanished complete-
ly; however, a trace amount of orthorhombic phase was still
detected (Figure 5c¢).

Time-dependent phase transition of CeOHCO;: In order to
understand the phase evolution process in the ethanol/water
system, the reaction was prolonged for different periods of
time, although the volume ratio of the solvent was kept con-
stant. The experiments were carefully conducted in a solu-
tion system with different volume ratios of ethanol/water.
Interestingly, the product obtained after 12h was almost
pure orthorhombic CeOHCO;, as confirmed by the XRD
pattern (Figure 6a). When the reaction time was prolonged
to 20 h, hexagonal CeOHCO; appeared (Figure 6b). Fur-
thermore, orthorhombic CeOHCO; almost disappeared and
hexagonal CeOHCO; became the dominant phase when the
reaction time was prolonged to 24 h (Figure 6¢). As the re-
action time increased, hexagonal CeOHCOj tended to trans-
form back into the orthorhombic phase so that it became
the dominant phase again (Figure 6d and e). This suggests
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Figure 6. Influence of the reaction time on the phase transition in the
presence of 5 mL ethanol + 15 mL distilled water. a) Pure orthorhombic
CeOHCO;, 12h. b) A mixture of orthorhombic and hexagonal
CeOHCO; (20 h). ¢) Almost pure hexagonal CeOHCO;, 24 h. d) A mix-
ture of orthorhombic and hexagonal CeOHCO; (36 h). ¢) A mixture of
orthorhombic and hexagonal CeOHCO; 72h. A orthorhombic
CeOHCO; (JCPDS file no. 41-13), * hexagonal CeOHCO; (JCPDS file
no. 32-189).

that there is a dynamic phase transition process between the
orthorhombic and hexagonal phases in this reaction system.

The SEM images in Figure 7a and b show the coexistence
of large orthorhombic crystals with rough surfaces and tiny
hexagonal spheres with a size of 500 nm after reacting for
20 h. After the reaction was prolonged to 72 h, the smaller
hexagonal spheres tended to vanish and orthorhombic crys-
tals with smooth surfaces were observed (Figure 7c and d),
resulting in the formation of a lot of prismatic crystals with
smooth surfaces. The evident vanishing of the amount of
hexagonal spheres suggests that there is a phase transforma-
tion from the metastable hexagonal phase to the orthorhom-
bic phase in this system. In addition, Ostwald ripening can
be expected to take place, because the spheres are much
smaller than the orthorhombic crystals.

However, at the beginning of the reaction, the orthorhom-
bic phase formed that gradually transformed into the hexag-
onal phase. This contradicts thermodynamic expectations so
that a change in the experimental variables must exist that
favors the formation of the metastable hexagonal phase
from the stable orthorhombic one (Figure 6). According to
Equation (4) above, hydroxy and carbonate ions are con-
sumed upon formation of CeOHCO;, so that the pH will
become more acidic when the initial orthorhombic crystals

Figure 7. SEM images of samples obtained in presence of 5 mL ethanol + 15 mL water with different reaction times, at 80°C. a) and b) Orthorhombic
CeOHCO; was the dominant phase along with a little hexagonal CeOHCO; after reaction for 20 h. ¢) and d) Orthorhombic CeOHCO; was the domi-
nant phase; hexagonal CeOHCO; spheres tended to disappear after a reaction time of 72 h, which indicated the transition process from hexagonal

CeOHCO; to orthorhombic CeOHCO:s.

Chem. Eur. J. 2004, 10, 3050-3058 www.chemeurj.org
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form. Because all hydroxides and carbonates are soluble in
acid, this means an increased solubility, which could favor
the formation of the kinetic hexagonal phase. When the sol-
ubility product of the more soluble hexagonal phase is
reached, no more precipitation takes place so that the pH
can be expected to stay constant and the thermodynamically
driven transformation of the hexagonal into the orthorhom-
bic phase can take place. It is interesting that the final,
large, oval-like orthorhombic crystals are composed of crys-
tallites with the equilibrium morphology of the orthorhom-
bic structures, as shown in Figure 7d.

Variation of the ethanol/water ratio leads to similar
phase-transformation phenomena. When the volume ratio
of ethanol/water increases to 1:1, the product obtained after
1 day (Figure 8a) is composed of an almost identical amount
of the two phases. However, when the reaction was pro-
longed to 2 days, the product was almost pure hexagonal
phase (Figure 8b). After the reaction was prolonged to
3 days (Figure 8c), the intensity of the diffraction peaks
from the orthorhombic phase increased, implying that the
hexagonal phase transforms into the orthorhombic phase.
The SEM image in Figure 9a clearly shows the coexistence
of the large orthorhombic crystals and smaller spheres of
the hexagonal phase. Because the difference in the size be-
tween hexagonal phase CeOHCO; and orthorhombic phase,
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Figure 8. Influence of the reaction time on the phase transition in 10 mL
ethanol + 10 mL distilled water at 80°C: a) 1 day, b) 2 days, c) 3 days.
+ hexagonal CeOHCO;, A orthorhombic CeOHCO;.

the smaller particles will have a greater solubility than the
larger ones. According to the Ostwald ripening process, the
smaller particles will dissolve and the large ones will grow
further. The pure hexagonal phase is very difficult to cap-
ture because of this phase transformation. Thus, in this
study, it was impossible to isolate the 100 % pure hexagonal

Figure 9. SEM images of samples at 80°C, obtained in 10 mL ethanol + 10 mL water. a) A mixture with almost identical amounts of orthorhombic and
hexagonal CeOHCO;_ 1 day (sample 3). b) High magnification image of some untransformed orthorhombic CeOHCO; particles as shown in a). c) and
d) almost pure hexagonal CeOHCO;, 2 days: c) a general view, d) high magnification image of hexagonal CeOHCO; crystals.
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phase, and this further underlines that it is a metastable
polymorph.

The XRD pattern in Figure 1c shows that the relative in-
tensity of the 110, 012, and 121 diffraction peaks is much en-
hanced, whereas the 020 and 200 peaks are weakened com-
pared to those shown in Figure 1a. The enlarged SEM
image in Figure 9b shows that the orthorhombic crystals
tend to become short quasioctahedron-like crystals with
well-developed exposed (012) and (121) faces. For ortho-
rhombic CeOHCO;, the angle (@) between the (012) face
and the (121) face was calculated to be @ =130° with Equa-
tion (6).

by | kiks | hb
a2 + b2 + 2
cosp =

¢(_+_+)(_+_+) ©)

This value fits quite well with that of the crystals meas-
ured from Figures4 and 9b. The short aspect ratio (as
shown in Figures 4 and 9b) and smooth surface structure in
the 1:1 (volume ratio, 1:1, v/v) ethanol/water solution is to-
tally different from the rough surface with caves obtained in
ethanol-rich solutions, such as 1:3 ethanol/water (v/v).

As discussed above, the product obtained after 2 days
under the conditions of Figure 8 was found to be almost
pure hexagonal phase. Only minor amounts of the ortho-
rhombic phase can be detected by the XRD (Figure 8b). In
fact, the SEM image in Figure 9c clearly shows that the ma-
jority of particles are spheres with an average size of ~500-
800 nm (see also enlarged SEM image in Figure 9d). These
results also suggest that the phase equilibrium between
these two phases responds to a change in the experimental
parameters, such as pH, as is expected from Equation (4).

As the duration of the experiment increased, the amount
of the metastable hexagonal phase decreased and the
amount of orthorhombic phase increased again, according
to thermodynamic expectations. This result suggested that
the trapping of the pure hexagonal phase is difficult but pos-
sible. More detailed work needs to be carried out in the
future.

Optical properties of cerium compounds: The optical prop-
erties of rare-earth hydroxycarbonates have rarely been in-
vestigated until now. Room-temperature luminescence spec-
tra of the samples with different compositions and phases
were investigated in detail (Figure 10). A strong ultraviolet
emission band centered at A=332nm for the pure ortho-
rhombic CeOHCO; (Figure 10a) was observed for the first
time, to the best of our knowledge. A relatively weak emis-
sion band centered at 396 nm (Figure 10a) is also observed.
It has the same position as that of the almost pure hexago-
nal CeOHCO; (Figure 10d), which is consistent previous re-
ports.”! The presence of an emission at 396 nm in sample 1
could be attributed to a minor amount of poorly crystallized
hexagonal CeOHCOj; phase, which can not be detected by
the XRD (see Figure 1a), but which can be detected in the
SEM image (see smaller spheres in Figure 2a). The samples
with a mixture of orthorhombic and hexagonal phases (Fig-
ure 10b and c) display a strong peak centered at 342 nm,
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Figure 10. Photoluminescence spectra of cerium compounds synthesized
at 80°C. a) Pure orthorhombic CeOHCO; (sample 1, pure water, 1 day).
b) A mixture of almost pure hexagonal and some orthorhombic
CeOHCO; (sample 2, R=3, 1day). ¢) A mixture of almost two nearly
identical amounts of orthorhombic and hexagonal CeOHCO; (sample 3,
R=1, 1day). d) Almost pure hexagonal CcOHCO; (R=1, 2 days). e) A
mixture of cubic CeO,, and well as hexagonal and orthorhombic
CeOHCO; (sample 4, R=1/3, 1 day). f) A mixture of almost pure cubic
CeO, and orthorhombic CeOHCO; (sample 5, R=3/17, 1 day). g) A mix-
ture of almost pure cubic CeO, and traces of orthorhombic CeOHCO;
(sample 6, R=1/9, 1day). Solvent composition: total volume=20mL,
R=volume of distilled water:volume of anhydrous alcohol (v/v), excita-
tion wavelength =230 nm.

which has an evident red shift relative to that observed in
Figure 10a (sample 1). This slight red shift of 10 nm could be
caused by overlap of the emission bands for orthorhombic
and hexagonal CeOHCO; (Figure 10b and c¢).

When the product contains the CeO, phase, the emission
was found to be dominated by the characteristic emission of
the CeO, nanoparticles. The main emission peak for the
samples containing cubic CeO,, as well as hexagonal and or-
thorhombic CeOHCO; (sample 4), and a mixture containing
a majority of cubic CeO, nanocrystals and a small amount
of the orthorhombic CeOHCO;, is located at 406 and
416 nm, respectively (Figure 10e and f). However, a weak
shoulder at A~330 nm still indicates the presence of the or-
thorhombic phase. Figure 10g shows a strong luminescence
band at 420 nm for pure CeO, nanocrystals. Again, the trace
of the orthorhombic phase could be detected as a small
shoulder at ~330 nm. The slight emission shift of the strong
bands was caused by the overlapping effect of the different
phases existing in the products. The results show that either
the UV emission intensity or the emission position could be
adjusted by controlling the relative phase content in the
product.

Conclusions

In summary, we demonstrated for the first time that a mild
solution method can be adopted for the selective synthesis
of orthorhombic and metastable hexagonal CeOHCO;, and
cubic CeO, nanocrystals in an ethanol/water solution.
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The competitive reactions in the ethanol/water system,
the phase formation, and the shape evolution were fully in-
vestigated. They were found to be strongly dependent on
the composition of the reaction media. Addition of ethanol
to water has a significant influence on the formation and
transition of different phases. The influence of the ethanol
content in the mixed solvent and the reaction time on the
phase formation and shape of orthorhombic and hexagonal
CeOHCO; crystals was discussed in detail. The results show
that the metastable hexagonal CeOHCO; can be temporari-
ly trapped in a large excess under very mild conditions
(80°C) in an ethanol/water mixture; however, it transforms
into the more stable orthorhombic phase over time, in
agreement with thermodynamic expectations. In addition,
the reverse event was also detected. Here, the transition of
the orthorhombic phase into the metastable hexagonal
phase was observed as a probable result of initial pH
changes on the precipitation of CeOHCO;, so that here, the
kinetic pathway was dominant.

The optical properties of the products with different
phases and compositions were investigated and revealed
that the UV emission intensity or the emission position
could be tuned by controlling the relative phase content in
the product.

This study added a new example for selectively control-
ling different cerium compounds by manipulating the bal-
ance between kinetics and thermodynamics in a simple
mixed solvent system at moderate temperatures. It has to be
pointed out that the reported approach can potentially be
up-scaled so that this study is a promising approach for the
defined generation of different cerium compounds with re-
spect to shape and optical characteristics. The reported etha-
nol/water system may also represent a promising medium
for the selective synthesis of other inorganic materials with
different phases and polymorphs.
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[Ind,TiMe,]: A General Catalyst for the Intermolecular Hydroamination of

Alkynes

Andreas Heutling, Frauke Pohlki, and Sven Doye*!*!

Abstract: [Ind,TiMe,] (Ind=indenyl) is
a highly active and general catalyst for
the intermolecular hydroamination of
alkynes. It catalyzes the reaction of pri-
mary aryl-, tert-alkyl-, sec-alkyl-, and n-
alkylamines with internal and terminal
alkynes. In the case of unsymmetrically
substituted 1-phenyl-2-alkylalkynes, the
reactions occur with modest to excel-
lent regioselectivities, whereby forma-

give the Markovnikov products. To
achieve reasonable rates for the addi-
tion of sterically less hindered n-alkyl-
and benzylamines to alkynes, these
amines must be added slowly to the re-
action mixtures. This behavior is ex-
plained by the fact that the catalytic
cycle proposed on the basis of an initial
kinetic investigation includes the possi-
bility that the rate of the reaction in-

of the employed amine. Furthermore,
no dimerization of the catalytically
active imido complex is observed in
the hydroamination of 1-phenylpro-
pyne with 4-methylaniline in the pres-
ence of [Ind,TiMe,] as catalyst. In gen-
eral, a combination of [Ind,TiMe,]-cat-
alyzed hydroamination of alkynes with
subsequent reduction leads to the for-
mation of secondary amines with good

tion of the anti-Markovnikov re-
gioisomers is favored. While the major
product of hydroamination reactions of
terminal arylalkynes is always the anti-
Markovnikov  isomer, alkylalkynes
react with arylamines to preferably

Introduction

The development of catalytic methods for the hydroamina-
tion of unsaturated organic compounds can be regarded as
one of the most challenging goals in synthetic organic
chemistry.'! While corresponding hydroamination methods
for alkenes are still limited to activated substrates, more
general catalytic hydroamination procedures have been de-
veloped for alkynes.”) Among the steadily growing class of
Group 4 metal catalysts for the hydroamination of al-
kynes,>¥ the well-known reagent [Cp,TiMe,]”! has been
used most extensively in the last few years.[® In the presence
of this catalyst, primary aryl-, fert-alkyl-, and sec-alkylamines
react with symmetrically and unsymmetrically substituted in-
ternal and terminal alkynes. In the case of unsymmetrically
substituted 1-aryl-2-alkylalkynes, the reactions occur with
high regioselectivity to give the anti-Markovnikov isomers
as major products.*” However, reactions with sterically less
demanding n-alkyl- and benzylamines are extremely slow

[a] A. Heutling, F. Pohlki, Prof. Dr. S. Doye
Organisch-Chemisches Institut, Universitdt Heidelberg
Im Neuenheimer Feld 270, 69120 Heidelberg (Germany)
Fax: (+49)6221/54-4205
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to excellent yields. Particularly impres-
sive is that [Ind,TiMe,] makes it possi-
ble for the first time to perform the re-
actions of n-alkyl- and benzylamines
with 1-phenylpropyne in a highly regio-
selective fashion.

amination
metallo-

and therefore useless from a synthetic point of view. As a
result, the term “general” seems to be inappropriate for de-
scribing the performance of [Cp,TiMe,] as a hydroamination
catalyst. Later, it was found that transformations employing
sterically less demanding n-alkyl- and benzylamines are
better performed in the presence of catalytic amounts of
[CpiTiMe,] (Cp*=n’-CsMe;).! Unfortunately, the regiose-
lectivities observed for corresponding additions to unsym-
metrically substituted alkynes such as 1-phenylpropyne are
poor when [Cp;TiMe,] is used as catalyst. Furthermore, this
catalyst cannot be used for the hydroamination of terminal
alkynes.®! Therefore, [CpiTiMe,] cannot be regarded as a
“general” catalyst either. However, inspired by the great
success achieved with [Cp,TiMe,], many other titanium
complexes have been identified as catalysts for the hydroa-
mination of alkynes by us” and others.'"l These catalysts
allow alkynes to be converted to secondary amines in effi-
cient one-pot hydroamination/reduction  sequences
(Scheme 1). A few other examples of efficient hydroamina-

reduction

_— >

=
R—R Ti catalyst NR?

+ —_—
R1

,
R2-NH, R

NHR?
R! R
Scheme 1. Hydroamination/reduction sequence for the synthesis of secon-
dary amines.
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tion reactions of sterically less hindered amines have been
reported,!®121 byt these experiments were only per-
formed with terminal alkynes.

Although the scope and limitations are not well docu-
mented for most Ti catalysts, we recognized that the catalyt-
ic activities of the titanium complexes usually strongly
depend on the properties of the employed substrates.”) Re-
cently, we compared 13 titanium complexes in two selected
hydroamination/reduction test reaction sequences.”) We
found that, in contrast to other catalysts, the known complex
[Ind,TiMe,] (Ind=indenyl)™™ gave good results in both test
reactions. Therefore, we decided to investigate the catalytic
performance of this catalyst in more detail, and we present
the results here.

Results and Discussion

To get an impression of the activity of [Ind,TiMe,] as a hy-
droamination catalyst we first performed hydroamination
reactions of diphenylacetylene (1) with various amines at
105°C in toluene in the presence of 5.0 mol% of the cata-

Abstract in German: Die vorliegende Studie zeigt, dass der
kommerziell erhdltliche Komplex [Ind,TiMe,] ein hoch aktiv-
er und generell einsetzbarer Katalysator fiir die intermoleku-
lare Hydroaminierung von Alkinen ist. Mit diesem Katalysa-
tor konnen primdre Aryl-, tert-Alkyl-, sec-Alkyl- und n-Al-
kylamine erfolgreich an interne und terminale Alkine addiert
werden. Im Fall von unsymmetrisch substituierten 1-Phenyl-
2-alkylalkinen verlaufen die Reaktionen mit guten bis exzel-
lenten Regioselektivititen, wobei sich bevorzugt die Anti-
Markovnikov-Regioisomere bilden. Wihrend terminale Aryl-
alkine mit allen Aminen bevorzugt zu den entsprechenden
Anti-Markovnikov-Produkten reagieren, stellen bei Umset-
zungen von terminalen Alkylalkinen mit Arylaminen die
Markovnikov-Produkte die Hauptprodukte der Reaktionen
dar. Um akzeptable Reaktionsgeschwindigkeiten fiir die Ad-
dition von sterisch wenig gehinderten Aminen wie n-Alkyl-
und Benzylaminen an Alkine zu erreichen, miissen diese
Amine langsam zur Reaktionsmischung zugetropft werden.
Diese Tatsache kann dadurch erklirt werden, dass der in
einer ersten kinetischen Studie ermittelte Katalysezyklus die
Moglichkeit beinhaltet, dass die Reaktionsgeschwindigkeit
minus erster Ordnung beziiglich des Amins ist. Dariiber
hinaus wurde festgestellt, dass es bei der Verwendung von
[Ind,TiMe,] als Katalysator fiir die Umsetzung von 1-Phenyl-
propin mit 4-Methylanilin zu keiner reversiblen Dimerisie-
rung der unter den Reaktionsbedingungen gebildeten kataly-
tisch aktiven Spezies kommt. Insgesamt liefern die durchge-
fiihrten Sequenzen aus [Ind,TiMe,[-katalysierter Hydroami-
nierung von Alkinen und nachfolgender Reduktion sekun-
dire Amine in guten bis exzellenten Ausbeuten. Besonders
vorteilhaft ist die Tatsache, dass es unter Verwendung von
[Ind,TiMe,] als Katalysator erstmals gelingt, sterisch wenig
gehinderte n-Alkyl- und Benzylamine mit hoher Regioselekti-
vitit an 1-Phenylpropin zu addieren.

3060
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lyst. After subsequent reduction with NaBH;CN in the pres-
ence of ZnCL,®! the desired secondary amines were isolated
in pure form by chromatography (Table 1).

Table 1. [Ind,TiMe,]-catalyzed hydroamination of diphenylacetylene (1)
with various amines and subsequent reduction.”!

Ph Ph 1) 5.0 mol % [Ind,TiMe,]
1 toluene, 105°C, 3-48 h NHR
+ Ph Ph
R-NH, 2) NaBH;CN, ZnCl, 813
MeOH, 25°C, 20 h B
Entry Amine t [h] Yield 1 [%]
NH,
1 /©/ 24 98 (8
Me ®

2 NH; 5 84 (9)
3

91 (10)

NH,

. 5 90 (11)
5
NH

5 /\s/ 2 3 89 (12)

NH,
6 48 301 (13)
7

[a] Reaction conditions: 1) Alkyne 1 (2.40 mmol), amine (2.64 mmol),
[Ind,TiMe,] (0.12 mmol, 5.0 mol%), toluene (1.0 mL), 105°C, 3-48 h;
2) NaBH;CN (4.80 mmol), ZnCl, (2.40 mmol), MeOH (10 mL), 25°C,
20 h. [b] Yields refer to isolated pure compounds. [c] 62% of 1 was recov-
ered.

While the hydroamination reaction between 1 and the ar-
omatic amine 4-methylaniline (2) needed 24h to reach
100% conversion (entry 1, Table 1), corresponding reactions
with fert-butylamine (3), cyclopentylamine (4), benzhydryla-
mine (5), and n-propylamine (6) went to completion within
3-5h (entries 2-5, Table 1). The yields of the secondary
amines 8-12 obtained after subsequent reduction were good
to excellent (84-98%) for all reactions (entries 1-5,
Table 1). While the result obtained with 4-methylaniline (2)
is comparable to earlier results obtained with [Cp,TiMe,],""!
the short reaction times for reactions of the alkylamines 3-6
indicate that [Ind,TiMe,] is a far more reactive catalyst than
[Cp,TiMe,] for these substrates. This conclusion is illustrated
most impressively by the fact that, after reduction, the yield
of 12 was only 10% when [Cp,TiMe,] (6.0 mol %) was used
at 114°C in toluene to convert diphenylacetylene (1) and n-
propylamine (6) to 12.®1 The results presented in Table 1
show that [Ind,TiMe,] is clearly a suitable catalyst for the
addition of aromatic amines as well as tert-, sec-, and n-al-
kylamines to diphenylacetylene (1). The result obtained
with benzhydrylamine (5) shows that [Ind,TiMe,] also seems
to be suitable for the conversion of alkynes to primary
amines, because 5 has already been used as an ammonia
equivalent for Ti-catalyzed hydroamination reactions.™

www.chemeurj.org Chem. Eur. J. 2004, 10, 3059 -3071
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However, a disappointing result was obtained for the hydro-
amination of 1 with benzylamine (7). The reaction did not
reach 100 % conversion over 48 h. After subsequent reduc-
tion, only 30% of the desired product 13 was isolated, and
62% of unconverted starting material 1 was recovered
(entry 6, Table 1). Since benzylamines are already known to
be poor substrates for [Cp,TiMe,]-catalyzed hydroamina-
tions we were not totally surprised by this finding. Hence,
we initially continued our study without performing further
experiments with other benzylamine derivatives. However,
later on in this paper, we present a reinvestigation of the be-
havior of benzylamine derivatives in [Ind,TiMe,]-catalyzed
hydroamination reactions.

We converted the dialkylalkynes 3-hexyne (14) and 4-
octyne (17) to secondary amines by hydroamination/reduc-
tion sequences (Scheme 2). The hydroamination reactions of
14 and 17 were performed in the presence of 5.0 mol %
[Ind,TiMe,] under standard con-
ditions with (&£ )-1-phenylethyl-
amine (15) and 2,6-dimethyl-
aniline (18), respectively. After
reaction times of 24 h for the
hydroamination step (not mini- +
mized) and subsequent reduc-
tion the yields of 16 and 19

Ph—=

3059-3071
= 1) 5.0 mol % [Ind,TiMe,]
1:' toluene, 105°C, 24 h
NH, 2) NaBH,CN, ZnCl, /\DN\/Me
Me MeOH, 25°C, 20 h
15 16 81%
==\ 1)5.0 mol % [Ind,TiMe,]
17 toluene, 105°C, 24 h Me
+
Me H 2) NaBH5CN, ZnCl, \/\DN\/T
@[ 2 MeOH, 25°C, 20 h
19 929
Ve 9 92%

Scheme 2. [Ind,TiMe,]-catalyzed hydroamination of dialkylalkynes and
subsequent reduction.

Table 2. [Ind,TiMe,]-catalyzed hydroamination of unsymmetrically substituted 1-phenyl-2-alkylalkynes with
various amines and subsequent reduction.

g1 1)5.0 mol % [Ind, TiMe,]

toluene, 105°C, 24 h NHR? Ph

R1

R2-NH,

Ph +
R! NHR?

23-31b

2) NaBH,CN, ZnCl,

MeOH, 25°C, 20 h 23-31a

were 81 and 92 %, respectively. Entry

Alkyne

Amine Yield [% ] Ratio a:b

These results in combination
with the study employing 1 4
clearly indicate that [Ind,TiMe,]

is a suitable catalyst for the in-
termolecular hydroamination of
symmetrical diaryl- and dialkyl- 2
alkynes.

With these results in hand,
we focused on [Ind,TiMe,]-cat- 3
alyzed hydroaminiation reac-
tions of unsymmetrically substi-
tuted 1-phenyl-2-alkylalkynes
with various amines (Table 2).
The corresponding hydroamina-
tion/reduction sequences were
all performed under standard
conditions  with 5.0 mol %
[Ind,TiMe,]. The reaction time
of the hydroamination step was
always 24h (not minimized). 7
All reaction sequences gave the
desired secondary amines in g
good to excellent yields (76—
99%). Interestingly, the anti-
Markovnikov regioisomer (23—
31a) is the major product in all

KR

=

22

<
®

<
®

<
)

<
9

419

NH,
/©/ 99 (23a/b) 49:1
Me
2
NH,
90 (24a/b) >99:1
Me

80 (25a/b) >99:1

89 (26a/b) 18:1

84 (27a/b) 11:1

76 (28a/b) 6:1
92 (29a/b) 11:1

80 (30a/b) 3:1

-—NHQ

3

87 (31a/b) 3:1

cases. However, the regiosele-
lectivity is influenced by the
nature of the alkyl substituent
of the 1-phenyl-2-alkylalkyne
and the bulkiness of the primary amine. Increasing regiose-
lectivity is observed with increasing size of the amine (en-
tries 1-4, Table 2). Furthermore, 1-phenyl-2-alkylalkynes

Chem. Eur. J. 2004, 10, 3059 -3071 www.chemeurj.org
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[a] Reaction conditions: 1) Alkyne (2.40 mmol), amine (2.64 mmol), [Ind,TiMe,] (0.12 mmol, 5.0 mol % ), tolu-
ene (1.0 mL), 105°C, 24 h; 2) NaBH;CN (4.80 mmol), ZnCl, (2.40 mmol), MeOH (10 mL), 25°C, 20 h. Yields
refer to isolated compounds. Reaction times have not been minimized.

with small alkyl substituents such as 20 are hydroaminated
much more regioselectively than substrates with a bulky
substituent, such as 22 (entries 3 and 9, Table 2). However,

— 3061
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in 22 the phenyl and the 1-cyclohexenyl substituents can be
regarded as sterically and electronically comparable. As ex-
pected, a medium-sized alkyl substituent like the cycloprop-
yl group in 21 results in modest to good regioselectivities
(entries 5-8, Table2). Correspondingly, the reaction be-
tween the bulky amine 4-methylaniline (2) and 20 gave a
mixture of 23a and 23b in an excellent ratio of 49:1
(entry 1, Table 2), while the regioselectivity for the addition
of sterically less demanding n-propylamine (6) to 21 is only
3:1 (entry 8, Table 2).

To complete the investigation of the behaviour of various
alkynes in [Ind,TiMe,]-catalyzed hydroamination reactions,
we focused on transformations of terminal alkyl- and arylal-
kynes with various amines (Table 3). All reactions were per-

Table 3. [Ind,TiMe,]-catalyzed hydroamination of terminal alkynes with various amines and subsequent reduc-

tion.

1) 5.0 mol % [Ind,TiMe,]

=
R™— toluene, 75-105°C, 1-24 h _,

+
2) NaBH,CN, ZnCl,

2
R*-NH, MeOH, 25°C, 20 h

37-45a

37-45b

(entries 2 and 3, Table 3). An explanation for this observa-
tion is that the formation of alkyne polymers decreases with
decreasing temperature. In general, Table 3 shows that
alkyl- (32, 33) and arylalkynes (34-36) are suitable sub-
strates for [Ind,TiMe,]-catalyzed hydroamination reactions.
Particularly interesting are the good yields (71-77 %) of the
hydroamination/reduction sequences with arylalkynes 34-36,
because in the past only a few Ti-catalyzed hydroamination
reactions of phenylacetylene (34) have been reported.
11131 Ag observed before,’™:!? the regioselectivity of
amine addition to alkylalkynes such as 1-octyne (32) and 1-
dodecyne (33) is strongly influenced by the nature of the
amine. While reactions employing arylamine 2 (entries 1-3,
Table 3) favor the formation of the Markovnikov regioiso-
mers 37b and 38b, the anti-
Markovnikov products 39a and
40a are the major products in
reactions employing the alkyla-

R! mines 3 and 4 (entries 4 and 5,
R NHR? + Y

HR2 Table 3). In contrast, reactions
employing the arylalkynes 34—
36 always favor formation of

Entry Alkyne Amine T[°C]

t[h]

Yield [% ]t Ratioazh the  anti-Markovnikov  re-

NH,
nCeHiz—=—H

1 32 105

nCyoHyy——=—"H

105

nCioHyy—=——"H

3 33 75

NC1oHp—=—H
4 33

nCioHyy—=—"H E>—NH
5 33 .

