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This comprehensive review covers the structure, methods of synthesis, properties and fields of applica-
tion of benzoxaboroles - derivatives of phenylboronic acids. Some of the title compounds were described
over 50 years ago, however most of them have been investigated only recently due to their exceptional
properties and wide applications. In addition to their usage as building blocks and protecting groups in
organic synthesis, certain benzoxaboroles display biological activity and are under clinical trials. They
also bind hydroxyl compounds and thus can be applied as molecular receptors for sugars and
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1. Introduction

Boronic acids, RB(OH),, are objects of increasing interest due to
their new applications in organic synthesis, catalysis, supramolec-
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ular chemistry, biology and medicine [1]. Following the research
on molecular recognition, phenylboronic acids have also recently
been employed as promising building blocks in crystal engineering
in order to achieve predictably organized crystal materials [2].
Supramolecular assemblies of various types have been generated
in this manner [3-5]. The reversibility of interactions between
boronic acids and diols is widely applied in the construction of
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molecular receptors [6] and makes them ideal candidates for the
design of self-assembled molecular structures [7].

Only recently, great attention has been paid to the derivatives of
phenylboronic acid - 1-hydroxy-1,3-dihydrobenzoxaboroles (I).
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Benzoxaboroles were first synthesized and characterized as
early as in 1957 [8]. They were found to have a very stable oxabo-
role ring and a high hydrolytic resistance of the boron-carbon
bond in comparison with the corresponding boronic acids [9].
Moreover, they are usually better soluble in water than boronic
acids.

After the discovery of the excellent antifungal activity of the 5-
fluoro substituted benzoxaborole (AN2690) against onychomyco-
sis [10,11], a systematic investigation of the medical applications
of benzoxaboroles is being conducted [12]. Anti-inflammatory
and antibacterial activity of substituted benzoxaboroles was re-
cently reported [12]. Some of them are currently in preclinical
and clinical trials.

The aim of this work is to review the described crystal struc-
tures of benzoxaboroles (I), their chemical properties, applications
and methods of preparation.

There exists a large variety of common names of the described
compounds. Early reports used such names as boronophthalides
[9] or arylboronolactones [13]. Recently, names such as benzox-
aboroles [10] or benzoboroxoles [14] are generally used.

Unsubstituted compound I (1, Supplementary Table S1) has the
following systematic names:

e 3H-benzo[c][1,2]oxaborol-1-0l or 2-oxa-1-bora-indan-1-ol

(Beilstein),

e 3H-2,1-benzoxaborol-1-ol (CAS),
e 1-hydroxy-1,3-dihydro-benzolc]-1,2-oxaborol

[15].

(Houben-Weyl)

Shortened names, e.g. 1,3-dihydro-1-hydroxy-2,1-benzoxabo-
role, are used in several papers and will be applied in this work.

2. Crystal structure

Only a few crystal structures of benzoxaboroles are known up
to date [16]. Similarly as in phenylboronic acids (II) the basic struc-
tural motive is a dimer with two intermolecular hydrogen bonds
(I). Importantly, only one hydroxy group at the boron atom is pres-
ent, and hence there is no possibility of lateral hydrogen bonds for-
mation to form infinite 2D or 3D networks, as it is observed in the
case of phenylboronic acids (II) [17]. The boron center is always tri-
gonal (the sum of the angles at B is 360°), but unlike in phenylbo-
ronic acids, the BOO fragment is always coplanar with the phenyl
fragment. Moreover, one of BO bonds is involved in a five-mem-
bered oxaborole ring and, as a consequence, a slight exaggeration
in the distortion of the bond lengths and bond angles around the
boron is observed. The exocyclic CBO angle is significantly bigger
than the endocyclic one (the mean values 133.1° and 108.6°,
respectively), whereas the exocyclic BO bond is shorter than the
endocyclic one (the mean values 1.350 and 1.394 A, respectively
[18]). These geometric restraints appreciably reduce the diversity
of possible types of crystal structures. Obviously, substitution at
the phenyl ring and/or on the methylene carbon of oxaborole frag-
ment can influence the molecular interactions both by steric and

electronic effects, so more complicated patterns are also observed
[19-21].

