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Abstract: Using Autodock, docking of penicillin G to the crystal structures of penicillin-recognizing enzymes leads to an
alignment in the active site Ser-X-X-Lys region consisting of the serine hydroxyl group, the terminal amino group of ly-
sine, a second hydroxyl group, and the N–C=O of the b-lactam. This alignment is consistent with the notion that acylation
of the serine hydroxyl group proceeds by a one-step cooperative mechanism in which C–O bond formation and proton
transfer to the b-lactam nitrogen take place through a heteroatom bridge. For the cooperative ring opening of penam by
two molecules of methanol and one molecule of methylamine or one molecule of water, density functional theory with the
B3LYP DFT gradient-corrected functional and the 6–31G(d) basis set reproduces the alignment seen in the docked struc-
tures. Methylamine lowers the barrier calculated at MP2/6–31G(d) from the DFT-optimized geometries by 3 kcal/mol;
water increases the barrier by 4 kcal/mol. The function of the conserved lysine in the active sites of penicillin-recognizing
enzymes is therefore to catalyze the formation of an acyl enzyme by a cooperative mechanism.

Key words: Autodock, cooperative mechanism, density functional theory (DFT), acyl enzyme.

Résumé : Les simulations à l’aide du programme Autodock montrent que l’arrimage de la pénicilline G aux structures cris-
tallines des enzymes reconnaissant la pénicilline conduit à un alignement dans la région du site actif Ser-X-X-Lys formé du
groupe hydroxyle de la lysine, du groupe aminé terminal de la lysine, du second groupe hydroxyle et du N–C=O du b-lac-
tame. Cet arrangement est en accord avec la notion selon laquelle l’acylation du groupe hydroxyle de la lysine se produit
par un mécanisme coopératif en une étape dans lequel la formation de la liaison C-O et le transfert de proton à partir de
l’azote du b-lactame se produit par un pont hétéroatomique. Pour l’ouverture de cycle coopérative du pénam par deux mo-
lécules de méthanol et une molécule de méthylamine ou une molécule d’eau, l’utilisation de la théorie de la fonctionnelle
de la densité, TFD, avec une fonctionnelle corrigée pour le gradient, B3LYP, et un ensemble de base 6–31G(d) permet de
reproduire l’alignement observé dans les arrimages de structures. Pour la méthylamine la barrière calculée au niveau MP2/
6–31G(d) est abaissée de 3 kcal/mol par rapport à la valeur obtenue par la TFD avec des géométries optimisées.

Mots-clés : Autodock, mécanisme coopératif, théorie de la fonctionnelle de la densité (TFD), enzyme acyle.

[Traduit par la Rédaction]

Penicillin-binding proteins (PBPs), the targets of b-lactam
antibiotics,1 and b-lactamases, which defend bacteria from
the action of b-lactam antibiotics,2 are related to each other
structurally,3 kinetically,4 and in their evolution from a com-
mon ancestor.5

Structurally, PBPs and b-lactamases are serine peptidases
whose catalytic serine is followed by lysine three residues to-
wards the carboxyl terminus (Ser-X-X-Lys). PBPs and b-lac-
tamases exhibit the same kinetics (Fig. 1), but with different
rate constants: k2 » k3 in a PBP and k2 & k3 in a b-lactamase,
and this difference is responsible for their different functions.

In the case of a PBP, the acyl enzyme cannot catalyze the
final step of the synthesis of the peptidoglycan component

of the bacterial cell wall, which is weakened, and the inter-
nal osmotic pressure causes the cell to burst. In the case of a
b-lactamase, hydrolysis of the acyl enzyme regenerates the
enzyme and the antibiotic is inactivated as a result of the
net hydrolysis of the b-lactam bond. This is an important
mechanism of bacterial resistance to b-lactam antibiotics.

All of these reactions involve addition to a carbonyl
group, the b-lactam carbonyl group in the formation of the
acyl enzyme, and the carbonyl group of an ester in the hy-
drolysis of the acyl enzyme. There are many publications
dealing with the mechanisms of these reactions, especially
the roles of Lys73, Glu166 of b-lactamases, and a water

Fig. 1. Formation of acyl enzymes.
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molecule.6 Most of these publications propose stepwise ionic
processes for these reactions. Our contrariant view regarding
such mechanisms follows from the demonstration7 that the
aqueous hydration of an aldehyde or ketone does not pro-
ceed in a stepwise ionic manner but, rather, by a cyclic (co-
operative) mechanism, with concurrent C–O bond formation
and proton transfer to oxygen taking place through a solvent
and (or) catalyst bridge. The neutral hydrolysis of an ester
also proceeds by a one-step cooperative mechanism.8

Our interest in the cooperative mechanism evolved from a
computational examination of the methanolysis of azetidi-
nones,9 which led to the conclusions that in the low-
dielectric gas phase, an O-protonation pathway 1, leading to
a tetrahedral intermediate, is disfavoured relative to an
N-protonation pathway 2, that one water molecule provides
over 10 kcal/mol of catalysis, that penam provides
5 kcal/mole of catalysis over N-methylazetidinone, and the
3a-carboxyl group of the penicillin nucleus also provides
5 kcal/mol of catalysis.