105

105

75

75
75
75

10 75

O=
34
35
CI‘< >7: H
8
36
35
36

2401

12

12

gioisomers 41-45a (entries 6—
10). The best anti-Markovnikov
regioselectivities (>99:1) are
generally observed with the
sterically demanding amine fert-
butylamine (3) (entries 4, 7, and
8, Table 3), which is in agree-
ment with reports by Beller
et al.™? However, lower regio-
selectivities (1.5-4.5:1) were ob-
served with arylamine 2 or the
sterically less demanding alkyl-
amine 4. Comparison of the 4-
methoxy- and 4-chloro-substi-
tuted phenylacetylenes 35 and
36 indicates that these substitu-
ents do not significantly change
the behavior of the alkynes.
Since at this stage of the
study benzylamine (7) was the
only poor substrate for
[Ind,TiMe,]-catalyzed  hydro-
amination reactions we decided
to reinvestigate the behavior of
sterically less hindered benzyla-
mines and related compounds
in more detail (Table 4). After
reproducing the result obtained
with diphenylacetylene (1) and

95 (37a/b)

87 (38a/b)

99 (38a/h)

75 (39a/b) >99:1

81 (40a/b)

77 (41a/b)

77 (42a/b) >99:1

71 (43a/b)

>99:1

75 (44a/b)

73 (45a/b) 2.6:1

[a] Reaction conditions: 1) Alkyne (2.40 mmol), amine (2.64 mmol), [Ind,TiMe,] (0.12 mmol, 5.0 mol % ), tolu-
ene (1.0 mL), 75-105°C, 1-24 h; 2) NaBH;CN (4.80 mmol), ZnCl, (2.40 mmol), MeOH (10 mL), 25°C, 20 h.
Yields refer to isolated compounds. [b] Reaction time has not been minimized.

formed under standard conditions in the presence of
5.0 mol % catalyst. Although reactions were fast at 105°C,
better yields and regioselectivities were obtained at 75°C

3062 © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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7 (entry1l, Table4), we ob-
tained an even worse result
with 1 and 4-methoxybenzyla-
mine (46). Under standard con-

ditions, after 48 h reaction time in the hydroamination step
and subsequent reduction, the yield was only 22 % (entry 2,
Table 4). Since our initial result obtained with the sterically

Chem. Eur. J. 2004, 10, 30593071
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Table 4. [Ind,TiMe,]-catalyzed hydroamination of diphenylacetylene (1)
with benzyl- and n-alkylamines and subsequent reduction.

1) 5.0 mol % [Ind,TiMe,]

Ph—==—Ph
1 toluene, 105°C, 3-48 h NHR
¥ 2) NaBH,CN, ZnCl " Ph
abH3CN, ZnCly
R-NH, MeOH, 25°C, 20 h 12,13, 51-56
Entry Amine t[h] Recovered1[%]  Yield [%]®
NH,
1 48 62 30 (13)
7
2 48 58 22 (51)
MeO 46
NH,
3 48 69 22 (52)
a7
NH
4 /\e/ : 3 - 89 (12)
NH
5 \/;/ 2 24 56 41 (53)
NH
6 TN 24 80 19 (54)
S NH;
7 50 24 74 20 (55)

[a] Reaction conditions: 1) Alkyne 1 (2.40 mmol), amine (2.64 mmol),
[Ind,TiMe,] (0.12 mmol, 5.0 mol%), toluene (1.0 mL), 105°C, 3-48 h;
2) NaBH;CN (4.80 mmol), ZnCl, (2.40 mmol), MeOH (10 mL), 25°C,
20 h. Yields refer to isolated pure compounds.

less hindered n-propylamine (6) was much better (89%, 3 h
reaction time for the hydroamination step), we thought that
the benzylic position of the amino group might be responsi-
ble for the lack of reactivity of benzylamine derivatives. To
verify this idea, we performed a comparable hydroamination
reaction with 1 and cyclohexylmethylamine (47, entry 3,
Table 4). To our surprise, the result was as poor (22%) as
that obtained with benzylamine derivative 46. Since there is
no obvious difference between the alkylamines 47 and 6 we
additionally performed hydroamination/reduction sequences
with 1 and n-butyl- (48), n-pentyl- (49), and n-hexylamine
(50). Surprisingly, all these reactions were significantly
slower than the reaction of n-propylamine (6). After per-
forming the hydroaminations of 1 with 48, 49, and 50 for
24 h, the products 53, 54, and 55 were isolated after subse-
quent reduction in only 41, 19, and 20 % yield, respectively
(entries 5-7, Table 4). In all cases, large amounts of uncon-
verted alkyne 1 were recovered. While the results obtained
with n-pentyl- (49) and n-hexylamine (50) are similar to
those obtained with benzylamines 7 and 46 and cyclohexyl-
methyl derivative 47, the 41 % yield of the reaction between
1 and n-butylamine (48) is remarkable. Since the structural
differences of the n-alkylamines 6, 48, 49, and 50 are remote
from the reactive NH, group and therefore should not be re-
sponsible for significant changes in the reactivity of these
substrates, we sought an alternative explanation for the
strange behavior of the sterically unhindered n-alkylamines
in [Ind,TiMe,]-catalyzed hydroamination reactions.

One difference between 6, 48, 49, and 50 is the boiling
point: n-propylamine (6), 48°C; n-butylamine (48), 78°C; n-
pentylamine (49), 104°C; n-hexylamine (50), 131°C. Since
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the reactions are performed in sealed Schlenk tubes at
105°C one can assume that under the reaction conditions
the majority of n-propylamine (6) is in the gas phase rather
than in the liquid phase. Therefore, the concentration of 6 in
the liquid phase, where the reaction takes place, is low.
Since the concentration of the amine in the liquid phase in-
creases with increasing boiling point of the amine, the con-
centration of n-butylamine (48) in the liquid phase is higher
under the reaction conditions than that of n-propylamine
(6). The highest amine concentrations in the liquid phase
are expected for n-pentylamine (49) and n-hexylamine (50),
because the boiling points of these amines are above or in
the range of the reaction temperature. Furthermore, the
boiling points of the other sterically less hindered amines 7
(184°C), 46 (236°C), and 47 (159°C) are also above 105°C.
Therefore, their behavior is comparable to those of 49 and
50. Since the best results in hydroamination/reduction se-
quences employing sterically less hindered amines such as n-
alkyl- and benzylamines are obtained with low-boiling
amines it is conceivable that the rates of [Ind,TiMe,]-cata-
lyzed hydroamination reactions employing these substrates
increase with decreasing amine concentration in the liquid
phase. Bergman et al. reported in 1992 that the zirconium
bisamide-catalyzed hydroamination reaction between diphe-
nylacetylene (1) and 2,6-dimethylaniline (18) is inverse first
order with respect to the concentration of the amine.*® Ac-
cordingly, fast, high-yield [Ind,TiMe,]-catalyzed hydroami-
nation of n-alkyl- and benzylamines should be possible if
the concentration of the amine is kept low during the entire
reaction.

To verify this idea, we performed a slightly modified reac-
tion between 1 and 50 in the presence of 5.0 mol% of
[Ind,TiMe,] at 105°C (Scheme 3). At the beginning of the

Ph—=—Ph 1) 5.0 mol % [Ind,TiMe,]
1 toluene, 105°C
: 2) NaBH,CN, ZnCl HN
NN 3 ! 2
50 NH; MeOH, 25°C,20h 0 vkPh

slow addition in 10 portions
over a period of 4.5 h followed
by 2 h at 105°C

55 72%

Scheme 3. [Ind,TiMe,]-catalyzed hydroamination of diphenylacetylene
(1) with n-hexylamine (50) and subsequent reduction.

experiment we added only 15 mol % of amine 50 to the re-
action mixture. After 30 min at 105°C we added another
10 mol% of 50. The remaining 80 mol% of 50 (L=
105 mol %) was then added in eight portions of 10 mol %
over a period of 4 h at 105°C. Finally, the mixture was stir-
red for a further 2 h at 105°C. Thus, the desired product 55
was obtained with 72% yield after subsequent reduction.
Compared to the same reaction performed without slow ad-
dition of the amine (20% yield, 24 h reaction time for the
hydroamination step) the yield is remarkably improved.
Clearly, much higher yields of [Ind,TiMe,]-catalyzed hydroa-
mination reactions of alkynes employing sterically less hin-
dered amines are obtained when the amine is added slowly
to the reaction mixture.
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To determine whether slow addition of the amine can also
improve the yields of other hydroaminations with sterically
less hindered amines, we performed some additional reac-
tions. In an initial set of experiments with alkyne 1, addition
of benzylamine (7) or n-hexylamine (50) to the reaction
mixture over a period of 4 h by syringe pump was followed
by reduction. The desired products 13 and 55 were both ob-
tained in 67 % yield (Scheme 4).

Ph—==—Ph 1) 5.0 mol % [Ind,TiMe,]

1 toluene, 105°C, 4 h

NH, 2) NaBH,CN, ZnCl, Phj\

7 MeOH, 25°C, 20 h Ph
slow addition 13 67%
Ph—=—ph 1) 5.0 mol % [Ind,TiMe,]

1 toluene, 105°C, 4 h

' 2) NaBH,CN, ZnCl HIN

NN 3N, 2

5o M2 MeOH,25°C, 20 h Phd\Ph

slow addition 55 67%

Scheme 4. [Ind,TiMe,]-catalyzed hydroamination of diphenylacetylene
(1) with benzyl- and n-alkylamines and subsequent reduction.

Finally, we focused on two reactions of the unsymmetri-
cally substituted alkyne 1-phenylpropyne (20) with the steri-
cally less hindered amines benzylamine (7) and n-hexyla-
mine (50). In these experiments, the amines were added
over 2 h by syringe pump. After subsequent reduction, re-
gioisomeric mixtures of the products 56a/b and 57a/b were
obtained in 76 and 83 % yield, respectively (Scheme 5).

Ph—=—Me HN
= 1) 5.0 mol % [Ind,TiMe,] 56a
Ph J\Me

i° toluene, 105°C, 2 h 08

+ .
o "
7 senh

NH

76%
2) NaBH,CN, ZnCl,
MeOH, 25°C, 20 h

slow addition
/\/\/\

— ] HN
Ph—=——Me 1) 5.0 mol % [Ind,TiMe,] \/k 57a

20 toluene, 105°C, 2 h Ph Me 16

: 2)NaBH,CN, znCl,  Ph ' ;5

P S aBH,;CN, ZnCl, Me 1
50 NH, MeOH, 25°C, 20 h I-m\l/\ 57b
- NS

slow addition

Scheme 5. [Ind,TiMe,]-catalyzed hydroamination of 1-phenylpropyne
(20) with benzyl- and n-alkylamines and subsequent reduction.

Most impressively, the reactions which favor the forma-
tion of the anti-Markovnikov products take place with high
regioselectivities (>16:1). In comparison, the same reactions
take place with regioselectivities of less than 3:1 in the pres-
ence of [Cp;TiMe,].®) Therefore, the use of [Ind,TiMe,] as
hydroamination catalyst in combination with slow addition
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of the amine must be regarded as the first possibility for per-
forming high-yield additions of sterically less demanding n-
alkyl- and benzylamines to unsymmetrically substituted 1-
aryl-2-alkylalkynes with high regioselectivity.

To compare the activities of [Ind,TiMe,] and [Cp,TiMe,]
and to obtain some mechanistic insight, a kinetic investiga-
tion was carried out. For this purpose, we chose the addition
of 4-methylaniline (2) to 1-phenylpropyne (20), which was
already used for a detailed kinetic investigation of the
[Cp,TiMe,]-catalyzed hydroamination of alkynes (Sche-
me 6).7

< > = Me cat [Ind,TiMe,] Me
20 toluene, 105°C @
+

NH,
/@ [Cp,Fel

Me” £s

Scheme 6. Kinetically investigated reaction of 1-phenylpropyne (20) and
4-methylaniline (2).

In the presence of ferrocene as internal standard, the
changes in the concentrations of 2, 20, and 58 (two isomers)
could be determined by '"H NMR spectroscopy. The kinetic
experiments were carried out with a ninefold excess of
amine 2 at 10540.1°C, and the concentration of alkyne 20
was monitored as a function of time by 'H NMR spectrosco-
py- All experiments in the presence of varying amounts of
[Ind,TiMe,] showed a first-order disappearance of alkyne
20; hence, the rate law in Equation (1) (v=reaction rate)
describes the reaction.

y=— = kopec(20) (1)

A plot of the obtained k,, for different concentrations of
[Ind,TiMe,] versus c¢([Ind,TiMe,]) is shown in Figure 1. A
corresponding plot for [Cp,TiMe,]" is also included. For all

4 -
A
3
/’A/
T 24 //’/
Ko (<107 /57 A
1 ‘/‘/ TS o R *
S
04— :
0 1 2 3 4 5 6

c(cat.) (x107%) /molL.”! —>

Figure 1. Plot of kg, versus the concentrations of [Ind,TiMe,] (a) and
[Cp.TiMe,] ().

catalyst concentrations reactions in the presence of
[Ind,TiMe,] are much faster than reactions in the presence
of [Cp,TiMe,]. Therefore, [Ind,TiMe,] must be regarded as
a more active catalyst than [Cp,TiMe,], at least for the in-
vestigated transformation. Unfortunately, direct comparison
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of the catalytic activities of [Ind,TiMe,] and titanium dipyr-
rolylmethane catalysts is not possible at the moment, be-
cause for the latter catalysts, reaction rates were determined
for a different reaction.'¥) The linear relationship between
kqs and the concentration of [Ind,TiMe,] indicates that the
reaction is first-order in the concentration of [Ind,TiMe,].
The small deviation from linearity for high catalyst concen-
trations can be explained by the fact that the hydroamina-
tion reactions are very fast in these cases. As a result, the
hydroamination reactions already proceed significantly
while [Ind,TiMe,] is still being converted to the catalytically
active species. Therefore, the obtained k., data are not as
high as expected for these catalyst concentrations. Since the
curve obtained for [Cp,TiMe,] can only be explained by a
reversible dimerization of the catalytically active species (a
titanium imido complex), the [Ind,TiMe,]-catalyzed hydro-
amination obviously takes place without a corresponding di-
merization of an imido complex. Given this result and other
mechanistic investigations of Zr- and Ti-catalyzed hydroami-
nations,® 719171 the catalytic cycle shown in Scheme 7

[Ind,TiMe,]
L'L2Ti(NHR),
NR
—~ +RNH, [-2CH, 60
2
Ph g Me ky
ki
" NHR [L'L2Ti=NR]
/:< 59 Ph———Me
P Me ke N k, 20
R Me R
N—Q L'L2 Ti-N
L2 i Ph =
NHR Ph 61 Me
Y
RNH, R = 4-MeCgH,
2 L', L2 =Ind, NHR

Scheme 7. Proposed mechanism of the [Ind,TiMe,]-catalyzed hydroami-
nation of 1-phenylpropyne (20) with 4-methylaniline (2).

seems to be appropriate to describe the [Ind,TiMe,]-cata-
lyzed addition of 2 to 20. This catalytic cycle, which is essen-
tially the same as that published by Bergman et al. for the
Zr-catalyzed addition of 2,6-dimethylaniline (18) to dipheny-
lacetylene (1),*" includes irreversible and quantitative trans-
formation of [Ind,TiMe,] into the catalytically active imido
complex 59, reversible addition of 2 to 59, reversible [2+2]
cycloaddition between 59 and alkyne 20, irreversible proto-
nation of the formed azametallacyclobutene 61, and final o-
elimination of the product, which regenerates 59.

By applying a steady-state assumption to the mechanism
shown in Scheme 7 with respect to all intermediates, the
rate law given in Equation (2) can be derived."*"!

kikyks3c(20)c([Ind, TiMe,])
R S ¥T0) @

Equation (2) is in good agreement with the experimental-
ly observed facts that the reaction is first-order in the con-

Chem. Eur. J. 2004, 10, 3059 -3071 www.chemeurj.org

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

centration of alkyne 20 and first-order in the concentration
of [Ind,TiMe,]. With regard to the concentration of amine
2, two possibilities exist. With the assumption k_,> k;c(2)
the reaction rate is zero-order in the concentration of amine
2. Therefore, the amine concentration does not influence
the rate of the hydroamination. With the assumption k_, <
ksc(2) the rate of the reaction is inverse-first-order in the
concentration of amine 2. Such a dependence has already
been observed for the Zr-catalyzed addition of 2,6-dimethy-
laniline (18) to diphenylacetylene (1).*"! As a result, the hy-
droamination is assumed to be fast for low amine concentra-
tions and slow for high amine concentrations. Since the
latter case was qualitatively observed for hydroamination re-
actions with sterically less hindered n-alkyl- and benzyla-
mines, one can assume that for these amines the protonation
of the azametallacyclobutene intermediate (k;) is faster than
its cleavage into the alkyne and the catalytically active tita-
nium imido complex (k_,). Note that with the assumption
k_, <ksc(2) the rate of a corresponding hydroamination re-
action that involves reversible dimerization of the catalyti-
cally active imido complex is also expected to increase with
decreasing amine concentration.” However, in this case, a
more complex relationship between the rate and the amine
concentration is expected. Thus, the behavior observed for
n-alkyl- and benzylamines can easily be understood. To
verify the observation that hydroamination reactions of ster-
ically less demanding amines are indeed fast for low amine
concentrations, an initial NMR experiment was performed.
An NMR tube containing a mixture of 1.30 mmol diphenyl-
acetylene (1), 0.14 mmol benzylamine (7) (ratio 9:1),
0.0013 mmol [Ind,TiMe,] (9.3 mol%), 0.5 mL [Dg]toluene,
and hydroquinone dimethyl ether as internal standard was
heated to 105°C. Unfortunately, the progress of the reaction
could not be monitored exactly because the reaction went to
completion within less than 5 min. However, this finding un-
doubtedly proves that the investigated reaction is indeed
fast for low amine concentrations. The fact that a corre-
sponding reaction is extremely slow for high amine concen-
trations was confirmed in an additional kinetic experiment.
In this case, a Schlenk tube containing a mixture of benzyla-
mine (7, ¢(7)=2.42 molL™"), 1-phenylpropyne (20, c,(20)=
0.27 molL™!, ratio 9:1), [Ind,TiMe,] [c¢([Ind,TiMe,])=1.72 x
10 molL™" (6.4 mol%)], toluene, and hydroquinone di-
methyl ether as internal standard was heated to 105°C. As
expected, the reaction did not reach 10% conversion after
40 h.

Conclusion

In summary, the investigation presented here undoubtedly
proves that [Ind,TiMe,] is a highly active and general cata-
lyst for the intermolecular hydroamination of alkynes. With
this catalyst, reactions of primary aryl-, fert-alkyl-, sec-alkyl-,
and n-alkylamines can be performed with internal and ter-
minal alkynes. In the case of unsymmetrically substituted 1-
phenyl-2-alkylalkynes, the reactions take place with modest
to excellent regioselectivities, and formation of the anti-Mar-
kovnikov regioisomers is favored. While the major product
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of hydroamination reactions of terminal arylalkynes is
always the anti-Markovnikov isomer, alkylalkynes react
with arylamines to give the Markovnikov products prefera-
bly. However, to achieve reasonable rates for the addition of
sterically less hindered n-alkyl- and benzylamines to alkynes
these amines must be added slowly to the reaction mixtures.
This behavior can be understood by the fact that the catalyt-
ic cycle proposed on the basis of an initial kinetic investiga-
tion includes the possibility that the rate of the reaction in-
creases with decreasing concentration of the employed
amine. Furthermore, the same kinetic study revealed that no
dimerization of the catalytically active imido complex is ob-
served for hydroamination reactions of alkyne 20 with 4-
methylaniline (2) in the presence of [Ind,TiMe,] as catalyst.
This finding is in contrast to results obtained for correspond-
ing [Cp,TiMe,|-catalyzed reactions. In general, a one-pot
combination of the [Ind,TiMe,]-catalyzed hydroamination of
alkynes with a subsequent reduction leads to the formation
of secondary amines with good to excellent yields. At
105°C, in the presence of 5.0 mol % [Ind,TiMe,], typical re-
action times for the hydroamination step are in the range of
1-24 h. Particularly impressive is the fact that using
[Ind,TiMe,] makes it possible for the first time to perform
reactions of n-alkyl- and benzylamines with 1-phenylpro-
pyne (20) in a highly regioselective fashion. In our opinion,
[Ind,TiMe,] is the first general catalyst with improved activi-
ty that can be used efficiently for all substrate combinations
in intermolecular hydroamination reactions. Moreover,
[Ind,TiMe,] is a stable crystalline compound that can be
conveniently handled in air. It can be synthesized in one
step from [Ind,TiCl,] and methyllithium."” [Ind,TiMe,] is
also commercially available.®

Experimental Section

General: All reactions were performed under an inert atmosphere of
argon in flame-dried Duran glassware (e.g., Schlenk tubes equipped with
Teflon stopcocks). Toluene was distilled from molten sodium under
argon. Methanol was dried with molecular sieves (3 A). [Ind,TiMe,] was
synthesized according to ref. [15]. Diphenylacetylene (1) was dissolved in
CH,Cl,, dried with Na,SO,, and recovered by evaporation of the solvent.
All other alkynes (except 20 and 33) and amines (except 5) were distilled
and stored over molecular sieves (4 A). All other reagents were pur-
chased from commercial sources and were used without further purifica-
tion. Unless otherwise noted, yields refer to isolated pure compounds, as
gauged by TLC and 'H and “C NMR. All products were characterized
by 'HNMR, “CNMR, and IR spectroscopy, and mass spectrometry
(MS). Additional characteristic data were obtained by high-resolution
MS (HRMS) and/or CHN elemental analysis. NMR spectra were record-
ed on a Bruker Avance 400 MHz spectrometer. All "H NMR data are re-
ported relative to TMS as internal standard. All *C NMR data are re-
ported relative to the central line of the triplet for CDCl; at 0=
77.0 ppm. IR spectra were recorded on a Bruker Vector 22 spectrometer
by using an attenuated total reflection (ATR) method. Mass spectra were
recorded on a Finnigan MAT 312 or a VG Autospec (EI) with an ioniza-
tion potential of 70 eV or a Micromass LCT (ESI). Elemental analyses
were carried out on an Elementar Vario EL machine. PE: light petrole-
um ether, b.p. 40-60°C.

Hydroamination of alkynes: general procedure A: A Schlenk tube equip-
ped with a Teflon stopcock and a magnetic stirring bar was charged with
the alkyne (2.40 mmol), the amine (2.64 mmol), [Ind,TiMe,] (37 mg,
0.12 mmol, 5.0 mol %), and toluene (1.0 mL). The resulting mixture was
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heated to 105°C (TLC control). Then, the mixture was cooled to room
temperature and a mixture of NaBH;CN (302 mg, 4.80 mmol) and ZnCl,
(326 mg, 2.40 mmol) in methanol (10 mL) was added. After this mixture
had been stirred at 25°C for 20 h, CH,Cl, (50 mL) and saturated Na,CO;
solution (20 mL) were added. The resulting mixture was filtered and the
solid residue was washed with CH,Cl, (50 mL). After extraction, the or-
ganic layer was separated. The aqueous layer was extracted with CH,Cl,
(6 x50 mL). The combined organic layers were dried with Na,SO,. After
concentration under vacuum, the residue was purified by flash chroma-
tography (SiO,).

Hydroamination of diphenylacetylene (1) with n-hexylamine (50): A
Schlenk tube equipped with a Teflon stopcock and a magnetic stirring
bar was charged with diphenylacetylene (1, 428 mg, 2.40 mmol), n-hexyl-
amine (50, 36 mg, 0.36 mmol), [Ind,TiMe,] (37 mg, 0.12 mmol, 5.0 mol %),
and toluene (1.0 mL). The resulting mixture was heated to 105°C. After
30 min at 105°C another portion of 50 (24 mg, 0.24 mmol) was added to
the reaction mixture. The remaining 50 (192 mg, 1.92 mmol) was added
in eight portions (0.24 mmol every 30 min) over 4 h. Finally, the mixture
was stirred for a further 2 h at 105°C. Then, the mixture was cooled to
room temperature, and a mixture of NaBH;CN (302 mg, 4.80 mmol) and
ZnCl, (326 mg, 2.40 mmol) in methanol (10 mL) was added. After the re-
sulting mixture had been stirred at 25°C for 20 h, CH,Cl, (50 mL) and sa-
turated Na,COj; solution (20 mL) were added. The resulting mixture was
filtered and the solid residue was washed with CH,Cl, (50 mL). After ex-
traction, the organic layer was separated. The aqueous layer was extract-
ed with CH,Cl, (6 x50 mL). The combined organic layers were dried with
Na,SO,. After concentration under vacuum and purification by flash
chromatography (PE/EtOAc, 5/1), 55 (487 mg, 1.73 mmol, 72 %) was iso-
lated as a colorless oil. For characteristic data, see Amine 55.

Hydroamination of diphenylacetylene (1) with n-alkyl- and benzyl-
amines: general procedure B: A Schlenk tube equipped with a rubber
septum and a magnetic stirring bar was charged with diphenylacetylene
(1, 428 mg, 2.40 mmol), [Ind,TiMe,] (37 mg, 0.12 mmol, 5.0 mol %), and
toluene (1.0 mL). The resulting mixture was heated to 105°C, and a solu-
tion of the amine (2.64 mmol) in toluene (c=2.64 molL™") was added by
syringe pump over 4 h. Then, the mixture was cooled to room tempera-
ture, and a mixture of NaBH;CN (302 mg, 4.80 mmol) and ZnCl,
(326 mg, 2.40 mmol) in methanol (10 mL) was added. After the resulting
mixture had been stirred at 25°C for 20 h, CH,Cl, (50 mL) and saturated
Na,CO; solution (20 mL) were added. The resulting mixture was filtered
and the solid residue was washed with CH,Cl, (50 mL). After extraction,
the organic layer was separated. The aqueous layer was extracted with
CH,Cl, (6x50mL). The combined organic layers were dried with
Na,SO,. After concentration under vacuum, the residue was purified by
flash chromatography (SiO,).

Hydroamination of 1-phenylpropyne (20) with n-alkyl- and benzyl-
amines: general procedure C: A Schlenk tube equipped with a rubber
septum and a magnetic stirring bar was charged with 1-phenylpropyne
(20, 279 mg, 2.40 mmol), [Ind,TiMe,] (37 mg, 0.12 mmol, 5.0 mol %), and
toluene (1.0 mL). The resulting mixture was heated to 105°C, and a solu-
tion of the amine (2.64 mmol) in toluene (¢c=2.64 molL™") was added by
syringe pump over 2 h. Then, the mixture was cooled to room tempera-
ture, and a mixture of NaBH;CN (302 mg, 4.80 mmol) and ZnCl,
(326 mg, 2.40 mmol) in methanol (10 mL) was added. After this mixture
had been stirred at 25°C for 20 h, CH,Cl, (50 mL) and saturated Na,CO;
solution (20 mL) were added. The resulting mixture was filtered and the
solid residue was washed with CH,Cl, (50 mL). After extraction, the or-
ganic layer was separated. The aqueous layer was extracted with CH,Cl,
(6x50 mL). The combined organic layers were dried with Na,SO,. After
concentration under vacuum, the residue was purified by flash chroma-
tography (SiO,).

Amine 8: General procedure A was used to synthesize amine 8 from di-
phenylacetylene (1) and 4-methylaniline (2). The reaction time of the hy-
droamination step was 24 h. After purification by flash chromatography
(PE/EtOAc, 40/1), 8 (675 mg, 2.35 mmol, 98 %) was isolated as a color-
less oil. 'HNMR (400 MHz, CDCLy): 6=7.17-7.32 (m, 8H), 7.09-7.11
(m, 2H), 6.85 (d, /J=8.0 Hz, 2H), 6.37 (d, J=8.5Hz, 2H), 4.54 (dd, J=
5.6, 8.3 Hz, 1H), 4.02 (brs, 1H), 3.11 (dd, J=5.6, 13.9 Hz, 1H), 2.98 (dd,
J=83, 14.1 Hz, 1H), 2.15ppm (s, 3H); *CNMR (100.6 MHz, DEPT,
CDCLy): 0=145.0 (C), 143.6 (C), 137.8 (C), 129.5 (CH), 129.2 (CH),
128.5 (CH), 128.5 (CH), 127.0 (CH), 126.6 (CH), 126.6 (C), 126.4 (CH),
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113.8 (CH), 59.5 (CH), 45.1 (CH,), 20.3 ppm (CH;); IR (neat): 7=3407,
3026, 2917, 1617, 1519, 1494, 1453, 1301, 808, 757, 700 cm™'; MS (25°C):
m/z (%): 287 (11) [M*], 196 (100) [M*—CH;], 91 (29) [C;H,"]; HRMS
caled for G, H,N: 287.1674; found: 287.1674; elemental analysis (%)
caled for C,;H,N: C 87.76, H 7.37, N 4.87; found: C 87.63, H 7.44, N
4.83.