A closer inspection of the oxaborole fragment suggests that the
electronic structure of the boron is extremely sensitive to the
structural modifications arising from the substitution. This can be
deduced from the ranges of geometric parameters: the exocyclic
BO bond changes in the range 1.337(2)A [22]-1.372(8) A [14],
whereas the endocyclic one changes in the range 1.372(2)A
[21]-1.412(8) A[14]. Also the CB and CO bond lengths vary in wide
ranges: from 1.496(10)A [14] to 1.565(3)A [23] and from
1.436(2) A [22] to 1.488(2) A [23], respectively. Importantly, these
differences are not only the consequence of the electronic structure
of the substituents, but also due to the intermolecular interactions
in the crystal lattice [14,23].
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The crystal lattice of unsubstituted benzoxaborole (1,3-dihy-
dro-1-hydroxy-2,1-benzoxaborole (1)) consist of two independent
molecules in an asymmetric part of the unit cell. The molecules
form two kinds of planar centrosymmetric dimers, which are situ-
ated almost perpendicularly to each other (the angle between best
planes calculated for all atoms of the dimers is 73.7°), see Fig. 1.
[14]. The hydrogen bonds are rather strong and similar in both di-
mers (the O---O distances lie in the narrow range of 2.752(7)-
2.725(2) A), but the geometries of the benzoxaborole molecules
differ significantly (the main differences are observed for the oxab-
orole fragment). For instance, the endocyclic BO or exocyclic BO(H)
bond lengths differ by 0.046 A or 0.021 A, respectively. This is

Fig. 1. The dimers formed by 1,3-dihydro-1-hydroxy-2,1-benzoxaborole (1).
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somewhat surprising that such large discrepancies result from only
a slightly different environment of Van der Waals interactions in
the crystal lattice.

A similar structural motive is observed in the crystal structures
of 1,3-dihydro-1-hydroxy-5,7-dimethoxy-2,1-benzoxaborole (2)
[22] and 7-butyl-1,3-dihydro-1-hydroxy-5-methoxymethyl-2,1-
benzoxaborole (3) [24] systems which are modified solely by sub-
stitution in the phenyl fragment (see Fig. 2). These molecules form
one type of centrosymmetric dimer, where the interacting units
are almost coplanar. The strengths of the hydrogen bonds are
somewhat weaker compared with the unsubstituted system, but
the difference is not large (the O---O distances in the range
2.764(1) A (3)-2.790(2) A (2)).

Substitution on the methylene carbon of oxaborole ring has
much greater influence on the geometry of the system. The mor-
pholinyl group (1,3-dihydro-1-hydroxy-3-(morpholin-4-y1)-2,1-
benzoxaborole (4) Fig. 3), replacing one of the hydrogen atoms,
does not change the centrosymmetric character of the hydrogen-
bonded part, but moderately stratifies the parallel planes covering
the interacting benzoxazole units (by ca. 0.5 A) and increases the
length of the hydrogen bonds (the O---O distance of 2.797(2) A).
This lengthening has been attributed to the steric effect of the mor-
pholine fragment. The planes of morpholinyl groups are perpendic-
ular to the planes of the central dimer ring, however, no other
hydrogen bonds are observed with substituent atoms able to act
as a hydrogen acceptor [23].

Introduction of the 2,6-dimethoxyphenyl group into oxaborole
ring (1,3-dihydro-1-hydroxy-3-(2’,6'-dimethoxyphenyl)-2,1-ben-
zoxaborole (5)) leads to the formation of a bifurcated hydrogen
bond system in which an additional intramolecular hydrogen bond
with one methoxy groups is formed [19] (Fig. 3). The structure is

still centrosymmetric, however both hydrogen bond lengths are
somewhat larger (the O---O distances are 3.027(1) and
2.928(1) A, respectively, for the interaction between BO(H)---O
(oxaborole ring) and BO(H)- - -O (methoxy group)), which is rather
typical for bifurcated interactions. Again, the parallel planes cover-
ing the interacting benzoxaborole units are shifted to each other,
but in this case the distance is much bigger than in other cases dis-
cussed before (equal to 1.667 A).