Amine 9: General procedure A was used to synthesize amine 9 from di-
phenylacetylene (1) and fert-butylamine (3). The reaction time of the hy-
droamination step was 5h. After purification by flash chromatography
(PE/EtOAc, 10/1), 9 (511 mg, 2.02 mmol, 84 %) was isolated as a color-
less oil. '"H NMR (400 MHz, CDClL;): =738 (d, J=7.4 Hz, 2H), 7.24—
7.29 (m, 4H), 7.17-7.21 (m, 2H), 7.12 (d, J=7.0 Hz, 2H), 3.98 (dd, /=
5.6,9.0 Hz, 1H), 2.92 (dd, /=5.6, 12.0 Hz, 1H), 2.72 (dd, /=9.0, 12.0 Hz,
1H), 1.20 (brs, 1H), 0.84 ppm (s, 9H); *C NMR (100.6 MHz, DEPT,
CDCly): 6=147.6 (C), 139.3 (C), 129.3 (CH), 128.3 (CH), 128.0 (CH),
127.1 (CH), 126.4 (CH), 126.3 (CH), 59.2 (CH), 51.1 (C), 47.2 (CH,),
29.9 ppm (CH,); IR (neat): 7=2958, 1601, 1493, 1453, 1364, 1228, 1096,
1069, 1027, 757, 697 cm™'; MS (25°C): m/z (%): 238 (4) [M*—CH,], 162
(32) [M*—C;H,], 106 (100) [C;HgN*], 91 (9) [C;H;*]; HRMS calcd for
C;HyN: 238.1596; found: 238.1593; elemental analysis (%) calcd for
CgH,3N: C 85.32, H 9.15, N 5.53; found: C 85.11, H 8.87, N 5.78.

Amine 10: General procedure A was used to synthesize amine 10 from
diphenylacetylene (1) and cyclopentylamine (4). The reaction time of the
hydroamination step was 3 h. After purification by flash chromatography
(PE/EtOAC, 5/1), 10 (579 mg, 2.18 mmol, 91 %) was isolated as a color-
less oil. 'HNMR (400 MHz, CDCly): 6="7.10-7.30 (m, 10H), 3.92 (dd,
J=6.0, 8.0 Hz, 1H), 2.82-2.92 (m, 3H), 1.67-1.73 (m, 2H), 1.47-1.53 (m,
3H), 1.35-1.39 (m, 2H), 1.11-1.18 ppm (m, 2H); *C NMR (100.6 MHz,
DEPT, CDCL): 6=144.2 (C), 139.0 (C), 129.2 (CH), 128.3 (CH), 1282
(CH), 127.3 (CH), 126.9 (CH), 126.2 (CH), 63.2 (CH), 57.3 (CH), 45.4
(CH,), 33.7 (CH,), 32.3 (CH,), 23.5 (CH,), 23.5 ppm (CH,); IR (neat):
7=2948, 1946, 1602, 1493, 1453, 756, 699 cm™"; MS (25°C): m/z (%): 264
(2) [M™*], 174 (100) [M*—C;H,], 106 (59) [C;HNT], 91 (27) [C;H,*]; el-
emental analysis (%) caled for CyH,3N: C 85.99, H 8.74, N 5.28; found:
C 85.82; H 8.76; N 5.24.

Amine 11: General procedure A was used to synthesize amine 11 from
diphenylacetylene (1) and benzhydrylamine (5). The reaction time of the
hydroamination step was 5 h. After purification by flash chromatography
(PE/EtOAC, 40/1), 11 (781 mg, 2.15 mmol, 90 %) was isolated as a color-
less oil. '"HNMR (400 MHz, CDCL,): §=7.13-7.34 (m, 16H), 7.05-7.07
(m, 2H), 6.91-6.93 (m, 2H), 4.56 (s, 1H), 3.74 (dd, J=5.4, 8.7 Hz, 1H),
2.86-2.97 (m, 2H), 2.01 ppm (brs, 1H); *CNMR (100.6 MHz, DEPT,
CDCly): 6=144.6 (C), 143.8 (C), 143.0 (C), 138.9 (C), 129.4 (CH), 128.4
(CH), 128.3 (CH), 1282 (CH), 128.2 (CH), 127.6 (CH), 127.3 (CH),
127.3 (CH), 127.0 (CH), 126.8 (CH), 126.7 (CH), 126.3 (CH), 63.2 (CH),
61.3 (CH), 452 ppm (CH,); IR (neat): 7=3025, 1600, 1492, 1452, 1028,
744, 694 cm™'; MS (140°C): m/z (%): 272 (31) [M*—CH;], 167 (100)
[Ci3Hy t], 91 (8) [C/H,*]; elemental analysis (%) caled for C,)H,N: C
85.35, H 9.67, N 4.98; found: C 85.15, H 9.61, N 5.19.

Amine 12: General procedure A was used to synthesize amine 12 from
diphenylacetylene (1) and n-propylamine (6). The reaction time of the
hydroamination step was 3 h. After purification by flash chromatography
(PE/EtOAC, 3/1), compound 12 (511 mg, 2.14 mmol, 89 %) was isolated
as a colorless oil. '"HNMR (400 MHz, CDCl;): 6=7.10-7.35 (m, 10H),
3.83 (dd, /=5.9, 8.0 Hz, 1H), 2.93 (dd, /=5.9, 13.4 Hz, 1H), 2.88 (dd,
J=82, 134 Hz, 1H), 2.28-2.41 (m, 2H), 1.51 (brs, 1H), 1.37 (sext, J=
7.3 Hz, 2H), 0.76 ppm (t, J=7.4 Hz, 3H); C NMR (100.6 MHz, DEPT,
CDCLy): 6=144.1 (C), 139.0 (C), 129.2 (CH), 128.3 (CH), 128.2 (CH),
127.3 (CH), 126.9 (CH), 126.3 (CH), 64.8 (CH), 49.6 (CH,), 45.3 (CH,),
23.1 (CH,), 11.6 ppm (CH;); IR (neat): 7=2957, 2928, 1602, 1494, 1453,
756, 696 cm™'; MS (25°C): m/z (%): 239 (2) [M*], 148 (100) [M*—C;H,];
elemental analysis (%) caled for C,;H,N: C 8531, H 8.84, N 5.85;
found: C 84.91, H 8.82, N 5.88.

Amine 13: General procedure B was used to synthesize amine 13 from
diphenylacetylene (1) and benzylamine (7). After purification by flash
chromatography (PE/EtOAc, 5/1), 13 (462 mg, 1.61 mmol, 67 %) was iso-
lated as a colorless oil. '"HNMR (400 MHz, CDCly): 6=7.31-7.37 (m,
4H), 7.17-7.28 (m, 7H), 7.09-7.11 (m, 4H), 3.87 (dd, J=5.5, 8.7 Hz, 1H),
3.65 (d, J=13.6 Hz, 1H), 3.45 (d, J=13.6 Hz, 1H), 2.86-2.98 (m, 2H),
1.72 ppm (brs, 1H); *C NMR (100.6 MHz, DEPT, CDCl;): 6=143.7 (C),
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1405 (C), 138.8 (C), 129.2 (CH), 128.4 (CH), 128.3 (CH), 1282 (CH),
127.9 (CH), 127.4 (CH), 127.1 (CH), 126.7 (CH), 126.3 (CH), 63.6 (CH),
51.3 (CH,), 45.3 ppm (CH,); IR (neat): #=3026, 1601, 1494, 1453, 1113,
1028, 756, 694 cm™'; MS (100°C): m/z (%): 196 (91) [M*—C,Hj], 91
(100) [C;H;*]; HRMS caled for C,H 4,N: 196.1126; found: 196.1127; ele-
mental analysis (%) caled for C, H,N: C 87.76, H 7.36, N 4.87; found: C
87.52, H 7.38, N 4.91.

Amine 16: General procedure A was used to synthesize amine 16 from
3-hexyne (14) and (£ )-1-phenylethylamine (15). The reaction time of the
hydroamination step was 24 h (not minimized). After purification by
flash chromatography (PE/EtOAc, 10/1), 16 (399 mg, 1.95 mmol, 81%)
was isolated as a colorless oil. The two diastereomers (ratio 1:1 (GC))
could not be separated by flash chromatography. The data refer to the
mixture of diastereomers. 'H NMR (400 MHz, CDCl;): 6 =7.21-7.31 (m,
5H), 3.86 (dq, J=2.5, 6.7 Hz, 1H), 2.25-2.30 (m, 1H), 1.12-1.50 (m, 7H),
1.32 (d, J=6.7 Hz, 3H), 0.78-0.91 ppm (m, 6H); *C NMR (100.6 MHz,
DEPT, CDCL): 6=146.5 (C), 146.4 (C), 128.2 (CH), 126.6 (CH), 55.4
(CH), 55.1 (CH), 549 (CH), 54.7 (CH), 36.5 (CH,), 35.7 (CH,), 27.1
(CH,), 25.7 (CH,), 24.9 (CHs;), 24.8 (CH;), 19.0 (CH,), 18.5 (CH,), 14.5
(CH,), 14.2 (CHj;), 10.1 (CH3), 9.1 ppm (CH;); IR (neat): 7=2957, 2925,
2871, 1452, 1368, 1120, 760, 699 cm™'; MS (25°C): m/z (%): 190 (24) [M*
—CHj;], 176 (53) [M*—C,Hj], 161 (42) [M*—C;H;], 105 (100) [C;H,N*],
106 (37) [M*—C;H;N]; elemental analysis (%) calcd for CHy;N: C
81.89, H 11.29, N 6.82; found: C 82.18, H 11.19, N 6.91.

Amine 19: General procedure A was used to synthesize amine 19 from
4-octyne (17) and 2,6-dimethylaniline (18). The reaction time of the hy-
droamination step was 24 h (not minimized). After purification by flash
chromatography (PE/EtOAc, 40/1), compound 19 (513 mg, 2.20 mmol,
92%) was isolated as a colorless oil. '"H NMR (400 MHz, CDCl;): 6 =
6.95 (d, J=7.4Hz, 2H), 6.75 (t, J=7.4 Hz, 1H), 3.19-3.20 (m, 1H), 2.84
(brs, 1H), 2.24 (s, 6H), 1.23-1.47 (m, 10H), 0.85-0.89 ppm (m, 6H);
“C NMR (100.6 MHz, DEPT, CDCly): 6=145.3 (C), 128.9 (CH), 128.3
(©), 120.6 (CH), 55.9 (CH), 37.9 (CH,), 352 (CH,), 28.2 (CH,), 23.0
(CH,), 19.2 (CH,), 14.3 (CH3;), 14.1 ppm (CH,); IR (neat): #=2955, 2929,
2859, 1995, 1473, 1257, 1221, 1099, 760, 711 cm™"; MS (25°C): m/z (%):
233 (28) [M*], 190 (100) [M*—-C;H,], 176 (78) [M*—-C,Hy]; HRMS
caled for C¢H,;N: 233.2144; found: 233.2140; elemental analysis (%)
caled for C;¢HyN: C 82.34, H 11.66, N 6.00; found: C 82.21, H 11.38, N
6.11.

Amines 23a/23b: General procedure A was used to synthesize amines
23a/23b from 1-phenylpropyne (20) and 4-methylaniline (2). The reac-
tion time of the hydroamination step was 24 h (not minimized). After pu-
rification by flash chromatography (PE/EtOAc, 40/1), 23a (522 mg,
2.33 mmol, 97 %) and 23b (11 mg, 0.05 mmol, 2%) were isolated as col-
orless oils. 23a: '"HNMR (400 MHz, CDCl;): 6=7.25-7.32 (m, 2H),
7.15-7.23 (m, 3H), 6.99 (d, J=8.0 Hz, 2H), 6.55 (d, /=8.4 Hz, 2H), 3.66—
3.77 (m, 1H), 2.93 (dd, J=4.7, 13.4 Hz, 1H), 2.67 (dd, J=7.3, 13.3 Hz,
1H), 2.24 (s, 3H), 1.13 ppm (d, J=6.4 Hz, 3H); “C NMR (100.6 MHz,
DEPT, CDCl): 6=145.0 (C), 138.7 (C), 129.9 (CH), 129.5 (CH), 128.3
(CH), 126.4 (C), 126.2 (CH), 113.7 (CH), 49.7 (CH), 42.4 (CH,), 20.4
(CH,), 20.2 ppm (CH,); IR (neat): 7=2920, 1617, 1517, 1452, 1250, 1150,
805, 743, 699 cm™'; MS (25°C): m/z (%): 225 (34) [M*], 134 (100) [M*
—CH;], 91 (34) [C;H,*]; HRMS caled for C,¢H;(N: 225.1518; found:
225.1514; elemental analysis (%) caled for C,(H;(N: C 8529, H 8.50, N
6.22; found: C 85.64, H 8.65, N 6.35. 23b: 'H NMR (400 MHz, CDCl):
0="1727-134 (m, 4H), 7.17-7.23 (m, 1H), 6.88 (d, /=6.5 Hz, 2H), 6.43
(d, J=6.7Hz, 2H), 4.19 (t, J=6.6 Hz, 1H), 2.17 (s, 3H), 1.74-1.87 (m,
2H), 0.94 ppm (t, J=7.4 Hz, 3H); "C NMR (100.6 MHz, DEPT, CDCl,):
0=1453 (C), 144.1 (C), 129.6 (CH), 128.4 (CH), 126.8 (CH), 126.5 (CH),
126.2 (C), 1134 (CH), 60.0 (CH), 31.7 (CH,), 20.3 (CH3), 10.8 ppm
(CH;); IR (neat): 7=2963, 2921, 1618, 1518, 1452, 1301, 805, 749,
700 cm™; MS (25°C): m/z (%): 225 (46) [M*], 196 (100) [M*—C,H;], 91
(49) [C;H,™]; HRMS calcd for C,H(N: 225.1518; found: 225.1518; ele-
mental analysis (%) calcd for C;¢HoN: C 85.29, H 8.50, N 6.22; found: C
85.24, H 8.40, N 6.14.

Amine 24a: General procedure A was used to synthesize amine 24a
from 1-phenylpropyne (20) and 2,6-dimethylaniline (18). The reaction
time of the hydroamination step was 24 h (not minimized). After purifi-
cation by flash chromatography (PE/EtOAc, 40/1), 24a (515mg,
2.15mmol, 90%) was isolated as a colorless oil. 'H NMR (400 MHz,
CDCly): 6=7.25-7.29 (m, 2H), 7.15-7.22 (m, 3H), 6.98 (d, J=7.5 Hz,
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2H), 6.79 (t, J=7.4 Hz, 1H), 3.45-3.53 (m, 1H), 2.90-2.94 (m, 2H), 2.54
(dd, J=85, 13.0Hz, 1H), 2.22 (s, 6H), 1.03 ppm (d, /=62 Hz, 3H);
BCNMR (100.6 MHz, DEPT, CDCly): 6=144.8 (C), 139.4 (C), 129.4
(CH), 129.2 (C), 128.9 (CH), 1282 (CH), 126.1 (CH), 121.4 (CH), 54.0
(CH), 44.4 (CH,), 20.8 (CH,), 19.0 ppm (CH,); IR (neat): 7=2962, 1594,
1473, 1453, 1259, 1220, 1099, 761, 737, 698; MS (25°C): m/z (%): 239 (9)
[M*], 148 (100) [M*—C;H,]; HRMS calcd for C;;H,;N: 239.1674; found:
239.1667; elemental analysis (%) calcd for C;;H,N: C 85.31, H 8.84, N
5.85; found: C 85.12, H 8.58, N 6.53.

Amine 25a: General procedure A was used to synthesize amine 25a
from 1-phenylpropyne (20) and tert-butylamine (3). The reaction time of
the hydroamination step was 24 h (not minimized). After purification by
flash chromatography (PE/EtOAc, 10/1), 25a (368 mg, 1.92 mmol, 80 %)
was isolated as a colorless oil. '"H NMR (400 MHz, CDCl,): 6 =7.26-7.30
(m, 2H), 7.17-7.21 (m, 3H), 2.97 (sext, J=6.6 Hz, 1H), 2.68 (dd, /=6.7,
13.2 Hz, 1H), 2.57 (dd, /=7.3, 13.2 Hz, 1H), 1.17 (brs, 1H), 1.06 (d, J=
6.3 Hz, 3H), 1.01 ppm (s, 9H); *C NMR (100.6 MHz, DEPT, CDCL):
0=140.1 (C), 129.2 (CH), 128.2 (CH), 126.0 (CH), 50.9 (C), 49.1 (CH),
46.3 (CH,), 29.8 (CH;), 23.8 ppm (CH,); IR (neat): #=2959, 1494, 1453,
1362, 1228, 743, 698; MS (25°C): m/z (%): 191 (22) [M*], 176 (48) [M*
—CHj], 105 (71) [CgH,*], 100 (80) [M*—C,H,], 91 (100) [C;H;*]; due to
the low boiling point of 25a, no elemental analysis and no HRMS could
be obtained.

Amines 26a/26b: General procedure A was used to synthesize amines
26a/26b from 1-phenylpropyne (20) and cyclopentylamine (4). The reac-
tion time of the hydroamination step was 24 h (not minimized). After pu-
rification by flash chromatography (PE/EtOAc, 5/1—1/1), 26a (408 mg,
2.01 mmol, 84 %) and 26b (23 mg, 0.11 mmol, 5%) were isolated as col-
orless oils. 26a: 'HNMR (400 MHz, CDCl;): §=7.26-7.30 (m, 2H),
7.18-7.22 (m, 3H), 3.18 (quint, J=7.1 Hz, 1H), 2.96 (sext, J=6.5 Hz,
1H), 2.74 (dd, J=6.8, 13.2 Hz, 1H), 2.58 (dd, /=6.8, 13.3 Hz, 1H), 1.76-
1.93 (m, 2H), 1.44-1.65 (m, 4H), 1.09-1.28 (m, 3H), 1.05 ppm (d, J=
6.3 Hz, 3H); *C NMR (100.6 MHz, DEPT, CDCl;): 6=139.6 (C), 129.2
(CH), 128.3 (CH), 126.0 (CH), 56.9 (CH), 52.8 (CH), 43.9 (CH,), 33.8
(CH,), 33.0 (CH,), 23.7 (CH,), 23.6 (CH,), 20.6 ppm (CH,); IR (neat):
7=2953, 2865, 1452, 1372, 1140, 752, 698 cm™'; MS (25°C): m/z (%): 188
(6) [MT—CH;], 112 (100) [M*—C;H;], 91 (19) [C;H;"]; HRMS calcd for
C;3HigN: 188.1439; found: 188.1439; elemental analysis (%) calcd for
C,H,;N: C 82.70, H 10.41, N 6.89; found: C 82.43, H 10.47, N 7.04. 26b:
'HNMR (400 MHz, CDCL;): 6=7.14-7.26 (m, 5H), 3.45 (dd, J=5.,
8.0 Hz, 1H), 2.77 (quint, /=7.0 Hz, 1H), 1.08-1.76 (m, 11H), 0.71 ppm
(t, J=7.4 Hz, 3H); C NMR (100.6 MHz, DEPT, CDCl,): 6 =144.6 (C),
128.1 (CH), 127.3 (CH), 126.7 (CH), 63.5 (CH), 57.1 (CH), 33.9 (CH,),
32.7 (CH,), 31.2 (CH,), 23.8 (CH,), 23.8 (CH,), 10.9 ppm (CH;); IR
(neat): 7=2950, 2865, 1453, 1015, 753, 699 cm™'; MS (25°C): m/z (%):
203 (2) [M*], 174 (100) [M*—C,Hs], 106 (76) [C;HgN '], 91 (70) [C;H,*
]; HRMS caled for C;;H,N: 202.1596; found: 202.1598.

Amines 27a/27b: General procedure A was used to synthesize amines
27a/27b from alkyne 21 and 4-methylaniline (2). The reaction time of
the hydroamination step was 24 h (not minimized). After purification by
flash chromatography (PE/EtOAc, 40/1), 27a (465 mg, 1.85 mmol, 77 %)
and 27b (42 mg, 0.17 mmol, 7%) were isolated as colorless oils. 27a:
'"HNMR (400 MHz, CDCL;): 6=7.19-7.28 (m, 5H), 6.98 (d, J=8.0 Hz,
2H), 6.52 (d, J=8.4 Hz, 2H), 3.52 (brs, 1H), 2.98-3.02 (m, 1H), 2.92 (d,
J=5.4Hz, 2H), 2.23 (s, 3H), 0.72-0.80 (m, 1H), 0.39-0.50 (m, 2H), 0.23—-
029 (m, 1H), 0.11-0.17 ppm (m, 1H); *CNMR (100.6 MHz, DEPT,
CDCly): 6=1454 (C), 138.5 (C), 129.8 (CH), 129.7 (CH), 128.1 (CH),
126.3 (C), 126.1 (CH), 113.5 (CH), 58.3 (CH), 40.6 (CH,), 20.3 (CH,),
15.7 (CH), 3.7 (CH,), 3.0 ppm (CH,); IR (neat): #=3001, 2918, 1616,
1516, 1494, 1453, 1317, 1300, 1248, 805, 699 cm™'; MS (25°C): m/z (%):
251 (13) [M*], 210 (5) [M*—C;Hs], 160 (100) [M*—-CH;], 91 (23)
[C;H;*]; HRMS caled for C;sH,N: 251.1674; found: 251.1673; elemental
analysis (%) caled for CgH, N: C 86.01, H 8.42, N 5.57; found: C 85.98,
H 821, N 5.89. 27b: 'H NMR (400 MHz, CDCl,): §=7.36 (d, J=7.3 Hz,
2H), 7.29 (t, J=7.5Hz, 2H), 7.20 (t, J=7.2 Hz, 1H), 6.89 (d, /=8.3 Hz,
2H), 6.44 (d, J=8.4 Hz, 2H), 4.38 (t, /J=6.7, 1H), 4.16 (brs, 1H), 2.17 (s,
3H), 1.61-1.75 (m, 2H), 0.64-0.74 (m, 1H), 0.40-0.53 (m, 2H), 0.03—
0.15 ppm (m, 2H); *C NMR (100.6 MHz, DEPT, CDCl,): 6=145.3 (C),
144.4 (C), 129.5 (CH), 128.4 (CH), 126.7 (CH), 126.4 (CH), 126.3 (C),
113.4 (CH), 59.2 (CH), 43.9 (CH,), 20.3 (CH;), 8.1 (CH), 4.7 (CH,),
4.4 ppm (CH,); IR (neat): ¥=2999, 2917, 1617, 1517, 1453, 1300, 1017,
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805, 750, 698 cm™'; MS (60°C): m/z (%): 251 (11) [M*], 196 (100) [M™*
—C,H,], 119 (19) [CH,N*], 91 (42) [C,H,*]; HRMS caled for CgH,N:
251.1674; found: 251.1674; elemental analysis (%) caled for CzH;N: C
86.01, H 8.42, N 5.57; found: C 85.67, H 8.20, N 6.03.

Amines 28a/28b: General procedure A was used to synthesize amines
28a/28b from alkyne 21 and tert-butylamine (3). The reaction time of the
hydroamination step was 24 h (not minimized). After purification by
flash chromatography (PE/EtOAc, 5/1), 28a (338 mg, 1.56 mmol, 65%)
was isolated as a colorless oil. 28b (56 mg, 0.26 mmol, 11 %) could not be
obtained in pure form. 28a: 'H NMR (400 MHz, CDCl;): 6=7.19-7.31
(m, 5H), 2.88 (dd, J=5.8, 13.3 Hz, 1H), 2.80 (dd, J=7.2, 13.3 Hz, 1H),
2.18-2.23 (m, 1H), 1.38 (brs, 1H), 1.09 (s, 9H), 0.71-0.80 (m, 1H), 0.38-
0.47 (m, 2H), 0.13-0.18 (m, 1H), (—=0.03)-0.02 ppm (m, 1H); *C NMR
(100.6 MHz, DEPT, CDCL): =139.9 (C), 129.6 (CH), 128.0 (CH), 125.9
(CH), 58.1 (CH), 50.4 (C), 44.9 (CH,), 30.2 (CH,), 18.1 (CH), 4.7 (CH,),
4.1ppm (CH,); IR (neat): 7=2959, 1494, 1454, 1361, 1227, 1017, 743,
698 cm™; MS (25°C): m/z (%): 202 (5) [M*—CH,], 126 (82) [M*
—CH;], 91 (32) [C;H;T]; HRMS caled for CjH,N: 202.1596; found:
202.1596; elemental analysis (%) calcd for C;sHN: C 82.89, H 10.67, N
6.44, found: C 82.28, H 10.78, N 6.33.

Amines 292a/29b: General procedure A was used to synthesize amines
292a/29b from alkyne 21 and cyclopentylamine (4). The reaction time of
the hydroamination step was 24 h (not minimized). After purification by
flash chromatography (PE/EtOAc, 5/1—1/1), 29a (467 mg, 2.04 mmol,
85%) and 29b (41 mg, 0.18 mmol, 7%) were isolated as colorless oils.
29a: '"HNMR (400 MHz, CDCLy): 6=7.26-7.29 (m, 2H), 7.18-7.21 (m,
3H), 3.33 (quint, J=7.0 Hz, 1H), 2.89 (dd, J=5.5, 13.4 Hz, 1H), 2.78 (dd,
J=175,13.4Hz, 1H), 1.99-2.05 (m, 1H), 1.40-1.91 (m, 7H), 1.15-1.25 (m,
1H), 1.03-1.11 (m, 1H), 0.67-0.76 (m, 1H), 0.50-0.57 (m, 1H), 0.36-0.43
(m, 1H), 0.18-0.24 (m, 1H), (-0.07)=(—0.01) ppm (m, 1H); *C NMR
(100.6 MHz, DEPT, CDCl;): 6=139.5 (C), 129.3 (CH), 128.2 (CH), 126.0
(CH), 62.9 (CH), 56.9 (CH), 42.1 (CH,), 33.7 (CH,), 32.9 (CH,), 23.8
(CH,), 23.7 (CH,), 16.4 (CH), 4.6 (CH,), 2.4 ppm (CH,); IR (neat): 7=
2949, 2865, 1603, 1494, 1454, 1017, 742, 697 cm™"; MS (25°C): m/z (%):
228 (3) [M*—H], 138 (100) [M*—C/H,], 106 (66) [C;HN*], 91 (68)
[C;H;*]; HRMS caled for Ci¢H,,N: 228.1752; found: 228.1747. 29b:
'"H NMR (400 MHz, CDCly): 6=7.29-7.32 (m, 4H), 7.21-7.26 (m, 1H),
3.75 (t, J=7.0 Hz, 1H), 2.87 (quint, J=7.1 Hz, 1H), 1.57-1.86 (m, 6H),
1.17-1.51 (m, 5H), 0.48-0.58 (m, 1H), 0.38-0.43 (m, 1H), 0.29-0.35 (m,
1H), 0.05-0.10 (m, 1H), (-0.08)-(—0.02) ppm (m, 1H); “CNMR
(100.6 MHz, DEPT, CDCl;): 6=144.9 (C), 128.1 (CH), 127.3 (CH), 126.7
(CH), 62.4 (CH), 572 (CH), 43.6 (CH,), 33.9 (CH,), 32.7 (CH,), 23.8
(CH,), 23.8 (CH,), 8.3 (CH), 4.6 (CH,), 4.1 ppm (CH,); IR (neat): 7=
2950, 2858, 1453, 1015, 753, 699 cm™'; MS (25°C): m/z (%): 228 (2) [M*
—H], 174 (100) [M*—C,H,], 106 (85) [C;HN*], 91 (30) [C;H,*]; HRMS
caled for C(H,,N: 228.1752; found: 228.1744.

Amines 30a/30b: General procedure A was used to synthesize amines
30a/30b from alkyne 21 and n-propylamine (6). The reaction time of the
hydroamination step was 24 h (not minimized). After purification by
flash chromatography (PE/EtOAc, 5/1—1/1), 30a (290 mg, 1.43 mmol,
60%) and 30b (95 mg, 0.47 mmol, 20%) were isolated as colorless oils.
30a: '"H NMR (400 MHz, CDCLy): 6=7.28-7.32 (m, 2H), 7.21-7.23 (m,
3H), 2.92 (dd, J=5.1, 13.4 Hz, 1H), 2.74-2.81 (m, 2H), 2.48-2.55 (m,
1H), 1.92-1.98 (m, 1H), 1.28-1.53 (m, 3H), 0.85 (t, J=7.4 Hz, 3H), 0.69-
0.78 (m, 1H), 0.53-0.60 (m, 1H), 0.39-0.45 (m, 1H), 0.21-0.27 (m, 1H),
(—0.04)-0.02 ppm (m, 1H); C NMR (100.6 MHz, DEPT, CDCL): 6=
139.5 (C), 129.3 (CH), 1282 (CH), 126.0 (CH), 64.8 (CH), 49.8 (CH,),
42.0 (CH,), 23.3 (CH,), 16.1 (CH), 11.7 (CH3), 4.7 (CH,), 2.0 ppm (CH,);
IR (neat): #=2957, 2924, 1494, 1454, 1126, 1018, 741, 697 cm™'; MS
(25°C): m/z (%): 162 (30) [M*—C;H;], 112 (100) [M*—C;H,]; elemental
analysis (%) caled for C,H,N: C 82.70, H 10.41, N 6.89; found: C 82.41,
H 10.50, N 6.87. 30b: 'HNMR (400 MHz, CDCL): 6=7.22-7.32 (m,
5H), 3.68 (t, J=7.0 Hz, 1H), 2.35-2.46 (m, 2H), 1.65-1.72 (m, 2H), 1.41-
1.52 (m, 3H), 0.87 (t, J=7.3 Hz, 3H), 0.51-0.59 (m, 1H), 0.39-0.46 (m,
1H), 0.30-0.37 (m, 1H), 0.06-0.11 (m, 1H), (—0.07)—(—0.01) ppm (m,
1H); "CNMR (100.6 MHz, DEPT, CDCl,): 6=144.7 (C), 128.2 (CH),
127.2 (CH), 126.7 (CH), 64.0 (CH), 49.7 (CH,), 43.4 (CH,), 23.3 (CH,),
11.8 (CHj;), 8.3 (CH), 4.6 (CH,), 4.1 (CH,); IR (neat): #=2958, 2921,
1454, 1126, 1016, 752, 699 cm ™.

Amines 31a/31b: General procedure A was used to synthesize amines
31a/31b from alkyne 22 and fert-butylamine (3). The reaction time of the
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hydroamination step was 24 h (not minimized). After purification by
flash chromatography (PE/EtOAc, 10/1), a mixture of 31la and 31b
(538 mg, 2.10 mmol, 87 %, 31a/31b 3/1) was isolated as a colorless oil.
Only the minor product 31b (105 mg, 0.45 mmol, 19%) could be ob-
tained in pure form after a second chromatographic purification step.
31b: 'HNMR (400 MHz, CDCLy): 6=7.32 (d, J=7.2 Hz, 2H), 7.19 (t,
J=75Hz, 2H), 7.08-7.11 (m, 1H), 542 (s, 1H), 3.77 (dd, J=42,
10.0 Hz, 1H), 1.80-2.07 (m, 6H), 1.44-1.57 (m, 4H), 1.21 (brs, 1H),
0.87 ppm (s, 9H); *C NMR (100.6 MHz, DEPT, CDCl,): 6=148.7 (C),
135.1 (C), 127.9 (CH), 126.9 (CH), 126.1 (CH), 125.2 (CH), 54.6 (CH),
50.8 (C), 49.9 (CH,), 30.1 (CHj;), 28.0 (CH,), 25.3 (CH,), 22.9 (CH,),
224 ppm (CH,); IR (neat): 7=2923, 2855, 1494, 1454, 1361, 1227, 754,
798 cm™'; MS (25°C): m/z (%): 242 (4) [M*—CH,], 162 (79) [M*
—CH,y], 106 (100) [C;HgN*], 91 (13) [C;H;*]; elemental analysis (%)
caled for C;gHy,N: C 83.99, H 10.57, N 5.44; found: C 83.71, H 10.50, N
5.30.

Amines 37a/37b: General procedure A was used to synthesize amines
37a/37b from 1-octyne (32) and 4-methylaniline (2). The reaction time of
the hydroamination step was 1 h. After purification by flash chromatog-
raphy (PE/EtOAc, 40/1), 37a (100 mg, 0.46 mmol, 19%) and 37b
(399 mg, 1.82 mmol, 76%) were isolated as colorless oils. 37a: 'H NMR
(400 MHz, CDCLy): 6=6.97 (d, /=82 Hz, 2H), 6.52 (d, J=8.4 Hz, 2H),
3.42 (brs, 1H), 3.06 (t, J=7.1Hz, 2H), 2.23 (s, 3H), 1.59 (quint, J=
7.2 Hz, 2H), 1.28-1.39 (m, 10H), 0.88 ppm (t, J=6.8 Hz, 3H); "C NMR
(100.6 MHz, DEPT, CDCl;): 6=146.3 (C), 129.7 (CH), 126.2 (C), 112.9
(CH), 44.4 (CH,), 31.8 (CH,), 29.6 (CH,), 29.4 (CH,), 29.2 (CH,), 27.2
(CH,), 22.6 (CH,), 20.3 (CH3;), 14.1 ppm (CH,); IR (neat): #=2920, 2851,
1620, 1522, 1468, 1306, 1246, 1182, 807 cm™'; MS (25°C): m/z (%): 219
(48) [M*], 134 (29) [M*—CH5], 120 (100) [M*—C,H,s], 91 (28) [C;H,*
]; HRMS caled for C;sH,sN: 219.1987; found: 219.1986; elemental analy-
sis (%) caled for C;sH,sN: C 82.13, H 11.49, N 6.39; found: C 82.20, H
11.65, N 6.34. 37b: 'H NMR (400 MHz, CDCl;): 6=6.99 (d, /=82 Hz,
2H), 6.53 (d, /=8.4 Hz, 2H), 3.43 (sext, J=6.1 Hz, 1H), 3.29 (brs, 1H),
2.25 (s, 3H), 1.55-1.61 (m, 1H), 1.30-1.40 (m, 9H), 1.18 (d, J=6.3 Hz,
3H), 0.91 ppm (t, J=6.8 Hz, 3H); C NMR (100.6 MHz, DEPT, CDCL,):
0=1455 (C), 129.7 (CH), 125.9 (C), 113.3 (CH), 48.8 (CH), 37.3 (CH,),
31.8 (CH,), 29.4 (CH,), 26.1 (CH,), 22.6 (CH,), 20.8 (CHj;), 20.3 (CH;),
14.0 ppm (CH;); IR (neat): 7=2924, 2855, 1618, 1518, 1455, 1316, 1300,
1249, 804 cm™'; MS (25°C): m/z (%): 219 (36) [M™], 204 (29) [M*
—CH;], 134 (100) [M*—CHys, 91 (19) [C;H;*]; HRMS caled for
CsH,sN: 219.1987; found: 219.1987; elemental analysis (%) caled for
CsHysN: C 82.13, H 11.49, N 6.39; found: C 82.07, H 11.71, N 6.69.

Amines 38a/38b: General procedure A was used to synthesize amines
38a/38b from 1-dodecyne (33) and 4-methylaniline (2). The reaction
time of the hydroamination step was 8 h. The temperature was 75°C.
After purification by flash chromatography (PE/EtOAc, 40/1), 38a
(137 mg, 0.50 mmol, 21 %) and 38b (515 mg, 1.87 mmol, 78 %) were iso-
lated as colorless oils. 38a: "H NMR (400 MHz, CDCl,): 6=6.98 (d, J=
8.2 Hz, 2H), 6.53 (d, J=8.4 Hz, 2H), 3.42 (brs, 1H), 3.07 (t, /=72 Hz,
2H), 2.23 (s, 3H), 1.60 (quint, J=7.2 Hz, 2H), 1.26-1.40 (m, 18H),
0.88 ppm (t, /=6.8 Hz, 3H); *C NMR (100.6 MHz, DEPT, CDCL,): 6=
146.3 (C), 129.7 (CH), 126.3 (C), 112.9 (CH), 44.4 (CH,), 31.9 (CH,),
29.7 (CH,), 29.6 (CH,), 29.6 (CH,), 29.6 (CH,), 29.6 (CH,), 29.5 (CH,),
29.3 (CH,), 27.2 (CH,), 22.7 (CH,), 20.3 (CHj;), 14.1 ppm (CHj;); IR
(neat): 7=2921, 2852, 1619, 1519, 1300, 805, 720 cm™'; MS (70°C): m/z
(%): 275 (51) [M*], 260 (3) [M*—CH,], 232 (2) [M*—C;H;], 120 (100)
[M*—CgH(N], 91 (4) [C;H,*]; HRMS caled for CHyN: 275.2613;
found: 275.2612; elemental analysis (%) calcd for C,H3;N: C 82.84, H
12.07, N 5.08; found: C 82.76, H 12.23, N 5.04. 38b: '"H NMR (400 MHz,
CDCl;): 6=6.96 (d, /=82 Hz, 2H), 6.49 (d, J=8.4 Hz, 2H), 3.40 (sext,
J=6.1 Hz, 1H), 3.26 (brs, 1H), 2.22 (s, 3H), 1.52-1.59 (m, 1H), 1.26-1.43
(m, 17H), 1.14 (d, J=6.3Hz, 3H), 0.88ppm (t, /J=6.8Hz, 3H);
BCNMR (100.6 MHz, DEPT, CDCl,): 6=145.5 (C), 129.7 (CH), 125.9
(C), 113.3 (CH), 48.8 (CH), 37.2 (CH,), 31.9 (CH,), 29.7 (CH,), 29.6
(CH,), 29.6 (CH,), 29.6 (CH,), 29.3 (CH,), 26.1 (CH,), 22.7 (CH,), 20.8
(CHs), 20.3 (CH;), 14.1 ppm (CHs;); IR (neat): 7=2923, 2853, 1620, 1520,
1465, 1317, 1301, 806 cm™; MS (25°C): m/z (%): 275 (12) [M™], 134
(100) [CeH;,N*]; HRMS caled for C;oHy3N: 275.2613; found: 275.2613;
elemental analysis (%) calcd for C;yHyiN: C 82.84, H 12.07, N 5.08;
found: C 82.73, H 12.02, N 5.24.
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Amine 39a: General procedure A was used to synthesize amine 39a
from 1-dodecyne (33) and tert-butylamine (3). The reaction time of the
hydroamination step was 2 h. After purification by flash chromatography
(MeOH/EtOAc, 1/2), compound 39a (437 mg, 1.81 mmol, 75 %) was iso-
lated as a colorless oil. '"HNMR (400 MHz, CDCly): 6=2.53 (t, J=
73Hz, 2H), 1.41-148 (m, 2H), 1.26-1.33 (m, 18H), 1.10 (s, 9H),
0.88 ppm (t, J=6.8 Hz, 3H); "C NMR (100.6 MHz, DEPT, CDCl,): 6=
50.2 (C), 42.6 (CH,), 31.9 (CH,), 31.1 (CH,), 29.6 (CH,), 29.6 (CH,), 29.6
(CH,), 29.6 (CH,), 29.6 (CH,), 29.3 (CH,), 29.0 (CHj;), 27.6 (CH,), 22.7
(CH,), 141 ppm (CHj;); IR (neat): 7=2922, 2853, 1464, 1359, 1231,
692cm™'; MS (25°C): m/z (%): 241 (7) [M*], 226 (100) [M*—CHs];
HRMS calcd for C;sH;,N: 226.2535; found: 226.2535.

Amines 40a/40b: General procedure A was used to synthesize amines
40a/40b from 1-dodecyne (33) and cyclopentylamine (4). The reaction
time of the hydroamination step was 24 h (not minimized). After purifi-
cation by flash chromatography (MeOH/EtOAc, 1/2), 40a (297 mg,
1.17 mmol, 49%) and 40b (198 mg, 0.78 mmol, 32%) were isolated as
colorless oils. 40a: '"HNMR (400 MHz, CDCl,): 6=3.06 (quint, J=
6.9 Hz, 1H), 2.58 (t, J=7.4 Hz, 2H), 2.05 (brs, 1H), 1.82-1.90 (m, 2H),
1.64-1.72 (m, 2H), 1.48-1.56 (m, 2H), 1.26-1.38 (m, 20H), 0.88 ppm (t,
J=6.8Hz, 3H); "CNMR (100.6 MHz, DEPT, CDCl;): 6=59.9 (CH),
48.7 (CH,), 33.0 (CH,), 31.9 (CH,), 30.2 (CH,), 29.8 (CH,), 29.7 (CH,),
29.6 (CH,), 29.6 (CH,), 29.6 (CH,), 29.6 (CH,), 29.3 (CH,), 27.5 (CH,),
24.1 (CH,), 24.1 (CH,), 22.7 (CH,), 14.1 ppm (CH;); IR (neat): #=2921,
2852, 1456, 1375, 721 em™; MS (25°C): m/z (%): 253 (13) [M™], 113 (58)
[CsH;7]; HRMS caled for Cy;H3sN: 253.2770; found: 253.2765. 40b:
'HNMR (400 MHz, CDCly): 6=3.23 (quint, J=7.2 Hz, 1H), 2.71-2.77
(m, 1H), 1.89-1.92 (m, 2H), 1.70-1.73 (m, 2H), 1.52-1.56 (m, 4H), 1.26—
145 (m, 19H), 1.11 (d, J=6.3 Hz, 3H), 0.88 ppm (t, /=6.8 Hz, 3H);
BCNMR (100.6 MHz, DEPT, CDCl,): 6=56.8 (CH), 51.9 (CH), 36.6
(CH,), 31.9 (CH,), 29.8 (CH,), 29.7 (CH,), 29.6 (CH,), 29.3 (CH,), 29.3
(CH,), 27.4 (CH,), 26.1 (CH,), 24.0 (CH,), 23.8 (CH,), 23.8 (CH,), 22.7
(CH,), 19.8 (CH;), 14.1 ppm (CHj;); IR (neat): 7=2920, 2852, 1456, 1376,
1056, 721 cm™'; MS (25°C): m/z (%): 253 (3) [M*], 238 (7) [M*—CHjy],
113 (100) [CgH,;*]; HRMS caled for C;H;sN: 253.2770; found: 253.2766.
Amines 41a/41b: General procedure A was used to synthesize amines
41a/41b from phenylacetylene (34) and 4-methylaniline (2). The reaction
time of the hydroamination step was 6 h. The temperature was 75°C.
After purification by flash chromatography (PE/EtOAc, 40/1), com-
pounds 41a (319 mg, 1.51 mmol, 63 %) and 41b (72 mg, 0.34 mmol, 14 %)
were isolated as colorless oils. 41a: '"HNMR (400 MHz, CDCL): 6=
7.29-7.32 (m, 2H), 7.20-7.24 (m, 3H), 6.98 (d, /=8.0 Hz, 2H), 6.53 (d,
J=8.4Hz, 2H), 3.52 (brs, 1H), 3.36 (t, J=7.0Hz, 2H), 2.89 (t, J=
7.0 Hz, 2H), 2.23 ppm (s, 3H); *CNMR (100.6 MHz, DEPT, CDCl,):
0=145.7 (C), 139.4 (C), 129.7 (CH), 128.8 (CH), 128.5 (CH), 126.6 (C),
126.3 (CH), 1132 (CH), 454 (CH,), 35.5 (CH,), 20.3 ppm (CH;); IR
(neat): 7=3404, 3024, 2917, 1615, 1518, 1257, 806, 747, 698 cm™'; MS
(25°C): m/z (%): 211 (65) [M™*], 120 (100) [M*—C;H,], 91 (66) [C;H,*];
HRMS calcd for CsH;N: 211.1361; found: 211.1362; elemental analysis
(%) caled for C;sH\;N: C 85.26, H 8.11, N 6.63; found: C 85.08, H 7.96,
N 6.53. 41b: '"H NMR (400 MHz, CDCL;): =7.19-7.34 (m, 5H), 6.89 (d,
J=8.0Hz, 2H), 6.42 (d, /=84 Hz, 2H), 4.44 (q, /J=6.7Hz, 1H), 3.89
(brs, 1H), 2.18 (s, 3H), 1.49ppm (d, J=6.8Hz, 3H); “CNMR
(100.6 MHz, DEPT, CDCl;): 6=145.4 (C), 145.0 (C), 129.6 (CH), 128.6
(CH), 126.8 (CH), 126.3 (C), 125.8 (CH), 113.4 (CH), 53.7 (CH), 25.0
(CHj;), 20.3 ppm (CH;); IR (neat): #=3408, 2955, 2916, 1616, 1519, 1299,
1256, 808, 755, 700 cm™"; MS (25°C): m/z (%): 211 (82) [M™], 196 (77)
[M*—CH;], 120 (100) [M*—C;H;], 107 (87) [C;HgN*], 91 (62) [C;H,*];
HRMS caled for C;sH;N: 211.1361; found: 211.1360; elemental analysis
(%) caled for C;sH;N: C 85.26, H 8.11, N 6.63; found: C 85.30, H 7.76,
N 6.55.

Amine 42a: General procedure A was used to synthesize amine 42a
from 4-methoxyphenylacetylene (35) and tert-butylamine (3). The reac-
tion time of the hydroamination step was 8 h. The temperature was 75°C.
After purification by flash chromatography (MeOH/EtOAc, 1/2), 42a
(380 mg, 1.84 mmol, 77%) was isolated as a colorless oil. 'HNMR
(400 MHz, CDCl,): 0=7.14 (d, J=8.7 Hz, 2H), 6.84 (d, J=8.5 Hz, 2H),
3.79 (s, 3H), 2.77-2.81 (m, 2H), 2.70-2.74 (m, 2H), 1.07 ppm (s, 9H);
BCNMR (100.6 MHz, DEPT, CDCl): 6=158.0 (C), 132.2 (C), 129.5
(CH), 113.8 (CH), 55.2 (CH;), 50.2 (C), 44.2 (CH,), 36.2 (CH,), 28.9 ppm
(CH,); IR (neat): 7=2956, 1612, 1243, 1176, 1109, 1035, 821, 700 cm™;
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MS (25°C): m/z (%): 207 (2) [M*], 192 (25) [M*—CH;], 135 (88)
[CH,,O%], 121 (37) [CsHoO*]; HRMS caled for C,H;iNO: 192.1388;
found: 192.1388; elemental analysis (%) calcd for C;;H,NO: C 68.07, H
8.57, N 6.62; found: C 67.78, H 8.67, N 6.54.

Amine 43a: General procedure A was used to synthesize amine 43a
from 4-chlorophenylacetylene (36) and tert-butylamine (3). The reaction
time of the hydroamination step was 8 h. The temperature was 75°C.
After purification by flash chromatography (MeOH/EtOAc, 1/2), com-
pound 43a (359 mg, 1.70 mmol, 71%) was isolated as a colorless oil.
'"HNMR (400 MHz, CDCLy): 6=7.26 (d, J=8.4Hz, 2H), 7.15 (d, J=
84 Hz, 2H), 2.73-2.83 (m, 4H), 1.32 (brs, 1H), 1.08 ppm (s, 9H);
BCNMR (100.6 MHz, DEPT, CDCL,): §=138.6 (C), 131.9 (C), 130.0
(CH), 128.5 (CH), 50.4 (C), 43.8 (CH,), 36.5 (CH,), 28.9 ppm (CH,); IR
(neat): 7=2961, 2863, 1492, 1360, 1229, 1091, 1015, 809, 706 cm™'; MS
(25°C): m/z (%): 198 (19) [M*T('C)-CH;], 141 (27) [M*
(’Cl)—CHy(N], 139 (37) [M*(*Cl)-C,HN], 106 (76) [C;HN*], 91
(70) [C;H;*], 86 (100) [M*—CsH;,)N]; HRMS caled for C;;H;sNCl:
196.0893; found: 196.0890; elemental analysis (%) calcd for C;,H;sNCl:
C 68.07, H 8.57, N 6.62; found: C 67.78, H 8.67, N 6.54.

Amines 44a/44b: General procedure A was used to synthesize amines
44a/44b from 4-methoxyphenylacetylene (35) and cyclopentylamine (4).
The reaction time of the hydroamination step was 12 h. The temperature
was 75°C. After purification by flash chromatography (MeOH/EtOAc, 1/
3—-1/1), 44a (290 mg, 1.32 mmol, 55%) and 44b (107 mg, 0.49 mmol,
20%) were isolated as colorless oils. 44a: '"H NMR (400 MHz, CDCL):
0=7.13 (d, /=8.7Hz, 2H), 6.84 (d, J=8.7 Hz, 2H), 3.79 (s, 3H), 3.09
(quint, J=7.0 Hz, 1H), 2.76-2.87 (m, 5H), 1.81-1.89 (m, 2H), 1.63-1.71
(m, 2H), 1.50-1.57 (m, 2H), 1.30-1.38ppm (m, 2H); “CNMR
(100.6 MHz, DEPT, CDCl;): 6=158.0 (C), 131.8 (C), 129.6 (CH), 113.9
(CH), 59.6 (CH), 55.2 (CHj;), 49.9 (CH,), 35.1 (CH,), 32.7 (CH,), 32.7
(CH,), 24.0 (CH,), 24.0 ppm (CH,); IR (neat): #=2949, 1612, 1511, 1454,
1243, 1176, 1034, 821 cm™"; MS (25°C): m/z (%): 204 (12) [M*—CH,], 98
(100) [M*—CgH,0], 121 (14) [CsH,O7]; elemental analysis (%) caled for
C;H;NO: C 76.67, H 9.65, N 6.39; found: C 75.93, H 9.43, N 6.22. 44b:
'HNMR (400 MHz, CDCly): 6=7.23 (d, J=8.5Hz, 2H), 6.87 (d, J=
8.7Hz, 2H), 3.80 (s, 3H), 2.87 (q, /=7.2 Hz, 1H), 1.58-1.87 (m, 5H),
1.37-1.51 (m, 2H), 133 (d, J=6.5Hz, 3H), 1.19-1.30 ppm (m, 2H);
BCNMR (100.6 MHz, DEPT, CDCL): §=158.4 (C), 137.9 (C), 127.6
(CH), 113.7 (CH), 57.1 (CH), 55.9 (CH), 55.2 (CH,), 33.6 (CH,), 32.7
(CH,), 24.5 (CHs;), 23.9 (CH,), 23.8 ppm (CH,); IR (neat): #=2952, 1610,
1510, 1462, 1240, 1174, 1036, 829, 809 cm™'; MS (25°C): m/z (%): 204
(32) [M*—CH;], 135 (44) [M+*—-CsH},ON], 112 (100) [M*—-C;H;0], 91
(28) [G;H,*]; elemental analysis (%) caled for C,H,NO: C 76.67, H
9.65, N 6.39; found: C 76.47, H 9.66, N 6.18.

Amines 45a/45b: General procedure A was used to synthesize amines
45a/45b from 4-chlorophenylacetylene (36) and cyclopentylamine (4).
The reaction time of the hydroamination step was 12 h. The temperature
was 75°C. After purification by flash chromatography (MeOH/EtOAc, 1/
3—-1/1), 45a (286 mg, 1.28 mmol, 53%) and 45b (110 mg, 0.49 mmol,
20%) were isolated as colorless oils. 45a: '"H NMR (400 MHz, CDCl,):
0=7.26 (d, J=9.0Hz, 2H), 7.14 (d, J=8.5Hz, 2H), 3.06 (quint, J=
6.8 Hz, 1H), 2.75-2.86 (m, 4H), 1.79-1.87 (m, 2H), 1.61-1.71 (m, 2H),
1.46-1.57 (m, 2H), 1.23-1.32ppm (m, 3H); “"CNMR (100.6 MHz,
DEPT, CDCl;): 6=138.7 (C), 131.8 (C), 130.0 (CH), 128.5 (CH), 59.8
(CH), 49.8 (CH,), 36.0 (CH,), 33.1 (CH,), 33.1 (CH,), 24.0 (CH,),
24.0 ppm (CH,); IR (neat): 7=2948, 2862, 1893, 1492, 1453, 1090, 1015,
808 cm™; MS (25°C): m/z (%): 223 (2) [M*], 139 (18) [CeHCI™], 125
(9) [C;H,CI*], 98 (100) [M+—C,;H,Cl]; elemental analysis (%) calcd for
C;;HgNCI: C 69.79, H 8.11, N 6.26; found: C 69.36, H 7.85, N 6.46. 45b:
'HNMR (400 MHz, CDCl,): 6=7.23-7.30 (m, 4H), 3.81 (q, J=6.6 Hz,
1H), 2.85 (quint, J=7.1Hz, 1H), 2.74 (brs, 1H), 1.19-1.83 (m, 8H),
1.32 ppm (d, J=6.5 Hz, 3H); *C NMR (100.6 MHz, DEPT, CDCl;): =
1445 (C), 132.3 (C), 128.5 (CH), 128.0 (CH), 57.3 (CH), 56.1 (CH), 33.7
(CH,), 32.8 (CH,), 24.6 (CH;), 23.9 (CH,), 23.8 ppm (CH,); IR (neat):
7=2954, 2865, 1897, 1489, 1090, 1013, 8278 cm™"; MS (25°C): m/z (%):
208 (72) [M*—CHj,], 139 (100) [CgHCl*]; elemental analysis (%) calcd
for C;HsNCl: C 69.79, H 8.11, N 6.26; found: C 69.72, H 8.01, N 5.95.
Amine 51: '"H NMR (400 MHz, CDCL,): §=7.29-7.37 (m, 4H), 7.15-7.28
(m, 4H), 7.08 (d, /=6.7Hz, 2H), 7.01 (d, /=8.5Hz, 2H), 6.78 (d, J=
8.7Hz, 2H), 3.86 (dd, /=5.7, 84Hz, 1H), 3.76 (s, 3H), 3.58 (d, /=
13.2Hz, 1H), 3.39 (d, /=13.3 Hz, 1H), 2.94 (dd, J=5.7, 13.6 Hz, 1H),
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288 (dd, J=85, 13.6Hz, 1H), 1.84ppm (brs, 1H); “CNMR
(100.6 MHz, DEPT, CDCl;): 6=158.5 (C), 143.7 (C), 138.8 (C), 132.5
(C), 129.2 (CH), 129.1 (CH), 128.3 (CH), 128.3 (CH), 127.4 (CH), 127.0
(CH), 126.3 (CH), 113.6 (CH), 63.5 (CH), 552 (CHj), 50.7 (CH,),
45.2 ppm (CH,); IR (neat): #=2833, 1610, 1510, 1494, 1453, 1243, 1173,
1104, 1033, 821, 754, 697 cm™'; MS (70°C): m/z (%): 316 (1) [M*—H],
226 (64) [M*—C;H,], 121 (100) [CeH,O].

Amine 52: '"HNMR (400 MHz, CDCl;): 6=7.17-7.30 (m, 8H), 7.12-7.14
(m, 2H), 3.80 (dd, J=5.7, 8.4 Hz, 1H), 2.85 (dd, /=84, 13.4 Hz, 1H),
293 (dd, /=57, 13.6 Hz, 1H), 2.16-2.24 (m, 2H), 1.47-1.61 (m, 6H),
1.26-1.37 (m, 1H), 1.01-1.22 (m, 3H), 0.68-0.80 ppm (m, 2H); *C NMR
(100.6 MHz, DEPT, CDCl;): 6=144.2 (C), 139.0 (C), 129.2 (CH), 128.3
(CH), 1282 (CH), 127.2 (CH), 126.9 (CH), 126.2 (CH), 64.8 (CH), 54.5
(CH,), 45.4 (CH,), 379 (CH), 31.3 (CH,), 31.2 (CH,), 26.7 (CH,), 26.0
(CH,), 26.0 ppm (CH,); IR (neat): 7=2919, 2849, 1602, 1494, 1451, 1121,
756, 697 cm™'; MS (60°C): m/z (%): 292 (2) [M*], 202 (100) [M*+—C,H,].
Amine 53: '"H NMR (400 MHz, CDCl;): 6=7.17-7.30 (m, 8H), 7.11-7.13
(m, 2H), 3.83 (dd, /=5.9, 8.2 Hz, 1H), 2.85-2.96 (m, 2H), 2.31-2.43 (m,
2H), 1.13-1.39 (m, 5H), 0.80ppm (t, J=7.3Hz, 3H); “CNMR
(100.6 MHz, DEPT, CDCL): 6=144.1 (C), 139.0 (C), 129.2 (CH), 128.3
(CH), 1282 (CH), 127.2 (CH), 126.9 (CH), 126.2 (CH), 64.9 (CH), 47.5
(CH,), 45.3 (CH,), 32.2 (CH,), 20.3 (CH,), 13.9 ppm (CHj;); IR (neat):
7=2925, 2858, 1494, 1453, 756, 697 cm™'; MS (50°C): m/z (%): 252 (1)
[M*—H], 162 (100) [M*—CH,].

Amine 54: '"H NMR (400 MHz, CDCL;): 6=7.27-7.30 (m, 8H), 7.13 (m,
2H), 3.83 (dd, /=5.9, 8.2 Hz, 1H), 2.85-2.96 (m, 2H), 2.30-2.42 (m, 2H),
1.08-1.41 (m, 7H), 0.81 ppm (t, J=7.2 Hz, 3H); *C NMR (100.6 MHz,
DEPT, CDCly): 6?=144.1 (C), 139.0 (C), 129.2 (CH), 128.3 (CH), 128.2
(CH), 127.2 (CH), 126.9 (CH), 126.3 (CH), 64.8 (CH), 47.7 (CH,), 45.3
(CH,), 29.6 (CH,), 29.3 (CH,), 22.5 (CH,), 14.0 ppm (CHj;); IR (neat):
7=2924, 1946, 1602, 1494, 1453, 756, 697 cm'; MS (50°C): m/z (%): 266
(1) [M*—H], 176 (100) [M*—C;H,].

Amine 55: General procedure B was used to synthesize amine 55 from
diphenylacetylene (1) and n-hexylamine (50). After purification by flash
chromatography (PE/EtOAc, 5/1), 55 (451 mg, 1.61 mmol, 67 %) was iso-
lated as a colorless oil. "H NMR (400 MHz, CDCl,): 0=7.16-7.33 (m,
8H), 7.12 (d, J=6.9 Hz, 2H), 3.83 (dd, /=5.9, 8.2 Hz, 1H), 2.93 (dd, /=
5.9, 13.4 Hz, 1H), 2.88 (dd, /=83, 13.5 Hz, 1H), 2.30-2.43 (m, 2H), 1.45
(brs, 1H), 1.30-1.38 (m, 2H), 1.12-1.27 (m, 6H), 0.82 ppm (t, J=7.2 Hz,
3H); "CNMR (100.6 MHz, DEPT, CDCLy): 6=144.0 (C), 139.0 (C),
129.2 (CH), 1283 (CH), 1282 (CH), 127.3 (CH), 126.9 (CH), 126.3
(CH), 64.8 (CH), 47.7 (CH,), 45.3 (CH,), 31.6 (CH,), 29.9 (CH,), 26.8
(CH,), 22.5 (CH,), 14.0 ppm (CH,); IR (neat): 7=2923, 2853, 1602, 1494,
1453, 756, 697 cm™'; MS (25°C): m/z (%): 281 (1) [M*], 190 (100) [M*
—C;H,]; elemental analysis (%) calcd for C,)H,N: C 85.35, H 9.67, N
4.98; found: C 85.15, H 9.61, N 5.19.