Another type of intermolecular hydrogen bonds network has
been found in the crystal structure of 1,3-dihydro-1,3-dihydroxy-
4-formyl-2,1-benzoxaborole (6) (Fig. 4) [20]. In this case the hydro-
Xy group at the methylene fragment effectively competes with the
hydroxy group at the boron atom. The former group acts as a donor
of hydrogen bond to an oxygen at the oxaborole ring (the distance
0---02.825(1) A), which leads to a nearly planar dimer. In turn, the
hydroxy group at boron atom interacts with the formyl group at
the phenyl fragment (the distance O---0 2.718(2) A) and infinite
chains of hydrogen-bonded dimers are formed in this way. Inter-
estingly, this is not the only case when the hydroxy group at boron
atom interacts with a partner other than the oxaborole ring. In 3-
ethyl-1,3-dihydro-1-hydroxy-3-(4-hydroxybenzoyl)-2,1-benzoxa-
borole (7) [21], it serves as an acceptor of the intermolecular
hydrogen bond where the donor is another hydroxy group from
4-hydroxybenzoyl substituent (the O- - -O distance 2.803(4) A). This
leads to a centrosymmetric dimer formation, where the benzoxab-
orole units lie in parallel planes shifted by 4.825 A. On the other
hand, the hydroxy group at boron atom serves also as a hydrogen
bond donor to benzoyl oxygen atom being substituent in the
neighboring molecule (O---O distance 2.722(3) A), which leads to
3D structure where the neighboring oxaboroles are situated almost
perpendicularly (they are twisted each other by 82.8°).

Fig. 2. The dimer formed by (a) 1,3-dihydro-1-hydroxy-5,7-dimethoxy-2,1-benzoxaborole (2) and (b) 7-butyl-1,3-dihydro-1-hydroxy-5-methoxymethyl-2,1-benzoxaborole

(3).

Fig. 3. The dimer formed by (a) 1,3-dihydro-1-hydroxy-3-(morpholin-4-yl)-2,1-benzoxaborole (4) and (b) 1,3-dihydro-1-hydroxy-3-(2’,6'-dimethoxyphenyl)-2,1-benzox-

aborole (5).
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Fig. 4. The interactions in the crystal lattice of (a) 1,3-dihydro-1,3-dihydroxy-4-formyl-2,1-benzoxaborole (6) and (b) 3-ethyl-1,3-dihydro-1-hydroxy-3-(4-hydroxybenzoyl)-
2,1-benzoxaborole (7). One of the dimeric units is distinguished by a ball and stick character.

3. Chemical behavior

Benzoxaboroles can be treated as internal esters of the corre-
sponding o-hydroxymethylphenylboronic acids. In comparison
with other esters of boronic acids, the stability of the ring B-O
bond is very high [25]. It is completely resistant to hydrolysis: to
the contrary, the corresponding ortho-hydroxymethylphenylbo-
ronic acid spontaneously dehydrates in water to form benzoxabo-
roles. Resistance to hydrolysis is also higher for B-C bond
compared with boronic acid: benzoxaborole after 3 h refluxing
with 10% HCI gives almost quantitatively an unreacted compound,
while phenylboronic acid after 1.5 h decomposes in 90% [26].

The other piece of evidence of the high stability of the oxaborole
ring is the formation of 1,3-dihydro-1,3-dihydroxybenzoxaboroles
from the corresponding 2-formylphenylboronic acids [20,26,27]. It
was suggested as early as in 1958 by Snyder et al. [26] and con-
firmed later by NMR and theoretical calculations [27]. The tauto-
meric equilibrium is shown in Scheme 8 . The equilibrium shift
depends on the substituents in the phenyl ring. In the case of 3-hy-
droxy-4-formylbenzoxaborole, the cyclic form was isolated as a
pure compound (structure shown in Fig. 4a) [20].