Amines 56a/56b: General procedure C was used to synthesize amines
56a/56b from 1-phenylpropyne (20) and benzylamine (7). After purifica-
tion by flash chromatography (PE/EtOAc, 5/1—1/1), compounds 56a
(394 mg, 1.75 mmol, 73 %) and 56b (14 mg, 0.06 mmol, 3% ) were isolat-
ed as colorless oils. 56a: '"H NMR (400 MHz, CDCl;): 6=7.10-7.30 (m,
10H), 3.84 (d, J=13.3 Hz, 1H), 3.73 (d, J=13.3 Hz, 1H), 2.93 (sext, /=
6.4Hz, 1H), 2.76 (dd, /=7.0, 13.4 Hz, 1H), 2.64 (dd, /J=6.4, 13.3 Hz,
1H), 1.54 (brs, 1H), 1.09 ppm (d, J=6.3 Hz, 3H); *C NMR (100.6 MHz,
DEPT, CDCl,;): 0=140.5 (C), 139.4 (C), 129.2 (CH), 1283 (CH), 1283
(CH), 127.9 (CH), 126.7 (CH), 126.1 (CH), 53.7 (CH), 51.2 (CH,), 43.6
(CH,), 202 ppm (CHj); IR (neat): #=2957, 2927, 1454, 1100, 747,
697 cm™'; MS (25°C): m/z (%): 225 (2) [M*], 134 (100) [M*—C;H,], 91
(100) [C;H;*]; elemental analysis (%) caled for C;(H;oN: C 8529, H
8.50, N 6.22; found: C 85.05, H 8.65, N 6.49. 56b: '"H NMR (400 MHz,
CDCly): 6=7.13-7.35 (m, 10H), 3.65 (d, J=13.2 Hz, 1H), 3.48-3.56 (m,
2H), 1.59-1.80 (m, 3H), 0.80 (t, J=7.4Hz, 3H)ppm; “CNMR
(100.6 MHz, DEPT, CDCl;): 6=144.1 (C), 140.8 (C), 128.3 (CH), 128.3
(CH), 128.1 (CH), 127.4 (CH), 126.9 (CH), 126.8 (CH), 64.2 (CH), 51.5
(CH,), 31.1 (CH,), 10.7 ppm (CH,); IR (neat): 7=2961, 2926, 1492, 1452,
1117, 1027, 741, 696 cm™'; MS (25°C): m/z (%): 225 (3) [MT], 196 (99)
[M*—C,Hy], 91 (100) [C;H,*].

Amines 57a/57b: General procedure C was used to synthesize amines
57a/57b from 1-phenylpropyne (20) and n-hexylamine (50). After purifi-
cation by flash chromatography (PE/EtOAc, 3/1—1/1), 57a (411 mg,
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1.88 mmol, 78 %) and 57b (25 mg, 0.11 mmol, 5%) were isolated as col-
orless oils. 57a: '"HNMR (400 MHz, CDCl;): §=7.26-7.32 (m, 2H),
7.16-7.23 (m, 3H), 2.88 (sext, J=6.5 Hz, 1H), 2.47-2.76 (m, 4H), 1.36-
1.48 (m, 2H), 1.18-1.32 (m, 7H), 1.05 (d, /=6.3 Hz, 3H), 0.86 ppm (t,
J=68Hz, 3H); *CNMR (100.6 MHz, DEPT, CDCL): 6=139.6 (C),
1292 (CH), 1283 (CH), 126.0 (CH), 54.6 (CH), 47.4 (CH,), 43.7 (CH,),
317 (CH,), 30.1 (CH,), 27.0 (CH,), 22.5 (CH,), 20.2 (CH,), 14.0 ppm
(CH3); IR (neat): 7=2926, 2854, 1603, 1469, 1453, 1127, 742, 698 cm™;
MS (25°C): m/z (%) 219 (2) [M™*], 204 (5) [M*—CH;], 190 (96) [M*
—C,Hy], 128 (100) [M*T—C;H,] 91 (55) [C;H;"]; elemental analysis (%)
calcd for CsH,sN: C 82.13, H 11.49, N 6.38; found: C 81.84, H 11.87, N
6.34. 57b: '"H NMR (400 MHz, CDCL): 6=7.18-7.34 (m, SH), 3.46 (dd,
J=5.8,7.9 Hz, 1H), 2.33-2.49 (m, 2H), 1.70-1.82 (m, 1H), 1.56-1.69 (m,
1H), 1.36-1.50 (m, 2H), 1.18-1.33 (m, 7H), 0.86 (t, J=6.7 Hz, 3H),
0.80 ppm (t, J=7.4 Hz, 3H); “C NMR (100.6 MHz, DEPT, CDCl,): 6=
144.4 (C), 1282 (CH), 127.3 (CH), 126.7 (CH), 652 (CH), 47.8 (CH,),
31.7 (CH,), 31.0 (CH,), 30.3 (CH,), 27.0 (CH,), 22.6 (CH,), 14.0 (CH,),
108ppm (CH,); IR (neat): #=2958, 2926, 2854, 1453, 1125, 751,
699 cm™'; MS (25°C): m/z (%): 219 (2) [M*], 190 (100) [M*+—C,H], 91
(46) [C;H,*]; HRMS calced for C,;sH,,N: 218.1909; found: 218.1909.
Kinetic investigations: The kinetic investigation of the [Ind,TiMe,]-cata-
lyzed reaction between 2 and 20 (Figure 1) was performed as described
in ref.[7c] The obtained data for ks, are: 7.66x107°s™' (c([Ind,-
TiMe,]) =8.36x 10 molL™! (3.0 mol%), c(2)=2.57 molL™!, ¢,(20)=
0.28 molL™); 9.85x107°s7! (c([Ind,TiMe,]) =1.11x 10> mol L !
(41mol%), ¢(2)=2.59molL™", ¢)(20)=0.27 molL"); 1.69x10*s™"
(c([Ind,TiMe,]) =1.85x10>molL™! (6.8 mol%), ¢(2)=2.63 molL™",
¢o(20)=0.27 molL™"); 2.71x107*s™" (c¢([Ind,TiMe,])=3.35x 10> mol L'
(123 mol%), ¢(2)=2.57molL™", ¢,(20)=0.27 molL™"); 3.67x10*s™"
(c([Ind,TiMe,]) =4.67x10>molL™"  (17.4 mol%), ¢(2)=2.51 molL™",
¢(20)=0.27 mol L™").
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FULL PAPER

Active Anionic Zero-Valent Palladium Catalysts: Characterization by
Density Functional Calculations

Sebastian Kozuch,”! Sason Shaik,**) Anny Jutand,™ and Christian Amatore™

Abstract: This works uses DFT
(B3LYP/LACVP**//B3LYP/LACVP*

level) to ascertain the existence of the
tricoordinate, anionic zero-valent palla-
dium complexes that were postulated
as the active species in the catalytic
cycles of Pd-catalyzed Heck and cross-
coupling reactions. The variety of com-
plexes studied (1 and 2), include
[PA(PR;),X]~ species, in which R=H,
Me, vinyl, and phenyl, and X=ClI, Br,
I, AcO, and TFA, as well as bidentate

complexes, [Pd{Ph,P(CH,),Ph,P}X]",
in which X=Cl, AcO and n=3-6. The
study shows that these complexes exist
as distinct minima in the gas phase as
well as in THF. In addition, it provides
geometric features and Pd—X" dissocia-
tion energies for all these complexes as

Keywords: cross-coupling - density
functional calculations - Heck reac-
tion - ligand effects - palladium

well as some NMR and IR data, which
show a clear distinction in these fea-
tures between the tri- and dicoordinate
Pd’ species. An orbital interaction
model and perturbation theory argu-
ments account for the bonding mecha-
nism and rationalize all the trends in
the stability of the Pd—X bond. These
trends include the effects of variation
of X, R, and the length of the linker in
the bidentate ligands.

Introduction

Palladium is a versatile catalyst of organic reactions, capable
of formation of a variety of bonds (C—C, C—H, C—N, C-O,
C—P, C-S, C—CO—C, etc.) by means of named reactions
such as the Heck, Tsuji-Trost, Suzuki, Sonogashira, and
cross-coupling reactions.'! Part of the efficacy of palladium
is its ability to cleave C—X (X =halide, AcO, etc.) bonds in
its zero-valent state, by an oxidative addition that provides
an organopalladium(i) complex, which is prone to react
with nucleophiles. The newly formed organopalladium()
complex continues the catalytic cycle that eventually leads
to products and regenerates the palladium(o) complex. A
textbook representation of such a catalytic cycle, for exam-
ple, the cross-coupling reaction with hard nucleophiles is de-
picted in Scheme la, which shows that the active species is
simple the 12-electron [Pd’L,] complex.
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Following a series of mechanistic investigations by two of
us (A.J. and C.A.),”> it has been shown that the actual cat-
alytic cycle is the one depicted in Scheme 1b, whereby the
active species in oxidative additions is a trivalent complex,
for example, [Pd’L,Cl]", that is formed when the [PdL,]
species takes up a Cl™ ionic additive. Such an active species
was proposed with a variety of additives, like Br~,Fl 1B
AcO~ ) and TFA~ (trifluoro acetate)!'” and so forth.
While there is indirect evidence for the presence of this
active species in the cycle, that is, NMR and kinetic-type
evidence, the species itself has never been isolated and its
characteristics remain obscured. This situation calls for the
interplay of theory and experiment. The goal of the present
paper is to address the existence of the putative active
anionic Pd’ species by computational means and answer the
following questions: Does it really exist as a discrete entity?
What are its geometric and spectral features? What is the
strength of the bond between Pd and the additive anion
X~? What are the bonding characteristics of the Pd—X"
bond, and how does this vary with the nature of X~ and the
identity of the other two ligands on the palladium center?
As an application we have decided to explore the features
of two types of complexes: complexes 1, with two phosphine
ligands, and 2,, with the bidentate diphenylphosphine ligand
held by a (CH,), chain (n=3 -dppp-, n=4 -dppb-, n=5
-dpppe-, n=6 -dpph-). Some of these complexes, for exam-
ple, 1p,x (X=Cl, Br, I, AcO, TFA™), were studied experi-
mentally,**'% while others like 1yx are simplified models
designed to define the minimalist systems that mimic faith-
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Ar-Nu Pd’L,
Ar-X
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Addition
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Ar—Pd—L Ar—Pd—X
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L Nu’
Ar—Pd—Nu X
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a) Textbook Mechanism
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T L Ar-X
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Scheme 1. a) The textbook cycle vis-a-vis. b) The Jutand—-Amatore cycle.

Ph Ph

N\ /
R}P///,,,Pd X PN d -

7\

Ph Ph

R = H, Me, Ph, V (vinyl) n=4,56 X=Cl
X =Cl, Br, I, AcO, TFA n=35 X =AcO
1 2

fully the experimental species. As we shall demonstrate the
proposed active species exist as discrete entities in both the
gas phase and in THF, and possess finite Pd—X~ bond ener-
gies that depend critically on the nature of the phosphine
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ligand and on the size of the chelating ring as well as on the
identity of the X~ ion.

Computational Methods

Density functional theory (DFT) was used throughout the study with the
hybrid density functional, B3LYP, which is considered by and large as a
reliable quantum chemical method for large molecules, and for palladium
complexes as well.'!! Since none of these complexes has ever been char-
acterized experimentally it was necessary to benchmark the method and
to ascertain that it leads to converged properties. In addition, since the
PPh; ligands are quite large, we sought for smaller models that are still
reliable. We therefore studied, for [Pd(PR;),X]” (1) and
[Pd(R,P(CH,),PR,)X]” (2,), the following matrix of basis sets and
models schematized in Table 1.

The first variable in this matrix is the basis set, which varies from the
double-zeta quality, LACVP!2%! all the way to LACVP***+, SCF con-
vergence difficulties prohibited a routine use of triple-zeta basis sets in
the LACVP series. The LACVP basis set, implemented in
JAGUAR 4.2, describes the Pd atom with an effective core potential
and a double-zeta valence basis set, while the rest of the atoms are de-
scribed by a 6-31G Pople basis set."! The LACVP* basis adds polariza-
tion functions on the P, Cl, and C atoms, while the LACVP* equips these
atoms with diffuse functions. LACVP** adds polarization functions on
the hydrogen atoms and so does LACVP** with respect to diffuse func-
tions. The designation LACVP**(aug) means that the LACVP** basis
set was augmented on the Pd atom by polarization functions (f with ex-
ponent 0.211) and diffuse ones (+ with exponent 0.057), the exponents
of which were optimized in Gaussian 98!l for 1.

This benchmark study provided us a small library of results, which al-
lowed us to select a basis set and a model that can serve in the future for
routine study of these complexes and their reactivity. It was thus found
that B3LYP/LACVP* geometries, with single-point B3LYP/LACVP**
energies, gave almost the same results as the B3SLYP/LACVP#*** basis
set or better ones (less than 1 kcalmol™! for Pd—Cl and Pd—P dissociation
energies), for all the model systems. Basis set superposition errors for the
LACVP#* basis set lowered the bond energies by small amounts (0.6,
1.2, 0.8 kcalmol ! for L PH,;, X=1I, Br, Cl, respectively). Furthermore, a
single-point calculation with the LACVP**(aug) basis set showed a small
increase of the bond energies, with differences that ranged from 0.1 to
0.8 kcalmol ™" (from X =1 to X=Cl), relative to the LACVP** basis set.
Thus, the B3BLYP/LACVP** energies were deemed sufficiently accurate
for our purposes. This level, in the common notation BALYP/LACVP**//
B3LYP/LACVP* and in shorthand LACVP**//[LACVP*, was used rou-
tinely for the other complexes. In addition, for the series of halide com-
plexes 1, X=Cl, Br, and I, we tried a variety of other basis sets on the
halides; a double-zeta all-electron DZVP basis set, a 6-311G* Pople basis
set, and effective core potentials plus matching basis sets, LANL2DZdp,
the Stuttgart effective core potential (ECP)" with the recommended
basis sets, and the aug-cc-pVQZ (SDB ECP for Br and I) basis sets as
recommended and adapted by Martin.'! The following sections discuss
only those levels deemed reliable.

Jaguar 4.2 was used for geometry optimization."” For single-point ener-
gies at higher basis sets, Jaguar 4.2 was used in all the calculations that in-
cluded LACVP family!"¥ of basis sets. For the other basis sets, the ener-
gies were calculated with Gaussian 98. Frequency calculations were done
with Gaussian 98, which has a more accurate frequency calculation rou-
tine. All stable geometries were confirmed by having only real frequen-
cies. Solvent calculation, including geometry optimization, was carried
out with JAGUAR!"™' by using the parameters of the solvent THF (mo-
lecular weight=72.1, dielectric constant=7.52, density=0.886), which
was employed in the experiment.”) An alternative modeling of the spe-
cies in a solvent was done by embedding the tricoordinate complex in a
cluster of six THF molecules, while surrounding the cluster with a contin-
uum that had the THF parameters. NMR calculations were carried out in
Gaussian 98 with the DFT/GIAO method at the B3LYP/LACV3P##++
level." All the charges were calculated by use of the Mullikan charge
analysis.
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Table 1. Basis sets and ligands studied for 1z and 2, (n=3-6).1

R, X Basis set for all atoms Basis set for Pdl®d Basis set for X!
LACVP LACVP** LACVP#** DZvVP LANL2DZdp 6 Stuttgart aug-cc- SDB-aug-cc-
series’®! (aug) (DFT orbital) ECPH 311G*  RLCECPY  pvQz pvQzH
H, Cl 1 1 1
Me, Cl 1 1
V, Cl 1
Ph, CI 1 1, 2456 1 1 1 1 1 1
Ph, Br 1 1 1 1 1 1 1 1
Ph, I 1 1 1 1 1 1 1
Ph, AcO 1, 2,5
Ph, TFA~ 1

[a] The identity of the species studied by a given basis set, is indicated in entries as 1 or 2,. [b] Defined as follows: LACVP, LACVP*, LACVP**,
LACVP*, LACVP++ LACVP#**, LACVP*** LACVP*** LACVP**** ECP for Pd, Br, L. [c] ECP basis set. [d] LACVP** for all other atoms,
except for Br and I, for which LANL2DZdp was used. [e] LACVP** for all other atoms.

Results

Choice of the model for 1—comparison of the 1p, ¢, Lye.cis
1,0 and 1y complexes: Frequency calculations of the opti-
mized structures of the four complexes revealed that with
the exception of lyeq, which possessed an imaginary fre-
quency, all the others were stable minima. The imaginary
frequency of ly,c, corresponded to the out-of-plane bend-
ing of the chloride, and upon a tighter LACVP* optimiza-
tion the methyl complex dissociated to the dicoordinate
neutral [Pd(PMe;),] complex, with Cl~ attached to it by “hy-
drogen bonds” to the C—H bonds of the methyl groups. The
general shapes of the LACVP* optimized structures of all
the stable species are depicted in Figure 1. Consequently
PMe; appears to be not only a poor but also a wrong model
for PPh;.

Consideration of the Pd—Cl dissociation energies (D), at
the LACVP**/LACVP* level, shows that 1y has smaller
values than those calculated for the experimental model
system, 1p, ey (Dpe-c1=8.06 vs 12.02 kcalmol ™). As such, PH;
is not a perfect model for PPh;. Thus, 1y, is a poor model,
while 1y an unsatisfactory one (but cheap for theoretical
calculations) for the experimental system 1p, . By contrast
to these complexes, the one with the vinyl groups, 1y, was

Lo 1., Dist,, =2.628 A

found to possess bond dissociation energies on a par
with the experimental species 1ppo (Dpg-c-=11.39 vs
12.02 kcalmol ). Moreover, inspection of the geometric de-
tails in Figure 1 (see also Table 3 later) shows that 1y and
1pp,c have similar Pd—Cl bond lengths. An interesting struc-
tural feature that is common to the two complexes are the
two hydrogen atoms of the Ph or V substituents that point
towards the chloride ion and may clamp it by electrostatic
attraction, thereby stabilizing the Pd—Cl~ bond.

In conclusion, therefore, the stability of the complexes of
the type 1y exhibits a strong dependence on R, the sub-
stituent of the phosphine ligand; methyl and hydrogen
result in unstable or weakly bound complexes, whereas vinyl
and phenyl give stable complexes with more robust bonding
energies. More on the origins of this substituent effect is ela-
borated in the discussion of the Pd—Cl~ bonding.

Comparison of 1,,x (X=CI, Br, I, AcO, TFA): The general
structural features of these complexes are depicted in
Figure 2, at the BALYP/LACVP* level, while Tables 2 and 3
provide bond-energy data. The bond energies determined
by use of single-point LACVP** calculations gave, initially,
an irregular trend in the Pd—X"~ bond dissociation, with a
peak for the Pd—Br~ bond. Since this basis set lacks, in fact,

Figure 1. Optimized Structures of 1 ¢;. Pd—P and Pd—Cl dissociation. Pd—Cl bond lengths (Distp,_¢;) are indicated. The processes used to study the disso-
ciation energies are shown on the right hand side (disociated fragments were calculated at infinite distance).
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1, , Dist, =2.792 A

FhHr Fil-X

1,,1e, Dist,, ,=2.400 A

1,,, Dist, ,=2.944 A

Figure 2. Optimized geometries of 1p,x. The Pd—X bond lengths are indi-
cated as Distpy x.

Table 2. Dissociation energies [kcalmol™] of the Pd—X~ bonds for 1p,x
in different basis sets.!!

aug-cc-PVQZ (ECP) basis sets for Br™; and Stuttgart RLC
ECP, LACVP**, LANL2DZdp ECP, and SDB-aug-cc-
PVQZ (ECP) basis sets for I7. All these basis sets for the
halides contain polarizations and diffuse functions, which
are crucial at the dissociation limit at which the halide de-
parts as an anion. Inspection of Table 2 shows that the
Dypy - datum, obtained with LACVP**, is in accord with
the large basis set calculation. The same applies to Dpg_aco
and to any first-row anionic ligand. For the second-row
anions, a bigger basis set (SDB-aug-cc-PVQZ) is necessary.
A cheaper alternative is the LANL2DZdp ECP/basis set,
which includes polarization and diffuse functions on the
second-row anions. In conclusion, the results of the bigger
and the balanced basis sets in Tables2 and 3 establish a
consistent trend: Dpyc > Dpgaco- > Dpgpr > Dpg1-, and
Dpgr1ra- <Dpg-aco--

Unlike the bond dissociation energies that require diffuse
and polarization functions on the X ligand, the geometries
of the 1p,x complexes were found to be less sensitive to the
quality of the basis set beyond LACVP#*. Table 3 shows the
LACVP* optimized geometries, which exhibit a regular and
expected tendency in the Pd—X bond length (X=Cl, Br, I,
AcO, TFA). It grows as the atomic number of the ligand
atom increases, going from 2.369 A for the oxygen atom of
the acetate ion (dissociation energy 10.51 kcalmol™) to
2.944 A for the I" ion. Comparisons of the data for X=Cl"
versus X=AcO~ and X=TFA versus X=AcO" indicate
that as the X~ ion becomes a better electron donor, the Pd—
X~ bond gets stronger.

Are the complexes 1 ¢, (R=Ph, V) stable also in a solvent?
Since all the experiments were done in THF, it was deemed

LACVP** LANL2DZdp Stuttgart  aug-cc-pVQZ SDB-aug-
ECP RLC ECP cc-pvVQZ necessary to test its stability in a solvent. The parameters of
c 12.02 11.38 13.19 THF (see Computational Methods section) were used in the
Br 2246 9.19 7.98 10.18 9.93 continuum solvent model of JAGUAR to check the stabil-
1 15.60 7.89 7.04 7.45

[a] Geometry in LACVP*.

the polarization and diffuse functions for Br™ and 17, we
tried a variety of basis sets and ECPs in order to elucidate
the correct trend in the bond energy. Table 2 shows the con-
verged results by using Stuttgart RLC ECP, LACVP**, and
aug-cc-PVQZ basis sets for CI™; the Stuttgart RLC ECP,
LACVP** LANL2DZdp ECP, aug-cc-PVQZ, and SDB-

ity of Ipy and 1yg. Alternatively, in the case of the 1y
complex, we embedded the complex in a cluster of six THF
molecules and then optimized the structure in a dielectric
medium corresponding to continuum THF. The results, with
or without the discrete THF cluster were virtually identical;
this clearly shows that the species are real minima in a sol-
vent. The results are shown in Table 4. As might be expect-
ed, the two complexes exhibit some elongation of the Pd—Cl
distance with a concomitant increase of the anionic charge
on the chloride atom. The solvent could also decrease the

Table 3. Pd—X" bond dissociation energy, geometric parameters, and charges for the tricoordinate Pd” complexes 1py x.

Dpgx™! Distances [A] Angles [°] Charges!*!

[kcalmol '] Pd-X Pd-P1 Pd-P2 P-Pd-P X-Pd-P1 X-Pd-P2 X Pd (PR,),
1ya 8.06 2.563 2.288 2291 124.1 119.5 116.3 —0.61 —0.15 —0.24
Iva 11.39 2.628 2.307 2.306 130.4 114.8 114.8 —0.68 —0.24 —0.08
) O 12.02 2.632 2.321 2322 132.9 113.9 113.2 —0.66 -0.33 —0.01

(13.19)" (—0.69) (—0.29) (—0.02)
png: 9.930! 2792 2317 2.320 130.8 114.7 114.5 —0.71 —0.22 ~0.07
Tpny 7.450 2.944 2317 2322 136.5 113.8 109.3 —0.66 —0.26 —0.08
Ippaco 10.51 2.369 2.299 2312 1359 106.7 117.4 -0.73 -0.20 —0.07
Lpn1rA 4.82 2.400 2312 2.324 137.6 118.6 103.6 —0.79 -0.23 0.02

[a] LACVP**//LACVP* data, unless noted otherwise. [b] LACVP**(aug-cc-pVQZ)//LACVP* for Cl; SDB-aug-cc-pVQZ(LACVP**) for Br and 1. The
basis set on the non-halogen is LACVP** (see notation in the parentheses).
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Table 4. Optimized geometric parameters and charges of 1p, ¢ and 1y in the gas-phase and in THF (basis set LACVP*+//[LACVP#).

Distances [A] Angles [°] Charges
Pd—Cl Pd-P1 Pd—P2 P-Pd-P Cl-Pd-P1 Cl-Pd-P2 Cl Pd P-Ligand
Ipnc gas phase 2.632 2.321 2.322 132.9 113.9 1132 —0.66 —-0.33 —0.01
THF 2.790 2.336 2.351 140.2 112.9 106.8 —-0.87 -0.22 0.09
Iya gas phase 2.628 2.306 2.307 130.4 114.8 114.8 —0.68 —0.24 —0.08
THF 2.770 2.322 2.321 134.7 112.4 112.9 —0.86 -0.25 0.11
| gas phase 2.563 2.288 2.291 124.1 119.5 116.3 —0.61 —-0.15 —0.24
THF!! 2.718 2.304 2.321 122.9 1102 126.8 -0.82 —0.06 —0.12
(2.706) (2.306) (2.314) (129.8) (114.4) (115.8) (—0.75) (0.14) (—0.23)

[a] Datum in parenthesis corresponds to calculation with a cluster of THF embedded in a continuum THF.

Pd—Cl™ bond dissociation energy, but this effect is not so
straightforward to compute.

The effect of ring size of the bidentate ligand in the 2, com-
plexes: 1,4-Bis(diphenylphosphino)butane (dppb) is a classi-
cal bidentate ligand that has been used extensively to form
complexes with palladium.®! In this respect, one wonders
what is the effect of using a bidentate ligand versus two
PPh; ligands in 1p,x, and what role is played by the chain
length in the bidentate ligand. Figure 3 shows the optimized

147.3°

Figure 3. Optimized structures for Pd—dpph, Pd—dpppe, Pd—dppb and
Pd—dppp fragments with their P-Pd-P angle.

structures of the bidentate complexes, while the Table 5
gives the Pd—CI™ bond dissociation energies of these species

Table 5. Pd—X~ dissociation energies and P-Pd-P Angles for complexes
with bidentate phosphine ligands.

P-Pd-P angle; radians (degrees)!®! Dry_q
dicoordinate tricoordinate comp- [Dpg-aco)
complex lex with Cl [AcO] [kcal mol~1]t2!

Pd(PPh;),  1.00 (179.3) 0.73 (132.9) 12.02
[0.75 (135.6)]

Pd—dpph 0.89 (160.6) 0.75 (136.8) 11.29

Pd—dpppe  0.82 (147.3) 0.74 (132.4) 14.17
[0.75 (135.1)] [13.33]

Pd—dppb 0.74 (132.8) 0.62 (113.8) 1691

Pd—dppp 0.65 (117.5) [0.60 (108.3)] [18.76]

[a] Geometries with LACVP*, while energies with LACVP**. Results
for X=0Ac™ are in square brackets.
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vis-a-vis the 1py, ¢ complex (or Pd-AcO™ against 1py ac0). It is
seen that the dppb ligand in 24 increases the bond dissocia-
tion energy by more than 40 % relative to the 1p, ¢ complex.
However as the chain of the bidentate ligand lengthens, the
bond energy converges virtually to the value for the 1py, ¢
complex.

Table 5 lists the P-Pd-P angles in the di- and tricoordinate
complexes, as well as the corresponding Pd-X~ (X=Cl,
AcO) bond energies. Figure 4 shows a plot of the Pd—CI~

19 dlr_:lpp (n=3)

dppb (n=4) 02, 02,0
[ ]

dpppe (n=5)

14 L4

13 o

Lpnci
12 dpph (n=6) @

11+ o Lpnaco

Diss. Energy / kcal mol~!

06 065 07 075 08 08 09 095 1 1.05
Angle L-Pd-L in the Fragment / rad

Figure 4. Pd—Cl (heavy circles) and Pd—OAc (squares) bond dissociation
energies versus P-Pd-P angles in the dicoordinated complexes.

and Pd—AcO™ dissociation energies versus the P-Pd-P angle
(expressed in radians) of the [PdL,] 2, complexes. The bond
energies are seen to correlate with the angles, the smaller
the angle the larger the bond energy. The bond energy in-
creases as the angle in the dicoordinate complex decreases.
Since the angle in the {Pd(Ph;P),} dissociation fragment of
1pyq is virtually linear (1 rad in Table 5), the behavior of the
bidentate complex must be rooted in the inability of the dis-
sociated fragment to relax its P-Pd-P angle. The same is true
for the two data points for the acetate complexes (squares
in Figure 4). This will be further addressed in the Discussion
section.

Some spectral features of 1p,¢ and 2,: The calculations
show that the harmonic IR frequency of the Pd—Cl™ bond in
the experimental system 1p, ¢ and its best model 1y are
171-173 cm™'. A similar value of 173 was found for the Pd—
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Table 6. *'P NMR chemical shifts.?!

Molecule o [ppm] Molecule o [ppm]
Tena 46.3 Iva 60.1
1o 235 1y 373

[a] DFT-GIAO//B3LYP/LACV3P**+* ¢ (H;PO,)=241.7 ppm is used as
reference (calculated in the same basis set). 0 =0(1gx)—0o(H;PO,). An
averaged chemical shift for the two >'P values that derive from the slight-
ly different environment of the two phosphorus ligands in the calcula-
tions. Experimental values are given in reference [19].

AcO™~ bond. Table 6 shows NMR *'P chemical shift values
calculated for 1pyc), 1pp, 1y, and 1y

The difference between the chemical shifts for the tri- and
dicoordinate complexes is larger than the experimentally ob-
served difference. This indicates that the complexes in solu-
tion have longer Pd—CI bonds and wider P-Pd-P angles com-
pared with the gas-phase situation. As such, theory shows
that *'P NMR chemical shift can be diagnostic of the uptake
of an anion by the dicoordinate Pd° complex.['”]

Discussion

Our calculations show that the anionic tricoordinate Pd’
complexes, postulated previously® 'l based on kinetic and
NMR studies, are indeed genuine minima with finite bond
energies between the palladium and the anionic additive.
The geometric and spectral features derived here may be
helpful for future experimental characterization of these
species. What we would like to do in this section is to pro-
pose a bonding model that accounts in a coherent manner
for the findings of this study. Figure 5 shows the Kohn-
Sham orbitals for 1p,¢. It is seen that these orbitals consti-
tute a complete set of bonding and antibonding orbitals with
respect to the Pd—Cl linkage, and since the orbitals are all
filled, the origins of the Pd—Cl bonding is not apparent.
However, a closer look into the wave functions of these or-
bitals reveals a significant participation of the 5p orbitals of
palladium in bonding; this might provide a reason for the
finite Pd—CI~ bond energy.

To understand the origins of Pd—X~ bonding, we use a
fragment MO interaction diagram, in the style of the Hoff-
mann school.?*?" We dissect the 1py,¢ complex into the two
fragments, Pd(PPh;), and Cl~, and by mixing the fragment
orbitals we seek a bonding mechanism. This interaction dia-
gram is shown in Figure 6. Figure 6a shows a Walsh dia-
gram® for the valence-shell MOs of a [PdL,] d'° complex in
two geometries, one bent and one linear. It is seen that the
bent complex has four low-lying occupied d orbitals (1la,,
1b,, a,, and 2a, in C,, notation) and one filled orbital of b,
symmetry that is higher lying due to the antibonding inter-
action with the ligand orbitals. As the P-Pd-P angle opens
up, the antibonding interaction is turned off and the b, orbi-
tal joins the other low-lying d orbitals (symmetry labels with
respect to D, are 0,7, m,, 8,). Thus, the d'” PdL, fragment
prefers a linear structure. However, to bind an additional
ligand, the fragment has to bend. One of the reasons being

Chem. Eur. J. 2004, 10, 3072 —3080 www.chemeurj.org
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la* ; Ib,*
E=-0.061 (155)

2a,
E=-0.078 (153)

E==0.077 (154)

,
E=-0.107 (152)

E=-1.108 (151)

1a, 1b,
E=-0.139 (149) E==0.111 (150)

Figure 5. A few highest occupied orbitals of 1p, ¢, and their bonding fea-
tures. We show also symmetry labels in C,,, in keeping with the labels ap-
pearing in Figure 6b.

the 3a, orbital, which becomes weakly bonding in the bent
structure and, hence, is lowered in energy. This will enable
the bent structure to mix strongly with another fragment
that has an occupied orbital of the same symmetry, for ex-
ample, CI".

Figure 6b shows the interaction diagram for the bent PdL,
fragment with the filled 3p orbitals of CI". In the C,, group,
the 3p(Cl") orbitals transform as a;, b,, and b; symmetries,
and will therefore have a symmetry match with the filled d
orbitals of the PdL, fragment. Were they by themselves,
these orbital interactions would have lead to a net antibond-
ing character of the Pd—Cl~ bond. However, here the vacant
Sp orbitals of Pd come to the rescue, and by mixing with the
antibonding combinations (1a,*, 1b;*, and 1b,*) from above
they cause the last-mentioned orbitals to lower their energy.
In the event that this 5p mixing is sufficiently strong, then
there will be a net bonding interaction of the two fragments,
and the Pd—CI~ bond will have finite dissociation energy.
The imprints of these mixings are seen in the total charge
on the ClI” and other anionic fragments in Table 3; the
charge is significantly smaller than unity, indicating a signifi-
cant charge transfer from the anionic ligand towards the
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Figure 6. a) A Walsh diagram for PdL,. b) An MO interaction diagram for PdL,Cl™. The frontier orbitals of the tricoordinate complex are generated

from mixing of those of PdL, and CI".

PdL, fragment. The stabilization energy (SE) due to this
secondary mixing of the vacant 5p-type orbitals of Pd into
antibonding combinations (la;*, 1b;*, and 1b,*) follows
from perturbation theory and is given in Equation (1):

SE (Sp-¢™) = (Sp|H|6™)/[esx—esp] = B3,/ Ae

* * * * (1)
¢” =1a;, 1bJ, and 1b;

Here, the first term is the matrix element between the in-
teracting orbitals and the second term is their energy gap.
The lower the 5p orbitals (3a,, 2b;, and 2b,) of Pd, the stron-
ger would their mixing be into the antibonding 1a,*, 1b;*,
and 1b,* combinations, and the more significant the charge
transfer would be. The simplest factor that affects the levels
of these Sp orbitals is the electronegativity of the ligands
(L) that are attached to Pd. The more electronegative these
ligands are, the lower the S5p orbitals and the stronger is the
mixing into the 1a,*, 1b,;*, and 1b,* combinations. Especially
important is the effect of electronegativity on the 5p(3a,) or-
bital on PdL,. This orbital is weakly bonding with respect to
the Pd—L linkages, and will be strongly affected by the elec-
ronegativity of L. Similarly, the 5p(2b,) orbital that is anti-
bonding with respect to the Pd—L linkages, will also be low-
ered as the ligands become more electronegative. Finally,
the 5p(2b,) orbital of PdL,, will be affected in a similar fash-
ion but to a lesser extent, since it is located only on Pd with-
out contribution from the ligand.
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Figure 6b and Equation (1) lead therefore to a few clear
conclusions:

1) The Pd—CI~ bond energy should increase as the other li-
gands on Pd become more electronegative.

2) For a variable anion additive, the Pd—X~ bond energy
will be modulated by the donor ability of the X ion,
such that in a series of anions from the same row, the
better donor will possess the largest bond energy.

3) Since the free PdL, relaxes by going to a linear structure,
any angular constraints that prevent this relaxation will
increase the Pd-X™ dissociation energy.

The computational data appear to be in accord with these
conclusions. Thus, the PMe; ligand is not an electron with-
drawing species, and hence the Pd—Cl™ bond energy is nega-
tive. The PH; ligand, which is slightly more electronegative,
has a positive, but small, bond energy. By contrast, PPh; and
PV, have sp? carbon atoms, which withdraw electrons from
the phosphorus ligand and make it more electronegative.
Hence, it was with these ligands that we observed a more
significant Pd—Cl~ bond energy. The acetate ligand is a
lesser electron donor than Cl~, and hence it participates less
in mixing with the empty orbitals of PdL,, and consequently
the Pd—AcO~ bond is slightly weaker than the Pd—CI™
bond. Similarly, the solvent stabilizes the Cl~ orbitals, lowers
them in energy, and hence weakens the interactions with the
empty orbitals of the Pd, leading to weakened Pd—Cl™ bond.
The larger halides, Br~ and 17, are better electron donors
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than CI™, but nevertheless the bonds to Pd are weaker. This
is a common trend that originates in the matrix element
factor [Eq. (1)] that gets smaller in the higher row atoms.
However, in solution the smaller the halide the greater is its
stabilization by the solvent, and, hence, the solvent will
apply a leveling effect and may even reverse the ordering,
making the Pd—I" bond the stronger in the series. Another
interesting comparison is between the Pd—AcO~ and Pd—
TFA™ bonds. Due to the high electronegativity of the fluo-
rine substituents of TFA™, the 7(O) orbitals of the oxygen
atom that are involved in the bonding with the vacant S5p or-
bitals on Pd are lowered relative to the situation in AcO™,
and the ¢*-5p mixing in Equation (1) decreases, and so does
the bonding energy. The result is a PA—TFA™ bond that is
half as strong as Pd—AcO". Finally, the smallest bidentate
ligand dppb investigated in Pd—Cl™ complexes cannot relax
its P-Pd-P angle upon dissociation, and hence the Pd—CI~
bond energy is quite large (17 kcalmol™! in Table 5). How-
ever, as the (CH,), chain of the bidentate ligand gets longer,
the PdL, fragment can increasingly relax its angle, and the
bond dissociation energy converges to a value slightly lower
than that of the complex 1p, . The reason for the slightly
lower value is that the bidentate ligands possess only two
phenyl substituents on each phosphorus center in compari-
son with 1p, ¢, and since methyl substituents weaken the
Pd—Cl™ bond energy, this bond is slightly weaker in the bi-
dentate complexes with the large rings, in which the frag-
ment can relax its P-Pd-P angle.

It is important to point out that the simple perturbational
model of orbital interactions does not take into account
other factors such as noncovalent interactions. As we point-
ed out in the Results section, in [Pd(PPh;),Cl]” and
[PA(PV;),Cl]~, the C—H bonds of the organic substituent on
the phosphorus atom are oriented towards the Cl™ ion.
Since the H atoms are slightly positively charged, the C-H
bonds clamp the anion by electrostatic interactions, which
contribute to the bond energy. Nevertheless, the simple orbi-
tal model works well and lends itself to making clear predic-
tions of trends in these complexes.

Conclusion

In this work we have investigated theoretically (DFT in
B3LYP/LACVP**//[LACVP#*, as most commonly used level)
the putative existence of tricoordinate palladium anionic
complexes that are postulated as starting points for catalytic
cycles by Amatore and Jutand.”® The variety of complexes
studied (1 and 2), include [Pd(PR;),X]™ species, whereby
R=H, Me, vinyl, and phenyl, and X=Cl, Br, I, AcO
and TFA, as well as  bidentate complexes,
[Pd{Ph,P(CH,),Ph,P)}X]~, whereby X=Cl, AcO and n=3-
6. The study shows that these complexes exist as distinct
minima in the gas phase as well as in THF. In addition, the
work provides geometric features and Pd—X~ dissociation
energies for all these complexes and some NMR and IR fre-
quency data, which show a clear distinction compared with
these features in the dicoordinate Pd” species.
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An orbital interaction model [Figure 6b, Eq. (1)] accounts
for the bonding mechanism and rationalizes the trends in
the stability of the Pd—X bond. The anionic ligands that
gave a better interaction with the empty Sp-type orbitals of
the palladium also gave a more significant dissociation
energy. Thus the tendency is Dpy - > Dpyg-pco- > Dpg-pr >
Dypy 1. As we noted, in solution there may be a leveling off
or even reversal of this trend.

The interaction diagram rationalizes also the effect of R,
the substituent on the phosphorus ligand. Phenyl and vinyl
apply an electron-withdrawing effect that lowers the anti-
bonding orbitals of Pd (Figure 6b) and thereby enhance the
interaction with the filled p orbitals of the anionic ligand.
By contrast, when R=Me, the substituent is electron releas-
ing and, hence, the antibonding orbitals of the Pd(Me;P),
moiety of the neutral ligand are too high to interact effi-
ciently with the orbitals of the anionic ligand, leading to a
dissociative [Pd(Me;P),X]~ complex. The case of R=H is
an intermediate one.

The bidentate ligands, Ph,P(CH,),Ph,P, with short linkers
between the phosphorus centers were shown to lead to the
largest Pd—X" dissociation energies. However, as the linker
gets gradually longer, the bond energy converges to values
slightly lower than that of the [Pd(Ph;P),X]  complexes.
The effect of the linker was demonstrated to be associated
with the capability or lack thereof of the neutral
Ph,P(CH,),Ph,P)Pd fragment to relax its geometry. Thus, di-
coordinate Pd’ complexes prefer a linear P-Pd-P structure
(Figure 6a), and this geometric relaxation lowers the energy
of the dicoordinate fragment complex. A short linker pre-
vents this relaxation and thereby raises the bond dissocia-
tion energy.

In summary: theory shows that the postulated anionic
active zero-valent palladium species in the Heck and cross-
coupling reactions are true minima, albeit the bond energies
between palladium and the anionic ligand are not very
strong. The calculated geometric features and spectral prop-
erties will be helpful for eventual characterization of these
complexes. A possible origin of their impact on the catalytic
cycle can be deduced already from Figure 6. This has to do
with the bent P-Pd-P angle that is promoted by the attach-
ment of the additive, and can be rationalized using the va-
lence bond diagrammatic model of chemical reactivity.?!
However, this will have to be proven yet by a complete cal-
culation of the catalytic cycle.
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Mechanism of Reppe’s Nickel-Catalyzed Ethyne Tetramerization to
Cyclooctatetraene: A DFT Study

Bernd F. Straub* and Caroline Gollub!!

Abstract: In this B3LYP model study,
homoleptic nickel(0) ethyne complexes
have been predicted as the catalyst
resting state for the title reaction.
Ethyne ligand coupling of Ni(C,H,),
yields monoethyne nickelacyclopenta-

unable to reductively eliminate ben-
zene without prior isomerization to a
cis-structure. Instead, it rapidly collap-
ses to a nickelacyclononatetraene.
Ethyne coordination induces reductive
elimination to the cyclooctatetraene

complex  Ni(n*-C,H,)(n-CeHg), fol-
lowed by facile ligand exchange. Other
ethyne coupling pathways have been
computed to be less favored. The cy-
clooctatetraene ligand binds signifi-
cantly weaker to nickel(0) than ethyne,

diene in the rate-determining step.
Ethyne coordination is followed by in-
sertion of an ethyne ligand into the
Ni—C o bond. A highly strained mono-
ethyne trans-nickelacycloheptatriene is
formed. This frans intermediate is

lations -
nickel

Introduction

Cyclooctatetraene (COT) is one of the most prominent
compounds for chemists, both due to its historical role in ar-
omaticity concepts,'! and due to its fascinating organic®® and
organometallic chemistry.®) The Willstitter group described
the first cyclooctatetraene synthesis in 1911. They prepared
COT in seven steps from pseudopelletierine.!! In 1948, the
Reppe group at BASF reported the synthesis of COT in a
one-step procedure from easily available ethyne with a
Ni(CN),/CaC, precatalyst in THF at 30-60°C (Scheme 1).!
This unsurpassed approach for eight-membered carbocycles
nearly led to the rise of COT into the league of mass chemi-
cals. However, ethene based on naphtha cracking substitut-

Ni(CN), CaC,
THF

Scheme 1. Reppe’s cyclooctatetraene synthesis.
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both for mononuclear, and for dinu-
clear species. For this reason, C—C
bond formation steps at Ni,(p-cot)
fragments have been predicted to fea-
ture prohibitively high overall reaction
barriers.

cC

ed the expensive ethyne in the 1960’s and 70’s as the most
important industrial C, building block.

The mechanism of Reppe’s COT synthesis has puzzled or-
ganic and organometallic chemists for more than half a cen-
tury. Schrauzer postulated pseudo-octahedral nickel(11) com-
plexes with four ethyne ligands as central intermediates that
undergo either concerted or stepwise ethyne C—C cou-
pling.!) Colborn and Vollhardt investigated the mechanism
of COT synthesis by an elegant C labeling study, which
shows that the dicarbon fragment of ethyne remains intact
in the product.” Insertion of ethyne into benzene or cyclo-
butadiene complexes and carbyne complex intermediates
can thus be ruled out. Wilke reported the high activity and
selectivity of Ni,(cot),, underlining the role of nickel(0)
complexes as active species.!! He proposed a dinuclear
Ni,(cot) active catalyst fragment (Scheme 2), inspired by the
reversible C—C bond formation and fission of the cycloocta-
tetraene ligand in (CpCr),(CsHg).!”

e
ap = D

Scheme 2. Wilke’s proposed COT formation mechanism.

\\
N

Homogeneous Ni” catalysis in the ethyne coupling process
was further substantiated by the characterization of nickela-
cyclopentadiene complexes!'” such as A.'%" Coupling of
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three (CF;)C=C(CF;) at a nickel(0) precursor even yielded
a nickelacycloheptatriene (B) with trans alkenyl ligands at
nickel [acyic=157.1(6)°].M!

However, a complete catalytic cycle has remained elusive.
Here, we report on a quantum-chemical gas-phase model
study, and we put forward a low-barrier mechanism for the
nickel-catalyzed ethyne tetramerization to COT.?

Computational Methods

All model structures were geometry optimized at the B3LYP level of
theory!™ with the SDD ECP and basis set on Ni,' and the 6-31G(d)
basis set on C and H'™! with the Gaussian 98 program package.'! Sta-
tionary points were characterized as equilibrium structures (NIMAG =0)
or transition states (NIMAG=1). Single-point energy calculations were
performed with the 6-311+ G(2d,p) basis set on C and H. For Gibbs free
energies discussed in this study, the single-point energies were combined
with the Gibbs correction data for 298.15 K and 1 atm obtained from the
frequency analyses. We have not discussed weak dipole or multipole ag-
gregates of nickel complexes and ligands, nor have we searched for
ligand exchange transition states, which result from the existence of such
aggregates. We consider such structures as artifacts of the missing solva-
tion in our model study and they should be meaningless for the real cat-
alysis in for example, tetrahydrofurane (THF) solvent.

Preliminary scans and geometry preoptimizations were performed with
the fast Jaguar 4.1 and 4.2 quantum chemistry program package!'”! at the
B3LYP/LACVP* level of theory."™*!' Due to some geometry optimiza-
tion convergence problems, particularly for dinuclear nickel complexes,

Abstract in German: In dieser B3 LYP-Studie werden homo-
leptische Nickel(0)-Ethinkomplexe als Katalysatorruhezu-
stand von Reppes Cyclooctatetraensynthese vorhergesagt.
Kupplung zweier Ethinliganden in Ni(C,H,); ergibt Monoe-
thin-Nickelacyclopentadien im geschwindigkeitsbestimmen-
den Schritt. Der Koordination von Ethin folgt die Insertion
eines Ethinliganden in die Ni—C o-Bindung. Ein hoch ges-
panntes Monoethin-trans-Nickelacycloheptatrien wird gebil-
det. Dieses trans-Intermediat ist nicht in der Lage, Benzol
reduktiv zu eliminieren, ohne vorher in eine cis-Struktur zu
isomerisieren. Stattdessen kollabiert es schnell zu Nickelacy-
clononatetraen. Koordination von Ethin induziert eine bar-
rierefreie reduktive Eliminierung zum Cyclooctatetraen
Komplex Ni(n*C,H,)(n*-CsHy), gefolgt von einem einfach
verlaufenden Ligandenaustausch. Andere Ethinkupplungsp-
fade wurden als weniger begiinstigt berechnet. Der COT-
Ligand bindet sowohl fiir mononukleare als auch fiir dinu-
kleare Spezies deutlich schwicher an Nickel(0) als Ethin.
Aus diesem Grund werden fiir C—C-Bindungsbildungs-
schritte am Ni,(p-cot)-Fragment prohibitiv hohe freie Akti-
vierungsenthalpien vorhergesagt.
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and due to the need for a flexible nickel basis set, we here report only
the calculations performed by using the Gaussian 98 program.

The ball-and-stick model images were rendered by the ray-tracing pro-
gram POV-Ray (version 3.1).1""

By definition, overall free activation energy means the Gibbs energy dif-
ference between the catalyst resting state, and the transition state of the
rate-determining step. According to the Curtin-Hammett principle,”
rapid pre-equilibria (conformational or in this case ligand exchange equi-
libria with constant substrate and metal concentration) have no impact
on the reaction rate or selectivities.

Results and Discussion

First, we present a complete COT formation mechanism,
which we consider to be the most preferable catalytic path-
way. Then, we present other reasonable candidates for C—C
bond coupling pathways. These have higher computed
Gibbs free activation energies than the species in our pro-
posed mechanism and are thus unlikely for the real catalytic
cycle.

Proposed mechanism: We identified the model structure
Ni(C,H,), (1) (Figure 1) as the most stable Ni° species with
the accessible ligands ethyne and COT. Gibbs free energies
of all other model complexes in this study will be given rela-
tive to the Gibbs free energy of structure 1. Addition of
ethyne to complex 1 via transition state 2 yields Ni(C,H,);
(3).2Y1 The origin of the intrinsic barrier in the ethyne coor-
dination is the rehybridization in the D,;symmetric complex
1 with its orthogonal ethyne ligands to the D;-symmetric
structure 3. The electronic structures of model complexes 1
and 3 have already been reported.’>%! Within the accuracy
of the used methodology, and considering its gas-phase re-
striction, either complex 1 or complex 3 can be the resting
state of the catalyst. Both entropic and enthalpic contribu-
tions influence the relative stability of the nickel species in
solution. For association reactions, Cooper and Ziegler esti-
mated a solvation contribution to the activation entropy of
about 50% of the gas-phase value.*”! In a recent DFT study
on the nickel-catalyzed butadiene and ethene co-oligomeri-
zation, Tobisch deduced a decrease in entropical costs by
6.0 kcalmol ! (25.1 kJmol ') for butadiene association at a
nickel center in solution relative to the gas phase.” Thus,
entropic considerations are in favor of a tris(ethyne)nickel
resting state, while enthalpic estimations would have to take
the hydrogen bonds of ethyne in THF into account. To the
best of our knowledge, neither one of the homoleptic nickel
ethyne complexes 1 or 3 have ever been experimentally
characterized or even isolated, which leaves the question of
their relative stabilities unanswered.

Structure 3 acts as the starting complex for a stepwise
ethyne coupling sequence. A partial C—C bond formation in
transition structure 4 results in high-energy intermediate 5.
The energy surface in this area is very shallow. Nevertheless,
on the total electronic energy hypersurface, intermediate 5
is clearly characterized as a local minimum. The C—C dis-
tance between the two ethyne fragments amounts to
1.623 A, which is clearly more than that for a typical
C(sp?) —C(sp?) bond. The ancillary ethyne ligand is in plane

www.chemeurj.org Chem. Eur. J. 2004, 10, 3081 —3090



www.chemeurj.org



Reppe’s Ethyne Tetramerization

3081 -3090

AG(298.15 K, 1 atm)
Energies in kJ mol”'

44.5

0.0 : o
Z 12,0

T 5 )
lbnz Ny escam, (81 408 ]

e
1 = =
+4CH y \H*N? N ]
22 + 3 C,H, <L
7 ==
8 =
+3CyH; +2CH, ‘H ’NQ

10

B3LYP/SDD(Ni),6-311+G(2d,p)//
B3LYP/SDD(Ni),6-31G(d)

Figure 1. Proposed lowest-barrier pathway with four C—C bond-coupling steps at a nickel center. Dotted lines
(between 7 and 8, 12 and 13) indicate a ligand association or a rearrangement with no intrinsic barrier.

with the residual NiC, fragment, which reflects the overall
C,, symmetry of this electronically highly delocalized com-
plex. The rate-determining step 6 completes the C—C bond
forming process; this involves rotation of the ethyne specta-
tor ligand. The ancillary ethyne ligand in structures 3 to 5
withdraws electron density from the same nickel d orbital
that donates its electron occupation to the two coupling
ethyne ligands in the overall formal oxidative addition step.
By rotation of the ethyne ancillary ligand in transition state
6, the competing electronic pull of the ancillary ligand and
the ethyne coupling is lifted; this leads to structure 7. The
d®ML,; character of this ethyne nickelacyclopentadiene
complex 7 is the origin of the T-shape coordination geome-
try of the nickel(i) center.*")

Without an intrinsic barrier, ethyne coordination produces
cyclo-NiCH,(C,H,), (8). This d*-ML,-type complex features
an unusual pseudotetrahedral nickel(i1) environment. Due
to the high m-acidity and low o-donation capability of the
ethyne ligands, the pseudo-square-planar coordination ge-
ometry of the phosphane and imine analogues such as A is
unstable for structure 8.

With amine and phosphane ligands, several nickelacyclo-
pentadienes (nickeloles) have been characterized and isola-
ted.""¢" Dye to their intrinsic stability and the labeling re-
sults of Colborn and Vollhardt,”! a possible role of cyclobu-
tadiene complexes was not further investigated.

The insertion process of one of the ethyne ligands in 8 via
transition state 9 leads to the nickelacycloheptatriene deriv-
ative 10. Therein, the two alkenyl fragments are in a strain-
ed trans position at the nickel center (acnic=140.7°). The
deviation from the ideal 180° angle originates from the
small number of only seven ring atoms. Due to the ring
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strain, complex 10 represents a
labile species with a negligible
rearrangement barrier of
6.6 kJmol™ for the insertion of
the residual ethyne ligand into
a Ni—C o-bond via transition
state 11. Though structure 10
appears to have a free coordi-
nation site, the intramolecular
_— rearrangement via transition
+2CH, state 11 will be orders of magni-
tude faster than any entropy- or

1" diffusion-controlled intermolec-
ular ligand association or cyclo-

addition reaction. Reppe et al.

have already discussed the rear-

rangement product, cis-nickela-

; cyclononatetraene (12), as a
possible catalytic intermedi-
ate.’! Due to the intramolecular
1’-coordination of the m-system,
nickel(11) complex 12 is a 14 va-
lence electron d®-ML; structure.

The last coupling step in the
C—C bond formation cascade
occurs after ethyne coordina-
tion at the unsaturated nickela-
cyclononatetraene 12. A cyclooctatetraene ligand reductive-
ly eliminates without an intrinsic barrier, and forms Ni(n’-
cot)(C,H,) (13). The coordination of nickel to the Cg
m-system prevents high-energy transition structures with only
12 valence electrons.”” Overall, the stepwise ethyne cou-
pling and insertion steps can be classified as a “zipper mech-
anism”.”! Ball-and-stick models of structures 1 to 13, includ-
ing Ni—C and C—C bond lengths are displayed in Figure 2.

Coordination of a second ethyne ligand to structure 13
proceeds easily, producing Ni(n?-cot)(C,H,), (14) (Figure 3).
Dissociation of the final product COT via transition state 15
regenerates resting state 1, thereby closing the catalytic
cycle.

From complex 13, a reversible low-barrier intramolecular
rearrangement pathway via transition state 16 leads to the
more stable isomer Ni(n*m?-cot)(C,H,) (17) (Figure 4). The
latter, however, is by far less stable than the catalyst resting
state plus COT. Thus, it can only be formed in an unproduc-
tive equilibrium in minor amounts.

-235.8

'
wnn

13 +C,H,

| 454.0

Nickelacycloheptatriene isomers: The trans coordination
pattern of the formally T-shaped® seven-membered metal-
lacycle 10 is the determining factor for product selectivity of
the catalytic cycle. Only from a cis-complex, highly stable
benzene can be reductively eliminated. If instead of ethyne
another ligand such as a phosphane or pyridine was attached
to the trans-nickelacycloheptatriene fragment, no further
ethyne insertion would be possible. Instead, an isomeriza-
tion to a more stable, less strained cis-complex such as 18
could take place (Figure 5). The cis nature of the vinylic li-
gands at the nickel center is characterized by a C-Ni-C
angle of 93.6°. However, the rearrangement of structure 10
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1.992 1.248

1.264

1211

Figure 2. Ball-and-stick models of structures 1 to 13. Nickel atoms are represented by large
grey balls, carbon atoms by dark balls, and hydrogen atoms by small, bright balls. The sticks
only symbolize connectivities. Interatomic distances are displayed in Angstrom.
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Figure 3. Final COT/ethyne ligand exchange.
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Figure 4. Isomeric Ni(cot)(C,H,) complexes.
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Figure 5. Structures and energies of isomeric nickelacycloheptatriene
ethyne complexes.

(C,) to isomer 18 (C,,) is symmetry-forbidden, therefore our
attempts to find a transition state failed. Preliminary scans
indicate a high interconversion
barrier with ethyne ligand dis-
sociation.
Isomer 19 possesses the same
structural backbone as com-
pound B (vide supra). Howev-

er, it is even less stable than the 1978 4802 1362

catalytic intermediate 10. Due 1.248
to the coordination of the cen-
tral E double bond to the
nickel atom in complex 19, the
C-Ni-C angle of 154.8° is closer
to the ideal 180° trans angle
than the C-Ni-C angle of metal-
lacycle 10 (Figure 6).

Increased benzene formation
is observed upon pyridine,

Chem. Eur. J. 2004, 10, 3081 —3090 www.chemeurj.org
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amine or PPh; addition to nickel(0) ethyne reaction mix-
tures.®*®7?! In contrast to the ethyne ligand, pyridine,
amines, and phosphanes are unable to insert into Ni—C
o-bonds. Thus, only a trans/cis rearrangement can lead to a
more stable complex if the trans-nickelacycloheptatriene
fragment is attached to a nitrogen or phosphorus donor
ligand. Subsequent reductive elimination of benzene from
the pyridine, amine or phosphane analogue of complex 18
gives a rationale for the higher benzene yield (Scheme 3).

L = ethyne / A\ .

— fast \NI\/ - ©
L-ND L = py, amine,

PSR LN ) — ©

phosphane
Scheme 3. Postulated insertion versus rearrangement pathways from
trans-nickelacycloheptatriene complexes.

slow

CpCo(CO),-catalyzed alkyne trimerization: Benzene deriva-
tives are the product in Vollhardt’s trimerization of alkynes
by CpCo' catalysts such as CpCo(CO), (C), or the Jonas re-

Co, Co —_— Co
o’ co [\

i
c D Q

agent CpCo(C,H,),.”" The different product selectivity of
Ni” and CpCo' catalysts can be rationalized based on their
electronic structure and ligation pattern. In a DFT study,
the Albright group concluded that the final benzene forma-
tion step for CpCo catalysts involves structure D.*Y Therein,
the Cp~ ligand facially binds to three coordination sites of
the d’-MLg-type complex, rendering a trans-cobaltacyclo-
heptatriene fragment impossible, and thus enforcing ben-
zene formation.

Dinuclear complexes: So far, we have proposed a complete
mechanism for nickel-catalyzed ethyne tetramerization.

1.428

Figure 6. Ball-and-stick models of the nickelacycloheptatriene ethyne complexes 18 and 19. Nickel atoms are
represented by large grey balls, carbon atoms by dark balls, and hydrogen atoms by small, bright balls. The
sticks only symbolize connectivities. Interatomic distances are displayed in Angstrom.
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Subsequently, we present alternative pathways composed of
dinuclear intermediates. The higher overall activation barri-
ers of these routes increase the credibility of the proposed
mononuclear COT formation mechanism (Figures 1 and 3).

Dinuclear nickel(0) p-ethyne complexes are d'*-d' spe-
cies. Derivatives of the structurally similar dicobalt(0) u-
ethyne complex E are key intermediates in the Pauson-
Khand reaction.”