The reactivity of benzoxaboroles is similar to the corresponding
boronic acids:

/0H 100°C, vacuum

B PEN
\
@E/O 99% o0
o o

Scheme 1.

e Dehydration

Benzoxaboroles quantitatively form a linear anhydride on heat-
ing under vacuum [9,14] (Scheme 1).

e Ester formation

Benzoxaboroles react with alcohols to form monoesters, which
spontaneously hydrolyze on air [9] (Scheme 2).

A more stable ester is formed with ethanolamine (III) due to the
intramolecular complexation of boron by a nitrogen atom [25]. An-
other example of the intramolecular coordination is the ester of
benzoxaborole with 10-hydroxybenzo[h]quinoline (IV) [28].

£
HZN\/BT(\) = N\B/

I I

/OH /OR
B ROH B
\ \
o ——> (o}
Scheme 2.
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Formation of the cyclic esters by boronic acids with diols is the
basis of boronic acids’ action as sugar molecular receptors [6]. In
that case cyclic esters are formed by both hydroxy groups in the
boronic group. Similar cyclic esters can be formed by benzoxabo-
roles when the second hydroxy group is present in an anionic form
of the benzoxaborole in neutral or slightly alkaline media [29]
(Scheme 3).

The nature and selectivity of glycopyranosides binding was re-
cently further discussed [30].

e Reactivity of B-OH bond

The nucleophilicity of the hydroxy group was found to be poor
by studying the in situ preparation of chloro and alkyl substituted
derivatives of benzoxaborole [14] (Scheme 4).

e Reactivity of B-C bond

Benzoxaboroles [31] or their acetylated derivatives [24] were
oxidized by hydrogen peroxide to form corresponding phenols
(Scheme 5).

The title compounds react with aryl halides in Suzuki—-Miyaura
cross-coupling to form biaryls with hydroxymethyl group at ortho
position [24,32] (Scheme 6).

Other catalytic reactions with cleavage of B-C bond were also
investigated [24] (Scheme 7).
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4. Synthesis

Benzoxaboroles are internal esters of the corresponding ortho-
boronobenzyl alcohols. Such alcohols are unstable and their dehy-
dration is so easy that it proceeds even during crystallization from
water. Hence, the majority of synthetic methods is based on the
introduction of a hydroxymethyl group to the boronic acid mole-
cule (methods A) or a boronic group to benzyl alcohol (methods
B). Depending on the particular systems, appropriate protection
of the functional groups was necessary.

4.1. Methods A: functionalization of boronic acids and their derivatives

Unsubstituted benzoxaborole was obtained in a multistep syn-
thesis from 2-methylphenylboronic acid, which was brominated
by N-bromosuccinimide. The next step was the hydrolysis of the
bromide to benzyl alcohol, which underwent intramolecular ester-
ification [8,33,34] (method A1).

C[B(OH)Z NBS
CHs

-H,0

CH,OH

B(OH), H,0

CH,Br

Method A1

The method can be modified by using corresponding benzyl io-
dide instead of bromide [21] (A1a). 3-Methyl-substituted benzox-
aboroles were obtained similarly by using 2-ethylphenylboronic
acid [35] (A1Db).

A modification of this method is bromination of the alkenyl
substituted phenylboronic acid [13] (method A2).
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B(OH),
NBS, benzoyl peroxide, irrad.

Ry

Method A2

Bromine can be used instead of NBS [36] (A2a). In the methods
described above, corresponding boroxins can be used instead of
boronic acids [9,25,35].

3-Substituted benzoxaboroles can be obtained in the reaction of
o-formylphenylboronic acid with nucleophiles [37] (method A3).
The following compounds were used: malonic acid or isopropyli-
dene malonate (A3a), nitromethane (A3b), or sodium cyanide
(A3c), respectively.

(?H

/OH
B.
OH B\
o]
+ nucleophile ——
CHO
R

R = CH,COOH, CH,NO, or CN
Method A3

Reaction with secondary amine leads to benzoxaboroles with
amino group in position 3 [23] (A3d).

9H OH
/
B. .
OH —\ H,0 B
+ HN 0 o
CHO —

)

Method A3d

3-Substituted benzoxaboroles can be obtained in the reaction of
organolithium compounds with an aldehyde. The boronic group
should be protected as diethanolamine ester prior to lithiation
[19] (A4).