Co(CO), Co(CO),

(OC)SCoﬁ\\\\ (OC);Co

However, these d’-d° complexes possess a classical Co—
Co o bond, while the Ni-Ni interaction would be considered
as an important or even predominant van der Waals part.’’]
Isoelectronic monovalent coinage metal dimers are known
to interact through induced dipoles (“aurophilic interac-
tions™).[*

Since the B3LYP functionals do not reproduce van der
Waals interactions,”™ the complexes 20, 21, and 26 might
well be somewhat more stable than computed. Pyykko et al.
estimated attractive Cu'-Cu' interaction energies of about
10—15 kImol™! for dinuclear copper(i) complexes.**! We
expect similar or weaker metal-metal interactions in dinu-
clear nickel(0) species. Thus, C—C coupling steps in (u-
ethyne)-bridged dinickel species appear to have somewhat
higher activation energies than the corresponding mononu-
clear pathway (Figures7 and 8). However, it cannot be
ruled out that a dinuclear pathway is favorable for a high
Ni’ concentration.

AG(298.15 K, 1 atm) . F o |F
Energies in kJ mol” ﬁm { ]|
NI UNi-
N i
H| Ni \\\ M ”I Ni \\\
22
< :
Ni-
i )
27.5 Ni
21.7 - 23 H|—NI \\\
- =
0.0 = i Pl 25
Ni
Ni i -23.2
2 [Nz [[mvacy =i 232
1 21
20 +C,H,

Figure 7. Ethyne coupling at dinuclear nickel complexes: (C,H,)Ni(u-
C,H,) as a spectator ligand.

COT is an alternative ligand for nickel. Thus, pathways in-
volving cyclooctatetraene complexes have to be considered
as alternative catalytic routes. However, ethyne coupling at
Ni(cot) fragments generally suffers from the inferior Ni—
COT bond strength relative to homoleptic nickel ethyne
complexes (Figure 9).

So far, we have presented a mechanism for four mononu-
clear ethyne coupling pathways (Figures 1, 7, 8 and 9, and

3086 ——
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Figure 8. Ethyne coupling at dinuclear nickel complexes: (C,H,),Ni(u-
C,H,) as a spectator ligand.
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Figure 9. Ethyne coupling at a Ni(cot) fragment.

Table 1). All four nickelacyclopentadiene formation sequen-
ces are formal oxidative addition reactions that proceed
stepwise with similar intrinsic barriers between 63 and
72 kJmol~!. The larger differences in the overall barriers are
determined by the bond strengths of the respective spectator
ligand.

Dinuclear C—C coupling mechanisms: The p-ethyne dinick-
el-mediated ethyne coupling displayed in Figure 5 has a bar-
rier only slightly higher than that of the mononuclear path-
way (Figure 1). The further domino-ethyne insertion mecha-
nism from the dinuclear complex 35 via structures 37 and
39, and transition states 36, 38, and 40 yields the dinickel cy-
clooctatetraene complexes 41 and 42. The latter are thermo-
dynamically unstable towards regeneration of the catalyst
resting state 1 (Figure 10). Mutual intermediates for the
final ligand exchange are the (u-n*:m’-cot) complexes 43 and
4.

This most favored dinuclear pathway (Figures5 and 8)
strongly resembles the mononuclear pathway (Figure 1).

Ethyne inserts more readily into Ni—C bonds than a
p-ethyne ligand. As a consequence, ethyne inserts into the
nickelacyclopentadiene Ni—C bond first (transition state 36).
Subsequently, the bridging ethyne ligand inserts into nickel-

www.chemeurj.org Chem. Eur. J. 2004, 10, 3081 —3090
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Table 1. C—C distances and free activation energies for ethyne coupling reactions in nickel(0) complexes, ob-
tained at the B3LYP/SDD(Ni),6-31G(d) level of theory.

[d(C-O)] [A]
L =/(complex)

W-GH,

(0*-C;H,)Ni
(’-CoHy)

(7-C,H,),Ni
(7" *-CHy)

n’-cot

/—CH
L—Ni—_CH

H
=C,
L—ni—= M
free rearrangement
activation energy [kJmol ']
overall free activation

energy [kJmol ']

2701 (3)

1.914 (4)

1.623 (5)

1.572 (6)

1.479 (7)
66.5

83.6

2.686 (21)

1.972 (22)

1.626 (23)

1.623 (24)

1.478 (25)
721

99.6

2.706 (26)

1.929 (27)

1.596 (28)

1.566 (29)

1.478 (30)
68.0

118.4

2.653 (15)

1.935 (31)

1.599 (32)

1.561 (33)

1.477 (34)
63.8
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Figure 10. Most favorable dinuclear COT formation pathway.

42 +2CH,

43 +2C,H,

-507.1

catalyst 1 (Figure 12). The
nickel centers in complex 49
are electronically saturated, and
attempts to locate an ethyne as-
sociation structure failed. The
excellent precatalyst property
of 49 might thus be attributed
to the release of active Ni’ spe-
cies over a prolonged period of
time, thus preventing very low
catalyst concentrations.

C—C-coupling of two ethyne
ligands across two nickel cen-
ters is highly disfavored, both
due to the high relative free
energy of complex 42, and to
the high free activation energy
via transition state 50 to the di-
nickelacyclohexa-1,3-diene de-
rivative 51.

The  Wilke mechanism:
Though we have not computed
all steps of Wilke’s proposed
mechanism  (Scheme 2), our
model calculation data is suffi-
cient to predict that a (p-cot)
bis(nickelacyclopentadiene) will
neither be formed at a Ni,(cot)
fragment nor be produced by
ligand exchange reactions.

COT is a weak ligand, lead-
ing to high-energy nickel cyclo-
octatetraene complexes, and
thus overall high-barrier ethyne
coupling steps. Based on our
model calculations, NiC, ring
systems can only be formed
with an ethyne spectator ligand.
The ethyne COT ligand ex-
change reactions of nickelacy-
clopentadienes 7 or 8 to com-
plex 52 are thermodynamically
disfavored by more than
25 kJmol™! (Figure 13). Due to
the facile ethyne insertion rear-
rangement in complex 8, a
ligand exchange equilibrium is

acycloheptatriene (transition state 38). An inverted order of
the insertion steps starting from complex 35 leads to a
higher free activation energy in the decisive first step (tran-
sition state 36 versus 46) (Figures 10 and 11).

We have not investigated the ethyne insertion cascade
originating from dinickel complex 45. The electronic influ-
ence of the additional ethyne ligand at the “spectator
nickel®“ is presumably negligible, while the energetic influ-
ence for the corresponding intermediates appears to be a
constant energetic increase by about 15 kI mol .

Ni,(cot),: In our study, Wilke’s highly effective precatalyst
Ni,(cot), (49) is predicted to be a high-energy precursor for

not competitive at this point. The sandwich complex 49 fea-
tures a relative energy almost as high as the ethyne insertion
transition state of the proposed mononuclear pathway.

Bis(nickelacyclopentadiene) complex 53 is no alternative
in further C,—C, coupling steps either. Despite the very ex-
ergonic C—C bond formation to complex 55, the high Gibbs
free energy of the transition state 54 is not competitive.

Nickel metal precipitation: Trinuclear nickel p-ethyne com-
plexes are potential intermediates in the precipitation of
nickel metal from catalytically active Ni’ species. The low
relative free energies and the small Ni—Ni distances in com-
Chem. Eur. J. 2004, 10, 30813090 — 3087
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Figure 11. Less favored ethyne insertion cascade for dinuclear complexes.
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Figure 12. Ethyne coupling across two nickel atoms.
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Figure 13. Comparison of mononuclear ethyne insertion and dinuclear
C,—C, coupling.

plexes 56, 57, and 58 (2.652 A, 2.669 A and 2.657 A/2.704 A,
Figure 14) indicate a facile aggregation route for nickel(0)
species towards nickel(0) clusters. Thus, the high relative
stability of polynuclear p-ethyne complexes could well be
the origin for irreversible catalyst deactivation by nickel
metal precipitation in Ni’ ethyne reaction mixtures. A deriv-
ative of complex 56 with bulky alkyne substituents has been

3088
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Figure 14. Relative free energies for trinuclear p-ethyne complexes.

structurally characterized (average Ni—Ni distance 2.56 A);
this underlines the potential role of such aggregates in
nickel ethyne reaction mixtures.”® Hyla—Kryspin and Koch
et al. have already characterized binuclear and trinuclear
p-bridged ethyne nickel(0) complexes quantum chemical-
Iy, 23]

The low overall free activation energy of less than
85 kImol™' computed in this study (Figure 1), and the ob-
served moderate reaction rates can be rationalized by low
concentrations of active nickel(0) species in the reaction
mixture; this is either due to slow Ni" precatalyst reduction
(original Reppe precatalysts) or due to decomposition of
active nickel(0) complexes by nickel metal precipitation.
Low nickel(0) concentrations would significantly hamper di-
nuclear pathways, which further supports the mechanistic
proposal of a catalytic cycle with mononuclear intermediates
(Figure 1 and Scheme 4). Since all nickel coordination sites

+CH, T rate-

||FNI // N'\ determining
CzH, \\\ /// ethyne ligand

/ catalyst coupling

resting state

\ =

~ I
_ Z

+CyH, | - CoHy © "Gl |+ Gty
%5:]
@ Ni—]| ethyne e
_ reductive insertion %
ellmlnatlon cascade

+CZH
&) Q

Scheme 4. Proposed catalytic “octagon® for ethyne tetramerization.

are mandatory for the catalytic cycle, suitable Ni’-stabilizing
ligands are p-ethyne metal complex fragments. However,
these metal fragments must be redox-inactive under the re-
action conditions, catalytically inactive due to only one ac-
cessible coordination site, and stable towards acetylide for-
mation. Then, the insertion of p-ethyne ligands into Ni—C
o-bonds can proceed with sufficiently low barriers, and the
cocatalyst can dissociate from the COT product; this is in
analogy to ethyne nickel fragments computed in this study.
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Solvent effects: In this study, we focused on the energetics
under gas-phase conditions. We are aware of the entropic
and enthalpic consequences of this gas-phase restriction.
Indeed, the solvent choice is an important parameter for the
reaction rate and yields.™® THF and even more so 1,4-diox-
anel®! are better solvents than hydrocarbons in the COT
synthesis. Hard oxygen donor atoms of ether solvents can
form strong hydrogen bonds to ethyne, and support high
ethyne concentrations in the reaction mixture. The prefer-
ence of high ethyne concentrations can be rationalized both
by higher equilibrium concentrations of tricoordinated
nickel(0) species, and by disfavored p-ethyne nickel aggre-
gate formation.

Conclusion

From DFT model calculations, we can predict the catalytic
COT formation cycle shown in Scheme 4. The catalyst rest-
ing state of nickel-catalyzed ethyne tetramerization is a ho-
moleptic ethyne nickel(0) complex, which undergoes a step-
wise ethyne ligand C—C coupling reaction. Ethyne coordina-
tion to the resulting nickelacyclopentadiene derivative is fol-
lowed by two rapid ethyne insertions into Ni—C o-bonds.
Then, the nickelacyclononatetraene intermediate coordi-
nates ethyne, and subsequently reductively eliminates COT
without a barrier. Finally, associative ligand exchange liber-
ates the COT product and regenerates the catalyst.
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How Does the Exchange of One Oxygen Atom with Sulfur Affect the
Catalytic Cycle of Carbonic Anhydrase?”

Stephan Schenk,'™ Jiirgen Kesselmeier,” and Ernst Anders*!*!

Dedicated to Professor Dr. Eckhard Dinjus on the occasion of his 60th birthday

Abstract: We have extended our inves-
tigations of the carbonic anhydrase
(CA) cycle with the model system
[(H;N);ZnOH]* and CO, by studying
further heterocumulenes and catalysts.
We investigated the hydration of COS,
an atmospheric trace gas. This reaction
plays an important role in the global
COS cycle since biological consump-
tion, that is, uptake by higher plants,
algae, lichens, and soil, represents the
dominant terrestrial sink for this gas.
In this context, CA has been identified
by a member of our group as the key
enzyme for the consumption of COS
by conversion into CO, and H,S. We
investigated the hydration mechanism
of COS by using density functional
theory to elucidate the details of the
catalytic cycle. Calculations were first
performed for the wuncatalyzed gas

phase reaction. The rate-determinig
step for direct reaction of COS with
H,O has an energy barrier of AG=
53.2 kcalmol™!. We then employed the
CA model system [(H;N);ZnOH]* (1)
and studied the effect on the catalytic
hydration mechanism of replacing an
oxygen atom with sulfur. When COS
enters the carbonic anhydrase cycle,
the sulfur atom is incorporated into the
catalyst to yield [(H;N);ZnSH]* (27)
and CO,. The activation energy of the
nucleophilic attack on COS, which is
the rate-determining step, is somewhat
higher (20.1 kcalmol™ in the gas

Keywords: carbon dioxide fixation -
carbonic anhydrase carbonyl
sulfide fixation - density functional
calculations - enzyme models

phase) than that previously reported
for CO,. The sulfur-containing model
27 is also capable of catalyzing the re-
action of CO, to produce thiocarbonic
acid. A larger barrier has to be over-
come for the reaction of 27 with CO,
compared to that for the reaction of 1
with CO,. At a well-defined stage of
this cycle, a different reaction path can
emerge: a water molecule helps to re-
generate the original catalyst 1 from
27, a process accompanied by the for-
mation of thiocarbonic acid. We finally
demonstrate that nature selected a sur-
prisingly elegant and efficient group of
reactants, the [L;ZnOH]*/CO,/H,0O
system, that helps to overcome any de-
activation of the ubiquitous enzyme
CA in nature.

Introduction

[a] Dipl.-Chem. S. Schenk, Prof. Dr. E. Anders
Institute of Organic Chemistry
and Macromolecular Chemistry
Friedrich Schiller University Jena
Humboldtstrasse 10, 07743 Jena (Germany)
Fax: (+49)3641-948212
E-mail: ernst.anders@uni-jena.de
[b] Prof. Dr. J. Kesselmeier
Max Planck Institute for Chemistry
Biogeochemistry Department, University Campus
P.O. Box 3060, 55128 Mainz (Germany)

Since submission of this article, a very interesting paper (A. Bottoni,
C. Z. Lanza, G. P. Miscione, D. Spinelli, J. Am. Chem. Soc. 2004, 126,
1542) on parts of the carbonic anhydrase cycle has appeared that sup-
ports our findings for CO,. The authors also investigated pocket ef-
fects with a larger model system than ours and we are happy to dis-
cover that the catalytic mechanism previously calculated by us is basi-
cally conserved in this larger model.

—

+
—
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Carbonic anhydrase (CA) is a ubiquitous zinc enzyme that
accelerates the reversible hydration of CO, by a factor of
107 as compared to the uncatalyzed reaction.!! This enzy-
matic process is very important for all living organisms for
the exchange of CO, with the atmosphere. In addition to its
vital importance in the CO, exchange process, CA plays a
very significant role in the global regulation of carbonyl sul-
fide (COS) in the atmosphere since it is the key enzyme for
the uptake and consumption of this important atmospheric
constituent.™ In this context, COS can clearly be regarded
as an important natural substrate for this enzyme.

Of the seven CA isoenzymes found so far,'¥ human car-
bonic anhydrase II is the most efficient, with a turnover of
10° s~ at pH 9 and 25°C.'¢! The equilibrium position of this
very fast (almost diffusion-controlled)"™ enzymatic reaction
is pH dependent. Hydration of CO, takes place at pH
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values above 7, whereas dehydration of bicarbonate pre-
dominates at a pH value of less than 7. The activation barri-
er for this enzymatic reaction is around 3 kcalmol ™, as de-
duced from the experimental rate constant.[! The overall ex-
perimental free energy change in the reaction is also mini-
mal, as can be inferred either from the difference between
the activation barriers for the forward and reverse reactions
(+3.1kcalmol ™)™ or from the equilibrium constant
(+4.1 kcalmol ™).

The active center of the enzyme contains a single Zn**
cation bound to three imidazole ligands originating from
histidine residues (His94, His96, and His119).1! An addition-
al histidine residue (His64) is ideally positioned in the vicini-
ty of the active site and probably functions as a proton relay
for hydrogen migration from a loosely bound carbonic acid
molecule to the external medium.”

Ever since the earliest proposal of a mechanism for CA in
1971,® a continuous stream of research designed to unravel
the details of the elusive and intricate mechanism of catalyt-
ic CO, hydration has been reported in the chemical litera-
ture. As well as the numerous experimental studies!" %%
that have been reported over the years, computer simula-
tions have been carried out that have contributed signifi-
cantly to our present knowledge of the reaction mechanism.
The entire spectrum of computational chemistry, from mo-
lecular dynamics'” to the application of semiempirical
methods,™! as well as ab initio"! and density functional
theory (DFT) calculations™ has been applied in these in-
vestigations. Further important contributions to a detailed
understanding of the catalytic activity of this enzyme have
been made by experimental investigations of suitable model
systems (biomimetic complexes).l47

We recently published a cumulative catalytic cycle!™® for
carbonic anhydrase (Scheme 1 and Scheme 2) that profits
from more than forty years of research. The cycle is based
on the simple biomimetic complex [(HsN);ZnOH]* (1),
which is the most thoroughly investigated CA model system

o
Q o' 0 o
c S
s wZn H I
Ho K H,N .
? Cco, Hg 0 |3_| N/ \NHa (e} ?
\ 3
H3N"}Zn\NH H;N ""/‘2n\NH 3 (ts) H3Nll“/‘zn\NH
H,N 3 H;N 3 H;N 3
1 2 4

Scheme 1. Catalytic reaction cycle for [(H;N); ZnOH]* (1), used as a
model of carbonic anhydrase. Part 1: formation of the Lindskog product
4 (adapted from Scheme 2 in reference [18]). ts=transition state.

to date. Our previous B3LYP/6-311+ G(d,p) calculations in-
cluded entropic and solvent corrections (isodensity surface
polarized continuum model™ with a dielectric constant (e=
37) between those for the gas phase and water). These cal-
culations revealed that, as CO, approaches the catalytic
center, an initial encounter complex 2 is formed in which a
lone pair of electrons on the zinc-bound hydroxide group in-
teracts with the carbon atom of CO,. A bicoordinate transi-
tion structure 3 leads to the formation of an initial bicarbon-
ate complex 4 (Lindskog intermediate) in which the original
Zn—OH bond has been broken (see Scheme 2). There is ex-
perimental evidence for the formation of this intermediate
by a cobalt-substituted CA mutant.”” This rate-limiting step
in the catalytic cycle has a calculated activation energy in
solution of +5.7 kcalmol ;*® the literature value is around
+3 kcalmol ™[ The Lindskog intermediate 4 then rear-
ranges through rotation about the C—O(Zn) bond (transi-
tion structure 5) to yield the more stable Lipscomb inter-
mediate 6 (see Scheme 2). A water molecule from the sur-
rounding medium approaches the zinc ion and the hydrated
complex 9a results. No barrier for this process could be
found at the B3LYP level of theory. Hydrogen transfer from
the water molecule to the carbonyl group considerably
weakens the Zn—O(carbonate) bond in the transition state

¥ H
| X
0
Hiq 0 )\ H 0" o
o o H-o 0o o~ ? Ho i
H. )\ )\ g 0—=zn
o)ko HN® /Zn\NHS o HN7" N\ O H,0 o (|3 H T SNH, H~g.---H©
| H;N ] H;N \ Hso_anNH3 NH, | O\
NP 5 (1) HN2 HIN-GEN HoO LW qoage) om0 "
H,N s H,N s T(ts) H,N s NH, 4 H,
4 6 9a H~o 11a
| H,0 J\
o H~o o 0
H,0 K0
7 ‘0—zn" s
0 ? H T “NH, H—o .A-H’O>_é
H O " —zn s — . 2 o
~0" o H | TNH, 10b (ts) HNZ S NH,
Hoteg Jok wo NH, NH,
: | H{ ~0— ‘-~NH3
H\O*o 0" N H,0 vy 9b 11b
| Ho | -NH NH
HN2N 'O_Tn;NHa
3N 4 H
HN NH, NH, 3 5b (ts)
4a 4b

Scheme 2. Catalytic reaction cycle for [(H;N); ZnOH]* (1), used as a model of carbonic anhydrase. Part 2: possible reactions of the Lindskog product 4

leading to formation of carbonic acid.
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10a and the loosely coordinated carbonic acid/zinc complex
11a is formed. Deprotonation of the carbonic acid most
likely occurs by a proton relay mechanism. The loosely
bound bicarbonate can then either dissociate from the
active site or undergo an ion-return process before dissociat-
ing. Reinvestigation of this catalytic reaction revealed some
new aspects of the process that are discussed below.

Variation of the biomimetic complex used to mimic the
active site of CA and re-evaluation of the catalytic cycle
(albeit at a slightly lower level of theory) demonstrated that
the proposed mechanism is valid for a wide range of biomi-
metic systems.’!! A quantitative structure-activity relation-
ship could even be derived from these computational results,
which allows us to estimate the relative reactivity of any
given biomimetic [L,ZnOH]* complex (L, ligand; n,
number of ligands) with CO, if the Zn—OH bond length is
known.?!)

To gain a better understanding of the natural system and
to develop novel synthetic methods, we began to study the
sulfur analogues of CO, (CS, and COS). Some initial results
for CS, have already been published. We recently predicted
that a four-center intermediate is involved in the reaction of
CS, with the biomimetic complex [(H;N);ZnOH]* (1) and
this hypothesis has been experimentally verified.??>%!
Model calculation of CS, fixation by 1 results in a much
more complicated potential energy surface than that calcu-
lated for CO, and 1 (more intermediates and reaction paths
are involved for CS,).”!

We have now extended our studies to consider the unsym-
metrical COS molecule. Carbonyl sulfide is the predominant
sulfur-containing gas in the troposphere, with a lifetime of
between 1-7 years and a remarkably constant atmospheric
concentration over the past few decades.” This gas contrib-
utes to the aerosol particles within the stratospheric aerosol
layer®™! as well as to heterogeneous atmospheric chemistry
and ozone destruction.’® Sinks and sources of COS have
been under investigation for decades but knowledge in this
field is still insufficient, as is strikingly visible in the inconsis-
tent estimates published for these sinks and sources.”! The
dominant sinks, that is, soil and vegetation, involve biologi-
cally mediated consumption based on the metabolic hydra-
tion of COS by the enzyme carbonic anhydrase. It is of
great interest that the carbonic anhydrase species has
evolved over time into a prime candidate for taking up and
consuming COS from the atmosphere. Investigations involv-
ing enzyme isolation, inhibition, and induction experiments
with different kinds of organisms have provided evidence
that CA, besides its role in CO, exchange, is the key
enzyme for the uptake and consumption of atmospheric
COS and catalyzes the splitting of COS into CO, and H,S.”!

Parallel to ongoing experimental work in our laboratory,
we have also studied the effect on the catalytic cycle when
the source of sulfur is the catalyst instead of the cumulene
(CO, fixation on [(H5N);ZnSH]™").

Chem. Eur. J. 2004, 10, 3091 —3105 www.chemeurj.org
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Results and Discussion

Reaction of CO, with [(H;N);ZnOH]": In a previous
paper,'® we focused on the most stable isomer of carbonic
acid. We therefore pursued the path leading to product com-
plex 11a (Scheme 2). We unintentionally omitted the “true”
Lipscomb product 6 and ts 7, which is formed during reor-
ientation of the hydrogen atom in the bicarbonate moiety to
form 8, the complex previously taken as the Lipscomb prod-
uct. Herein, we report these missing structures. We have
also reinvestigated the steps involved in addition of a water
molecule to the central zinc atom. The full pathway and the
structures involved are shown in Scheme 2 and Figure 1.
Table 1 shows energy values for the pathway. We used the
B3LYP/6-311+ G(d,p) level of theory for calculations, as in
our previous work.[!®!

Table 1. Relative Gibbs’ free energies and activation barriers for the gas-
phase reaction of 1 and CO,. Calculated at the B3LYP/6-311+ G(d,p)
level of theory.!

AG [kcalmol '] AG, [kealmol ']

1+CO, 0.0 -
2 2.6 -
3 (ts) 15.0 15.0
4 9.3 -
4a 7.4 -
4b 10.7 -
5 (ts) 12.2 2.9
5b (ts) 13.1 2.4
6 31 -
7 (ts) 13.5 10.4
8 1.7 -
9a 3.8 -
9b 24 -
10a (ts) 35 Ll
10b (ts) 2.6 0.2
11a 34 -
11b 3.4 -

[a] Some of the data in the table are taken from reference [18]. [b] AG,,
activation energy. [c] Due to the intrinsic error of the applied method no
significant barrier could be found.

The Lindskog product 4 is the direct result of nucleophilic
attack by the zinc-bound hydroxy group on CO,. It is gener-
ally assumed that 4 stabilizes itself either through a rotation
about the C—O bond (ts 5) or by a proton transfer (not
shown) yielding the more stable Lipscomb product 6. Our
calculations suggest that an alternative mechanism may
exist. Incorporation of an external water molecule is not
necessarily restricted to 6, but could instead occur at an ear-
lier stage of the reaction path.

Addition of a water molecule to the central zinc atom
of 4 yields 4b, which is only slightly destabilized
(+1.4 kcalmol™!) compared to 4. No energy barrier could
be found for this process. Alternatively, the water molecule
could add to the bicarbonate moiety to form 4a, which is
1.9 kcalmol ™! more stable than 4. Such a structure would
greatly facilitate proton transfer (Lipscomb mechanism)
from one oxygen atom to the other since formation of a
very unfavorable four-membered ring can be avoided.

Like 4, structure 4b can stabilize itself by rotation about
the C—O bond to yield 9b without the involvement of a
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1.754 1
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Figure 1. Structures of [(H;N);ZnOH]* (1) at selected stationary points along the reaction coordinate of the reaction with CO, (Scheme 2). Bond lengths
are given in A. The structures were calculated at the B3LYP/6-3114G(d,p) level of theory.

Lipscomb-like structure (6). The corresponding ts, 5b
(+13.1 kcalmol™), is very similar in energy to 5§
(+12.2 kcalmol ™). The error range of the applied B3LYP
method means that we cannot reliably decide which mecha-
nism is the preferred one.

As can be seen from Table 1, formation of 9b is preferred
over formation of 9a. Structure 9b can be formed directly
from 6 by a barrierless addition of a water molecule, while
formation of 9a from the same complex requires a rather
energy-consuming (AG,=10.4 kcalmol!) reorientation of
the hydrogen atom in the bicarbonate moiety through 7
(+13.5 kcalmol™!). As reported previously,'® the final hy-
drogen shift to yield a loosely bound molecule of carbonic
acid requires almost no activation energy.

The product complexes 11a and 11b are very similar both
in structure and energy and only differ in the orientation of
one OH group in the carbonic acid. Although a less stable

3094
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isomer of carbonic acid is present in 11b, we do not expect
this to be problematic since isomerization should occur
easily.

The energetically favored mechanism for formation of
carbonic acid involves stabilization of 4 through bond rota-
tion to yield 6, followed by subsequent addition of a water
molecule (9b) and a final proton transfer resulting in 11b.
An alternative mechanism in which the water molecule is
added first (4b), followed by stabilization through bond ro-
tation leading directly to 9b is possible within the error
margin of the applied B3LYP/6-311+ G(d,p) level of theory.
Regardless of the route to 9b, product complex 11b is
always the result of the pathway.

Uncatalyzed reaction of COS with H,O: Carbonyl sulfide in
the gas phase reacts with water to yield carbon dioxide and
hydrogen sulfide [Eq. (1)].

www.chemeurj.org Chem. Eur. J. 2004, 10, 3091 -3105
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COS + H,0 — CO, + H,S (1)

The reverse reaction, namely the nucleophilic attack of
carbon dioxide by hydrogen sulfide, has been studied
before.’””! We repeated these calculations at a higher level
of theory [CCSD(T)/aug-cc-pV(Q +d)Z//B3LYP/aug-cc-pV-
(Q+d)Z] and performed a more extensive search of the
energy hypersurface of this reaction (Scheme 3). We also
report the results obtained at the B3LYP/6-311+G(d,p)
level of theory to allow the reliability of this method to be
assessed (Table 2). However, for the sake of clarity, all ener-
gies reported throughout this section are those obtained at
the CCSD(T) level of theory, unless stated otherwise.

The unsymmetrical bonding pattern of COS means that
nucleophilic attack by water can yield two different products
depending on whether the C=O or the C=S bond is at-

Table 2. Relative Gibbs’ free energies and activation barriers for the gas-
phase conversion of COS + H,O into CO, + H,S.

AG AG, AG AG,
[kcalmol '] [kcalmol ']l [kcalmol '™ [kcalmol ]!

H,0 + COS 0.0 - 0.0 -

12a (ts) 532 53.2 53.4 53.4

R2a-w (ts) - - 432 432

12b (ts) 63.3 63.3 63.7 63.7

12b-w (ts) - - 47.4 47.4

13a 13.0 - 14.8 -

13b 22.7 - 24.9 -

14a (ts) 20.4 7.4 22.3 7.5

14c (ts) 22.6 9.6 24.8 10.0

15a 12.5 - 142 -

15¢ 18.0 - 20.3 -

16a (ts) 21.7 9.2 23.5 8.7

16¢ (ts) 214 3.4 23.5 32

17 16.1 - 18.2 -

18 (ts) 49.1 33.0 46.7 28.5

18-wl! (ts) - - 37.5 19.3

CO, + H,S -77 - -9.2 -

[a] Calculated at the CCSD(T)/aug-cc-pV(Q+d)Z/B3LYP/aug-cc-pV-
(Q+d)Z level of theory. [b] Calculated at the B3LYP/6-311+ G(d,p)//
B3LYP/6-311+G(d,p) level. [c] w, additional water molecule.