5\

Bu
B/N J BulLi
\
S
Br
1) RCHO B/\
o
2) H;0*

Method A4

Alkaline hydrolysis of 1,2-dihydro-1-hydroxy-2,3,1-benzodi-
azaborines yields corresponding benzoxaboroles [31] (A5).

OH OH
‘ /
N B\NSOZR' 1) NaOH,q, 100 °C | A B\o
| i
‘/ = N 2) Hy0* IF
R R
Method A5

4.2. Methods B: introduction of boronic group into benzyl alcohol
molecules

The most common substrates in this type of reaction were
ortho-bromobenzyl alcohols, which reacted with butyllithium to
give corresponding phenyllithium compounds [14,22,32]. The next
steps were: reaction with trialkyl borate, hydrolysis and a subse-
quent spontaneous dehydration (method B1).

Br /OH
1) n-BuLi, 2) B(0i-Pr)3, 3) H;0* B
OH ) ) B( )3, 3) H3 @(\0
R
R
Method B1

A modification of this method is the initial reaction of benzyl
alcohol with one mole of sodium hydride, and further reactions
as in method B1 (method B2) [32].

B OH
r 1) NaH, 2) n-BuLi, 3) B(OR)s, 4) H;0* 5
\
or @°
R R

Method B2

Alternatively, the hydroxyl group can be protected prior to the
addition of butyllithium. Tetrahydropyranyl (THP) [22] or
methoxymethyl (MOM) [10] groups were applied as the protecting
group (methods B2a and B2b, respectively). ortho-Bromobenzyl
alcohols used as substrates in these reactions can be obtained by
the reduction of corresponding benzaldehydes or their reaction
with Grignard reagents [32].

Several benzyl alcohols can be directly metalated with sec-
butyllithium/TMEDA [10,38] or n-butyllithium [39] to give ben-
zoxaboroles after reaction with borate, hydrolysis and cyclization
(method B3a, b).

1) sec-BuLi, TMEDA 2) B(OR);, 3) H;0*

>

OH
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1) sec-BuLi, TMEDA 2) B(OR)3, 3) H;0*
OH >
i-Bu

Method B3a

OMe

1) n-BuLi, 2) B(OR)3, 3) H;0*
__OH

MeO

MeO

OBn
Method B3b

A modification of this method is the iodination as the first stage
of the reactions sequence [40] (method B4).

OMe
1) NIS, 2) n-Buli, 3) B(OMe)s, 4) H;0*
OH
MeO
OMe /OH
B
\
o]
MeO
Method B4

4.3. Method C: intermolecular catalytic cyclotrimerization

Benzoxaboroles can be obtained by catalytic cyclotrimerization
of the appropriate alkynes [24].

(Prof),B—=—=—R, Rz oH
HO  + 1) Cp*RuCl 2) H;0* /@/\Bi
+ Rs
P R5
Method C

It is a convenient method for the synthesis of 5,7-disubstituted
benzoxaboroles.

4.4. Method D

Benzoxaborole was obtained in the reaction of a corresponding
magnesium compound with trimethoxyborate as a nucleophile
and subsequent treatment with DDQ (dichlorodicyanoquinone)
[41].

\ | BlOMe);

M B
9o HO™ ™o

DDQ

_B
HO” o

Method D

5. Applications
5.1. Organic synthesis

The most important synthetic application of benzoxaboroles is
their use in Suzuki-Miyaura coupling (Scheme 6) [22,24,32,38-
40,42-49]. In this reaction benzoxaboroles or their esters react
with aryl halides to give ortho-arylsubstituted benzyl alcohols in
high yield. In particular, 4,5-dimethoxy-substituted benzoxaborole
was applied in the step of the synthesis of vancomycin
[39,40,44,45,49]. Catalytic coupling with carbon monoxide and iso-
cyanides gives lactones and cyclic imidates, respectively (Scheme
7a and b) [24]. Hayashi-Miyaura type catalytic coupling with
methyl vinyl ketone leads to a keto substituted benzyl alcohol
(Scheme 7c) [24].