H\
O-H
,,C‘—‘O H\
S 0]
path bl 451 (ts) S=<O,H
H
13b o
COS + H,0 — s>=o
H HI
i Ho [ 4ans)
S , a(ts
path a s C\\o .
12a(ts) g o
H
13a S
=0
pathc| H~g
14c (ts)

Scheme 3. The uncatalyzed gas-phase reaction of COS with H,O.
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tacked. We did not succeed in locating an encounter com-
plex (EC) for the initial approach of the reactants because
of geometry convergence failure. Neither analytical recom-
putation of the gradients at each optimization step, nor var-
iation of the descent routine employed altered this situation
in the slightest. Our failure to find an EC is probably due to
the bad description of long-range interactions achieved by
most density functionals and thus must be regarded as an ar-
tifact of the applied method.

Nucleophilic attack by a water molecule on the C=S bond
(path a) leads through the transition structure 12a to inter-
mediate 13a and requires considerable activation energy
(453.2 kcalmol ™!, Table 2). This step is rate-determining for
path a. Attack on the C=O bond (path b) requires addition-
al energy to reach the transition structure 12b and to form
the product 13b (+10 kcalmol ! in each case compared to
path a) and is clearly the less favorable pathway. Therefore,
we did not investigate path b further. Addition to either of
the two double bonds is simultaneous with a hydrogen trans-
fer process and involves a four-membered cyclic transition
structure in which the hydrogen atom is transferred while
the & bond is broken.

We also investigated the effect of increasing the ring size
in this ts from four to six by including a second molecule of
water. We restricted all calculations involving an additional
water molecule to the B3LYP/6-311+ G(d,p) level of theory
because of the increased size of the structures involved. In
the presence of a second water molecule, the barrier for
path a is decreased by 10 kcalmol ™' to 43.2 kcalmol . The
barrier for path b is reduced even more, but with an activa-
tion energy of 47.4 kcalmol * this process remains unfavora-
ble. Correction of these values for estimated tunneling ef-
fects could result in even lower activation energies.”®! How-
ever, such calculations are very expensive and were beyond
the scope of this study.

An additional reaction coordinate is opened up upon for-
mation of 13a since this complex can undergo rotation
about either the C—S bond (continuation of path a) or the
C—0 bond (path c). Differentiation between paths a and c is

H\
o .0-> -
=0 H. ™0
H S o) T
H/
__H M)=o_H _ CO, + H,S
16a (ts) S 18 (ts)
\
H
15a 17
H—O
=0
s
H-O, H
=0
H~g 16¢ (ts)

15¢
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not as easy as between a and b since path a is only
slightly preferred over path c, both kinetically (dAG,=
2.2 kcalmol™; CCSD(T) level) and thermodynamically
(8AG =5.5 kcalmol'; CCSD(T) level). In contrast to car-
bonic acid in the CO, pathway,® the cis,cis-isomer 15¢ of
the sulfur analogue is at an energy minimum on the poten-
tial energy surface.

Both isomers 15a and 15¢ have to undergo a second bond
rotation about either the C—O or the C—S bond. This step is
necessary since neither 15a nor 15c¢ is aligned properly for
direct decomposition to CO, and H,S. Neither rotational
pathway provides any substantial energetic hindrance to the
formation of 17, therefore both should be feasible. However,
path a is somewhat more likely than path c since formation
of 15a is kinetically and thermodynamically slightly more fa-
vorable than formation of 15¢, as mentioned above.

A proton shift from the oxygen atom in 17 to the sulfur
atom through a cyclic transition structure 18 yields the final
reaction products CO, and H,S. This transfer is simulta-
neous with the breaking of the C—S bond and the whole
process is very similar to the addition of water to COS (first
reaction step). Again, a substantial reaction barrier has to
be overcome (33.0 kcalmol ™) but this activation energy is
still less than that required for the initial nucleophilic attack.
As in the first step, this barrier is significantly reduced by
the presence of a supporting second molecule of water,
which effectively increases the ring size in the ts from four
to six members. The activation energy for the water-assisted
reaction with ts 18w is 19.3 kcalmol™ (calculated at the
B3LYP/6-311+4G(d,p) level of theory). As discussed above
for the first step, the barrier for this last step would be
lowered by tunneling effects.

We next searched for an encounter complex on the prod-
uct side of the reaction. This time we succeeded in finding
such a complex by using a smaller basis set for the confor-
mational search. However, the energy of the complex
showed a very strong basis-set dependency. A change of
basis set from the very small split valence lanl2dz basis®”
(which contains neither polarization nor diffuse functions)
to the medium-sized 6-311+ G(d,p) and then the very large
aug-cc-pV(Q+d)Z basis set caused an increase in the
energy of the EC relative to the products from —0.8 to —0.3
to —0.1 kcalmol~'. We therefore concluded that the encoun-
ter complex is an artifact caused by basis set superposition
error and omitted the EC in our calculated mechanism.

We do not doubt the existence of encouter complexes on
both the educt and the product side of the reaction. Howev-
er, we were not able to identify any such complexes reliably
at the B3LYP level of theory. In contrast, we had no prob-
lem locating an encounter complex for the nucleophilic
attack with ts 12a at the MP2/6-311+ G(d,p) level of theory.
Since the main focus of the work reported herein is the
zinc-catalyzed reactions, and given the significant compu-
tional cost of recomputing all stationary points, we do not
feel that ommitting the ECs for this uncatalyzed reaction
causes serious problems.

Like the formation of carbonic acid, formation of thiol
carbonic acid is endothermic. However, the reaction of
COS resulting in CO, and H,S is exothermic overall
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(7.7 kcalmol '), while the corresponding reaction of CO,
is thermodynamically neutral as a result of the identity of
the educts and products.

All the results described above were well reproduced by
the B3LYP/6-311+ G(d,p) level of theory. The root-mean-
square error (RMSE) of these results compared to those ob-
tained at the CCSD(T)/aug-cc-pV(Q +d)Z//B3LYP/aug-cc-
pV(Q+d)Z level is 1.87 kcalmol™ and the mean-signed
error (MSE) is 1.14 kcalmol™'. The error introduced by
omitting the much more expensive CCSD(T) calculations is
therefore on the order of 2 kcalmol™! for this uncatalyzed
reaction. However, we expect a greater deviation for zinc-
containing systems.

Reaction of COS with [(H;N);ZnOH]*: We considered the
reaction of COS with 1, a system used to model carbonic an-
hydrase that has already been successfully applied in various
theoretical studies.'>?""% The presence of the zinc ion limit-
ed our investigations to the B3LYP/6-311+G(d,p) level of
theory. The computed reaction pathway is shown in
Scheme 4, and structures and data relating to the reaction
coordinate are given in Figure 2, Figure 3, and Table 3.

Table 3. Relative Gibbs’ free energies and activation barriers for the
[(H3N);ZnOH]*-mediated conversion of COS into CO,, with production
of [(HsN);ZnSH]*. Calculated at the B3LYP/6-311+G(d,p) level of
theory.

AG [kcalmol ] AG, [kcalmol ']

1+ COS 0.0 -
19a 6.0 -
19b 47 -
20a (ts) 20.1 14.1
20b (ts) 229 182
21a 31 -
21b 150 -
22,., (1) 77 46
22, (ts)” 33.0 29.9
22,-w (ts)") 113 82
23 —24 -
24 (ts) 74 9.8
25 -10 -
26 (ts) 36.0 37.0
26-w (ts) 19.8 20.8
27 + CO, -207 -

[a] rot refers to the ts of a bond rotation. [b] sh refers to the ts of a hy-
drogen shift.

The reaction begins when COS approaches the zinc com-
plex. The asymmetry of COS means that there are two path-
ways for nucleophilic attack of COS by 1. Path a corre-
sponds to attack on the C=S and path b on the C=O bond.
In contrast to our failure to identify ECs for the uncatalyzed
reaction, we found two stable encounter complexes 19a and
19b for the initial approach of COS in this catalyzed reac-
tion. These ECs differ only in the orientation of the hetero-
cumulene with respect to the zinc complex. The formation
of the ECs is somewhat endothermic (Table 3). 19b is slight-
ly more stable (1.3 kcalmol ™) than 19a as a result of the
formation of hydrogen bridges between two of the ammonia
molecules and the oxygen atom of COS in 19b. The sulfur
atom in 19a does not form such bonds. The native enzyme
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20b (ts) 21a 2z, (ts)

25 26-w (ts) 27

Figure 2. Structures of selected stationary points along the reaction coordinate of the reaction of [(H;N);ZnOH]* (1) with COS (Scheme 4). Bond
lengths are given in A. Structures were calculated at the B3LYP/6-311+G(d,p) level of theory.
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Scheme 4. Catalytic reaction of [(H;N); ZnOH]* (1, a model of carbonic anhydrase) with COS.
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T 20a (ts) 26-w (ts)
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g
3
-20
27
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Figure 3. Gibbs’ free energy as a function of the reaction coordinate of
the most favorable path for the [(H;N);ZnOH]*-catalyzed conversion of
COS and H,0 into CO, and H,S. Calculated at the B3LYP/6-311+
G(d,p) level of theory.

contains histidine residues, which cannot build such hydro-
gen bonds. We do not feel that the hydrogen bonds in 19b
are a significant problem since similar bridges were present
in previous studies"®?"! on CO, fixation by 1 and the bonds
did not alter the qualitative predictions made compared to
those of a study with imidazole ligands instead of NH;.*!]
The error introduced by using NH; instead of imidazole was
found to be 0.5-1.3 kcalmol™",*'! which is comparable to the
intrinsic error of the applied B3LYP/6-311 + G(d,p) method.

The next step along the reaction coordinate is the nucleo-
philic attack of the carbon atom by the zinc-bound hydroxy
group to form the Lindskog-type products 21a and 21b. Re-
gardless of which double bond is attacked, the transition
structure for nucleophilic addition (20a or 20b) corresponds
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to a process in which the Zn—O bond and the m bond
are broken with simultaneous formation of a Zn—X and a
C—O bond. Attack on the C=S bond is kinetically
(8AG,=2.8kcalmol ') and thermodynamically (8AG=
11.9 kcalmol™") preferable to C=0 bond attack. The same
preference was found above for the uncatalyzed reaction.
Possible reasons for destabilization of 21b compared to 21a
are the lower affinity of zinc for oxygen than for sulfur, the
bad overlap between the large sulfur and smaller carbon p
orbitals forming the m bond, and better stabilization of 21a
by hyperconjugative effects. We did not follow path b any
further since it is clearly less favorable than path a.

Nucleophilic attack by the zinc species on CO, has an ac-
tivation energy of 15.0 kcalmol™! in the gas phase and is
thus the rate-determining step for CA.'® The correspond-
ing activation energy in the case of COS (path a) is
20.1 kcalmol ' The latter activation energy is clearly higher
than that with CO, and we have not yet found kinetic proof
of a preference of the catalyst for COS in the gas phase.
However, as we demonstrate below, there is a strong ther-
modynamic preference for COS.

There are two mechanisms (Lindskog, a bond rotation
around the C—S bond, and Lipscomb, a hydrogen shift from
one oxygen atom to the other) by which 21a can be convert-
ed into 23. The transition structures for the rotation (22,,)
and the hydrogen shift (22,) are very similar to those found
in the carbonic anhydrase cycle!'® except that the zinc-
bound oxygen atom has been replaced by sulfur. In analogy
to the CA reaction, the bond rotation mechanism (AG,=
4.6 kcalmol ') is strongly preferred over a hydrogen shift
(AG,=29.9 kcalmol™") when no supporting water molecule
is present. The Lipscomb product 23 lies 2.4 kcalmol™
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lower in energy than the separate reactants (see Figure 3).
This result is in direct contrast to the situation in CO, fixa-
tion, where the Lipscomb product 6 is 3.1 kcalmol™" higher
in energy than the reactants.

The activation barrier for the Lipscomb mechanism is re-
duced by almost 20 kcalmol™! to 8.2 kcalmol ™' if a water
molecule mediates the proton shift. Again, estimation of
tunneling corrections was beyond the scope of the present
study. However, the imaginary frequency of 224-w
(1052i cm™") indicates a rather narrow reaction profile and
hence tunneling effects should not be negligible. The activa-
tion barrier for the proton shift could therefore be compara-
ble to that for bond rotation. At this point, we cannot
decide which of the two mechanisms is the preferred one.
However, if tunneling effects are disregarded, rotation
about the C—O bond (22,,) is clearly preferred. Since the
Lipscomb and Lindskog mechanisms lead to the same prod-
uct, the outcome of this question does not affect the remain-
ing part of the reaction and 23 is always formed.

To induce loss of CO,, it is necessary to bring the OH
group into the neighborhood of the sulfur atom (conformer
25), which is easily accomplished by another bond rotation
through transition structure 24. The last step along the reac-
tion coordinate involves a proton transfer from an oxygen
to a sulfur atom, coupled with a bond rotation about the
C—S bond to yield the zinc—sulfur complex 27 and CO.,.

The proton shift involves a four-membered ring inter-
mediate and has a substantial activation energy of
36.0 kcalmol ™!, which is clearly much too high for an enzy-
matic process. Inclusion of an additional water molecule
from the surrounding medium in the ts leads to 26-w. The
energy barrier is thus reduced to 19.8 kcalmol™! and is ex-
pected to be lowered further by tunneling effects.

Figure 3 reveals that, as in the CA cycle, the nucleophilic
attack of COS is rate determining for the COS reaction. As
mentioned above, the activation barrier calculated for this
step (AG,=20.1 kcalmol ™) is relatively high for an enzy-
matic process but is comparable with the gas-phase results
for the CA cycle (15.0 kcalmol™'). We assume that solvent
effects significantly decrease this barrier, as in the fixation
of CO,."¥

As calculated for the uncatalyzed reaction, the catalyzed
reaction is exothermic overall and the final products are
20.7 kcalmol ™! more stable than the separate reactants. The
thermodynamic stability of the products controls this pro-
cess. The calculated exothermicity of the reaction is in com-
plete agreement with the results of experimental COS fixa-
tion by CA-biomimetic systems. Simple zinc—pyrazolylbo-
rate complexes react quantitatively with COS to yield com-
plexes containing a ZnSH moiety, as in 27.

What are the properties of the zinc sulfur complex 27? Is
this complex able to initiate its own catalytic cycle? The an-
swers to these questions are discussed below.

Reaction of CO, with [(H;N);ZnSH]*: We considered the
effect on the catalytic cycle when the source of sulfur is the
catalyst instead of the cumulene. Replacement of the
oxygen atom in 1 with sulfur and reoptimization of the
structure leads to the catalyst [(H;N);ZnSH|t (27;

Chem. Eur. J. 2004, 10, 3091 —3105 www.chemeurj.org
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Scheme 5), for which we calculated the mechanism of CO,
fixation in the gas phase at the B3LYP/6-311+ G(d,p)
theory level. This reaction can be interpreted both as an
(theoretical) independent catalytic cycle and as a regenera-
tion mechanism for the active catalyst in the reaction of 1
with COS.

In analogy to all the related CA model systems studied so
far, an encounter complex 28 is formed in the first step of
the reaction (Scheme 5, Figure 4). EC 28 lies 4.7 kcalmol ™
above the energy level of the separate reactants (Table 4).
Nucleophilic attack of the carbon atom in CO, by the sulfur

Table 4. Relative Gibbs’ free energies and activation barriers for the
[(H5N);ZnSH]*-mediated conversion of CO, into thiocarbonic acid. Cal-
culated at the B3LYP/6-311+ G(d,p) level of theory.

AG [kcalmol™']

AG, [kcalmol™']

27 + CO, 0.0 -
28 4.7 -
29 (ts) 336 28.9
30a 30.2 -
30D (ts) 39.1 -
31 (ts) 58.0 278
32 253 -
33 (ts) 32.1 1.9
34 20.8 -
35 (ts) 55.0 342
36 35.8 -
37 (ts) 30.3 95
38 21.0 -
39a 23.3 -
39b 23.1 -
39¢ 21.0 -
40a (ts) 33.9 10.6
40b (ts) 353 122
40c¢ (ts) 21.7 0.7
41a 19.8 -
41b 20.9 -
41c 22.1 -
27 + 13a 24.1 -
27 + 15a 23.4 -
1+ 13a 35.8 -
1+ CO, + H,S 11.2 -

atom of 27 leads to a pentacoordinated trigonal bipyramidal
transition structure 29 (433.6 kcalmol™!). This process is
analogous to the nucleophilic attack of CO,, CS,, or COS by
1; C-S and Zn—O bond formation is simultancous with
Zn—S and C=0 bond breakage. The energy required for this
step is approximately twice that necessary for nucleophilic
attack of CO, by 1. This result demonstrates how efficiently
nature tuned the [L;ZnOH]*/CO,/H,O system during the
evolutionary process.

We tried to identify an alternative mechanism in which
the reaction starts with direct coordination of a water mole-
cule to the central zinc atom in 27. However, we were not
able to find such a pentacoordinated structure. This difficul-
ty may be due to the nature of the chosen ligand (NHj),
since we have not been able to locate a structure in which
four ammonia molecules coordinate a ZnSH moiety either.
We therefore conclude that, within the limitations of the ap-
plied model, such a mechanism is rather unlikely.
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30D (ts)

39%¢ 40c (ts) 41c

Figure 4. Structures at selected stationary points along the reaction coordinate of the reaction between [(H5N);ZnSH]* (27) and CO, (Scheme 5). Bond
lengths are given in A. Structures were calculated at the BSLYP/6-311+G(d,p) level of theory.
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Structure 29 undergoes an inversion process at the sulfur
atom and can thus decompose into two different products,
30a and 30b (resolution of this coupled state was not possi-
ble at the B3LYP/6-311+G(d,p) level of theory). Species
30b is not at an energetic minimum because of steric hin-
drance, but is instead a transition state for rotation about
the C—O(Zn) bond. The pathway through 30b leads to 38.
The transition structure 30b lies 39.1 kcalmol ' above the
energy level of the separate reactants and we do not believe
that this is an important pathway on the hypersurface of the
gas-phase reaction.

The alternative species, 30a, is at an energetic minimum
and corresponds to a Lindskog-type intermediate in which
an oxygen atom has replaced the original sulfur atom in the
ligand sphere of zinc. As would be expected from the affini-
ty of zinc for sulfur, 30a has a considerably higher free
energy than 28 (only 3.4 kcalmol ™! lower than the energy of
the transition structure 29). The influence of the sulfur atom
in 30a on the Zn—O bond is very small; the Zn—O bond dis-
tances in 30a and 4 (CA; Scheme 1) differ by only 0.004 A.
The Zn—O bond is mainly electrostatic in nature, as indicat-
ed by the high negative charge (—0.96¢) on the oxygen
atom.

Intermediate 30a can undergo reaction by the Lipscomb
(hydrogen shift) or the Lindskog (rotation) mechanism. This
complex is the first structure reported herein from which
these two pathways produce different products (32 and 34).
This effect is the result of the unsymmetrical bonding pat-
tern of the carbon atom (Scheme 5). In analogy to the re-
sults described above for similar systems, bond rotation
(Lindskog mechanism) was found to be both kinetically and
thermodynamically preferred and requires an activation
energy of only 1.9kcalmol™' to generate the rotational
isomer 34. A proton shift (Lipscomb mechanism) to gener-
ate 32 is considerably less attractive and requires
27.8 kcalmol™"' for activation (8AG,=25.9 kcalmol™). We
avoided the inclusion of an external H,X molecule in our
calculations (see the preceding sections) and did not esti-
mate tunneling effects. However, we expect tunneling to
play an important role. Upon lowering of the energy of 31
through tunneling, an additional reaction channel may open
up. This possibility would be an interesting topic for experi-
mental investigation.

The rotational isomer 34 can again undergo either a bond
rotation (leading to intermediate 38) or a hydrogen shift
(yielding compound 36). As in the previous step in the
mechanism, the rotation is clearly preferred over the hydro-
gen shift (JAG,=24.7 kcalmol™! for the two processes). In
addition, 36 lies considerably higher in energy than 38. As
for the first proton shift, the inclusion of tunneling effects in
calculations would lower the barrier significantly, which may
make the reaction path leading to 38 competitive. However,
we did not pursue the reaction channels leading to 32 and
36 any further because of the endothermic nature of these
processes.

Isomers 34 and 38 differ only in the position of the S—H
bond (cis or trans) with respect to the C—O(Zn) bond axis
and are almost isoenergetic. Both isomers may be expected
to be involved in the catalytic mechanism. In analogy to
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CO, fixation on 1, CO, fixation on 27 requires an external
heteroatom source to complete the hypothetical catalytic
cycle and regenerate the catalyst. For carbonic anhydrase,
this heteroatom source is clearly water (oxygen source). We
investigated both H,S and H,O as external sources for 27.

As an H,S molecule approaches either 34 or 38, an en-
counter complex (39a or 39b) is formed in which a Lewis
acid-base interaction occurs. The polarizability of H,S ap-
pears to be sufficient to make this interaction possible.
Water is not polarizable enough so no such EC could be
found in the carbonic anhydrase cycle; instead, the penta-
coordinated species 9b (Scheme 2) is formed in which a
strong Zn—OH, coordination is present. Such pentacoordi-
nated complexes (40a/b) do not lie at minima on the hyper-
surface of the thio analogue but are cyclic transition struc-
tures, each with a six-membered ring. These complexes are
the transition structures of a synchronous Zn—S bond forma-
tion/Zn—O cleavage process accompanied by hydrogen
transfer to the loosely bound thiocarbonic acid. The encoun-
ter complex thus goes through 40a/b straight to a product
complex 4la/b instead of passing through an additional
stable intermediate. This step requires 10.6 kcalmol ™! for ac-
tivation.

As expected for steric reasons, we were not able to locate
a transition structure in which both H,S and HSC(O)O are
in an equatorial position. Complexes with both H,S and
HSC(0O)O in an axial position lack the ability to undergo a
proton transfer and we did not consider such structures.
However, such complexes cannot be fully excluded since it
is known that internal rotations can occur in pentacoordinat-
ed zinc complexes.

In the product complexes 41a/b, the thiocarbonic acid is
only loosely bound to the regenerated active catalyst 27
through a hydrogen bond. The final dissociation of thio-
carbonic acid requires only 4.3 kcalmol™ (path a) or
2.5 kcalmol™ (path b), much lower energies than required
by the corresponding step in the carbonic anhydrase cycle
(26.2 kcalmol ™' in the gas phase)."™ Clearly, an assisting ex-
ternal base is not needed in this case. The overall reaction
(AG =+24.1 kcalmol ') resulting in 27 and 13a/15a is endo-
thermic because the free energy of thiocarbonic acid is
greater than the sum of the energies of the separate reac-
tants CO, and H,S.

In conclusion, the overall activation barrier of the catalyt-
ic cycle is 33.9 kcalmol ™!, which is rather high for an enzy-
matic process. However, it should be possible to access this
reaction experimentally, especially the stoichiometric reac-
tion in which no regeneration of the catalyst is necessary.
We are now investigating whether or not we can overcome
this barrier experimentally by modifying our biomimetic
zinc complexes and varying the temperature and/or pres-
sure. In a similar study, pyrazolylborate-type model systems
showed no reactivity towards heterocumulenes at ambient
pressure and temperature.©!

When H,O was used as the heteroatom source instead of
H.,S, a new reaction channel opened up that results in 1 and
thiocarbonic acid (Scheme 5 and Figure 5). Interaction of 34
and H,O leads to pentacoordinated 39c¢ in which the water
molecule directly coordinates the central zinc atom. Com-
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Figure 5. Gibbs’ free energy as a function of the reaction coordinate for
the most favorable path for the conversion of [(HsN);ZnSH]* into
[(HsN);ZnOH]* by CO, and H,O. Calculated at the B3LYP/6-311+
G(d,p) level of theory.

plex 39¢ is only 0.2 kcalmol ™' higher in energy than 34 and
thus formation of 39c¢ is preferred over formation of 39a. A
proton shift with ts 40 ¢ yields the product complex 41¢ and
requires almost no activation. Therefore, 39¢ and 41c
should be in equilibrium. The calculated energy difference
between these complexes is much smaller than the accuracy
of the applied B3LYP method so we can neither state defi-
nitely which of 39¢ and 41c is more stable nor give an accu-
rate value for the reaction barrier. Coupled cluster
[CCSD(T)] single points would give more reliable results
but such calculations were not possible with our computa-
tional resources. Dissociation into the free catalyst 1 and
thiocarbonic acid 13a requires 13.7 kcalmol™!. This activa-
tion energy does not seem to be a problem since mecha-
nisms similar to those previously reported™® should decrease
its value. Complex 1 can restart the reaction cascade de-
scribed in Scheme 4, that is, the transformation of COS. The
thiocarbonic acid 13a readily decomposes into CO, and
H,S. Thus, the CO, molecule mediates the conversion of
[(H3N);ZnSH]* (27) and H,O into [(H;N);ZnOH]* (1)
and H,S. This reaction is slightly endothermic overall
(4+11.2 kcalmol ™).

Conclusion

Why does nature prefer the [L;Zn—OH]*/CO,/H,O system
to all the other conceivable [L,Zn—XH]"/X=C=Y/H,X (X=
O, S) combinations? From the results of the investigation
described herein (summarized in Scheme 6), we conclude
that a variety of structural and energetic properties are opti-
mized in the natural system.

The calculated reaction path for COS (a in Scheme 6)
leads to the [(H;N);ZnSH]* complex and CO,. Nucleophilic
attack is the rate-determining step of the catalytic cycle for
both CO, and COS. However, there are differences in the
mechanistic details of the cycles of these two compounds.
The hydration of CO, is an endergonic process, while the
catalytic hydration of COS is exergonic.

Surprisingly, the  zinc-bound  sulfur atom in
[(H3N);ZnSH]* is capable of attacking CO, (b in
Scheme 6), although the activation barrier is rather high for
a biological process under standard ambient conditions.
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c

Scheme 6. Schematic depiction of the reaction paths reported herein.

However, under more extreme conditions such a catalytic
cycle is a realistic possibility. Replacement of H,S with
water indicates that, if nucleophilic attack on CO, takes
place, it is generally possible to regenerate the [L,ZnOH]*
catalyst found in the native enzyme (c in Scheme 6).

Nature has chosen an elegant and efficient system, the
[L;ZnOH]*/CO,/H,0 group of reactants. Although this
system has a certain sensitivity to COS, the catalyst can be
regenerated at a characteristic stage of the cycle. As a result
of the higher energies involved with COS than with CO,,
the regeneration is likely to be relatively slow in the pres-
ence of COS. However, this pathway would prevent the dis-
astrous permanent deactivation of carbonic anhydrase upon
reaction with COS. This finding is of special interest as COS
is consumed by the biosphere (i.e. terrestrial vegetation, leaf
litter, soil, alga, lichens), where irreversible inhibition of CA
would immediately reduce or even prevent the vital ex-
change of CO,.

Some of the results presented herein should be transfera-
ble to stoichiometric syntheses that follow the reaction path-
ways of carbonic anhydrase. The reactivity of zinc-bound hy-
drogen sulfide and its variants as sulfur analogues of carbon-
ic anhydrase is the subject of ongoing research activities.

Computational Methods

Full geometry optimizations (i.e. without symmetry constraints) were car-
ried out with the GAUSSIANOYS program package.’” Depending on the
size of the system being studied, various calculation methods and basis
sets were employed. All geometry optimizations reported herein were
performed by using the hybrid B3LYP®? density functional method,
which includes the use of a term that accounts for the effects of dynamic
electron correlation (Coulomb hole).?* Reaction hypersurfaces that did
not contain zinc were optimized at the B3LYP/aug-cc-pV(Q+d)Z level
of theory and those containing zinc at the somewhat lower-standard
B3LYP/6-311+ G(d,p) level. The aug-cc-pV(Q+d)Z basis set employed
differs from the standard aug-cc-pVQZ basis set of Dunning et al.™™ in
that it includes an additional high-exponent d function for second-row
atoms to account for core polarization effects.*! The B3LYP/aug-cc-
pV(Q+d)Z level of theory generally yields quite accurate results.””
Even more accurate energies were calculated for small systems (mostly
relevant for the uncatalyzed reactions or for reference energies) by using
the coupled cluster CCSD(T)/aug-cc-pV(Q+d)Z single point method?®
and a B3LYP/aug-cc-pV(Q+d)Z optimal geometry. The energies calcu-
lated at the B3LYP/aug-cc-pV(Q+d)Z level differ at most by approxi-
mately 3 kcalmol™' from the results of the much more expensive coupled
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cluster method. The error introduced by omitting the very expensive
CCSD(T) calculations is therefore less than 3 kcalmol ™. Although a cor-
relation-consistent basis set of triple zeta valence quality (cc-pVTZ) with
an effective core potential has recently been published for zinc,*” our
own investigations*’l show that the use of this basis set for the systems
under consideration does not lead to substantial improvements in the re-
sults compared to those obtained from the B3LYP/6-311+G(d,p) level
of theory. We therefore restricted our investigations on hypersurfaces
containing zinc to the B3LYP/6-311+ G(d,p) level of theory. All calculat-
ed stationary points were rigorously characterized as minima or transition
structures according to the number of imaginary modes by applying a
second-order derivative calculation (vibrational analysis) at the same
level of theory as that at which the optimization was performed. Visuali-
zation of the reactive modes of the transition structures (with VIEW-
MOLM! and MOLDEN software) was used to support the assignment
of energetic minimum structures versus transition structures. All energies
reported are Gibbs’ free enthalpies with zero-point energy corrections, as
well as thermal (AH) and entropic (TAS) corrections calculated by the
standard thermodynamic routines in GAUSSIANYS for standard ambient
temperature and pressure conditions. The natural bond orbital analysis of
Reed and Weinhold®! was applied to calculate bond orders, atomic
charges, and orbital energies for selected intermediates.
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