Another important application of benzoxaboroles in organic
synthesis is their use as protecting groups. They are used for regio-
selective protection for selective glycosidation of sugars [50]. The
compound with a methacrylic substituent was used to form poly-
merizable complexes with sterols. These imprinted polymers were
used as protecting groups for regioselective acylations of trihydr-
oxysteroids [51,52].

5.2. Molecular receptors

Unlike boronic acids, whose ability to bind polyols was widely
investigated [6], benzoxaboroles were initially found to bind only
monoalcohols [53]. It was not until more than twenty years later
that they were found to be an improved class of sugar binding
compounds [29]. The advantage of benzoxaboroles is their good
solubility in water - they do not need any co-solvent for solubili-
zation. They bind glycosides under physiologically relevant condi-
tions. These compounds could be used in the design of oligomeric
sensors for selective recognition of sugars, especially cell-surface
glycoconjugates [29,30]. Sugar sensing in the NIR region, where
there is minimal background signal from biomolecules in blood,
was recently reported [54], which makes them a promising group
of carbohydrate chemosensors. Benzoxaboroles were also used to
detect carbohydrates by FT ion cyclotron MS technique [55]. The
azo derivatives of benzoxaboroles were used as dyes for determi-
nation of polyols [56].

5.3. Medicine

5-Fluoro-1,3-dihydro-1-hydroxy-2,1-benzoxaborole, AN2690,
is a broad-spectrum antifungal drug which easily transits through
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AN2679, Rs=Rg=H,

AN2690, Rs=F, Rg=H,

AN2718, Rs=Cl, Rg=H,

AN2728, Rz=OC¢H4-4-CN, Rg=H,

AN2898, R;=0CgHs3-3,4-CN, Rg=H,

Rs AN3009, Rs=H, Rsg=NHEt,
AN3018, Rs=F, Rg=NHEt.

/OH
Rs B
\

(o]

Fig. 5. Biologically important benzoxaboroles.

the nail plate [57,58]. After the discovery of its antifungal proper-
ties [10,11,59], systematic investigations of biological activity of
substituted benzoxaboroles were carried out [12,60]. Some general
rules concerning their activity against onychomycosis were
determined:

1. Five-membered ring containing boron is essential, carbon ana-
logues are inactive.

2. Halo-substituents in the benzene ring increase activity.

3. Compounds with substituents in the position 5 reveal the high-
est activity.

4. Investigated compounds show MIC in the low pg/ml range.

Recently, 5-chloro-substituted benzoxaborole, AN2718, is being
developed for the topical treatment of tinea pedis including the dif-
ficult to treat mocassin-type, which at present is only treatable
with oral antifungals [12].

Benzoxaborole with cyanophenoxy substituents in the 5-posi-
tion reveal anti-inflammatory activity against psoriasis, common
skin disease, which is characterized by chronic inflammation. On
the basis of structure-activity relationship studies, it was found
that the 5-phenoxy group bearing an electron-withdrawing group
at the para position was important for the activity, while the
regioisomers of the cyano group were less active. Replacement of
the cyano group retains the activity, but compounds with carboxy
groups are less potent. The most active was the compound with 4-
cyanophenoxy substituents (AN2728, in clinical trials [61]) and
with a 3,4-dicyanophenoxy substituent (AN2898) [12].

Benzoxaboroxoles were also tested for the treatment of peri-
odontal disease [62].

The structures of the most important biologically active ben-
zoxaboroles are shown in Fig. 5.

5.4. Other applications

Numerous patents describe the use of benzoxaboroles in the
fields discussed above. Additionally, they were used as biosensors
for a-hydroxycarboxylic acids [63]. Their application as biocides
for the protection of plastic materials, such as plasticized PVC
[64], and for controlling and preventing the growth of microorgan-
isms in aircraft fuel [65] were also described.
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Appendix A. Supplementary data

Table S1 contains methods of synthesis, properties, reactivity
and applications of benzoxaboroles, while in Table S2 selected
molecular parameters of them are collected. Supplementary data
associated with this article can be found, in the online version, at
doi:10.1016/j.jorganchem.2009.07.022.
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