The data of ref. 9 were obtained by geometry optimiza-
tion at the 3–21G(d) level followed by single-point calcula-
tion of energies at the MP2/6–31G(d) level.10 We have now
repeated these calculations using density functional theory
with the B3LYP DFT gradient-corrected functional and the
6–31G(d) basis set,11 and have confirmed the earlier trends.

Very significantly, in our view, structure 2 is now seen to
resemble 3 and 4, in which penicillin G has been docked12 to
the crystal structures of an exocellular PBP from Streptomyces
R61,13 and the RTEM Class A b-lactamase from Escherichia
coli.14 When the unprotonated terminus of the lysine residue
of the Ser-X-X-Lys motif is included in these structures, the
function of this conserved amino acid becomes clear.

Structures 5–7 are mono and stereo views of the active
site regions of penicillin G docked to the crystal structures
of Streptomyces R61 (5), the RTEM b-lactamase (6), and
PBP1a from Streptococcus pneumoniae 7.15

Each of these structures resembles the reactant complex
of a cooperative process in which proton transfer from the
hydroxyl groups of Ser62, Ser70, or Ser370 to the unproto-
nated16 amino groups of Lys65, Lys73, or Lys373, proton
transfer from these amino groups to the hydroxyl oxygens
of Tyr159, Ser130, or Ser428, and proton transfer from these
hydroxyl oxygens to the b-lactam nitrogen are accompanied
by attack of the hydroxyl oxygens of Ser62, Ser70, or
Ser370 on the carbon of the b-lactam carbonyl group.

On the basis of these observations, structures 8–10 are
mono and stereo views of the reactant complexes, calculated
using density functional theory with the B3LYP DFT gra-
dient-corrected functional and the 6–31G(d) basis set, of the
cooperative methanolysis of penam by two methanol mole-
cules (8), two methanol molecules and one molecule of
methylamine (9), and two methanol molecules and one mol-
ecule of water (10). The MP2/6–31G(d) barriers, calculated
using the DFT-optimized geometries,17 are the following: 8,
28.64 kcal/mol, 9, 25.77 kcal/mol, and 10, 32.49 kcal/mol.
Thus, methylamine catalyzes the cooperative reaction by
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nearly 3 kcal/mol, but water inhibits the reaction by nearly
4 kcal/mol.

We conclude that the acyl enzymes formed in the reaction
of penicillin G with penicillin-recognizing enzymes are pro-
duced by a cooperative mechanism, and that the uncharged
amino group of the conserved lysine of the ubiquitous Ser-
X-X-Lys motif catalyzes this process.

Supplementary data

Supplementary data for this article (the coordinates of the
docked structures, calculated reactant complexes, and calcu-
lated transition structures) are available on the journal Web
site (canjchem.nrc.ca) or may be purchased from the Depos-
itory of Unpublished Data, Document Delivery, CISTI, Na-
tional Research Council Canada, Ottawa, ON K1A 0R6,
Canada. DUD 5299.
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The effect of substituent rotation on aromatic
quadrupole moments

Michael Lewis, Shana Beg, Aimee Clements, Dianne Tran, and Kristine Waggoner

Abstract: We recently reported substituent constants for the accurate prediction of molecular quadrupole moments of
mono-, di-, tri- and tetra-substituted aromatics. Four of the substituents in the study, –OH, –NO2, –NH2, and –CH3, were
polyatomic and for these groups the substituent constants only hold for the lowest energy, or near-lowest energy, geome-
tries. Herein, we report a computational investigation of the effect of rotation of –OH, –NO2, –NH2, and –CH3 groups on
the aromatic quadrupole moment, Qzz. As expected, rotation of these substituents significantly affects the aromatic Qzz

value; however, the affects are clearly periodic. Additionally, we have modified the methods to best employ our substitu-
ent constants.

Key words: aromatic quadrupole moment, substituent constants, substituent rotation, cation–arene complexes.

Résumé : On a récemment rapporté des constantes de substituant permettant de faire des prédictions précises de moments
quadripolaires moléculaires de produits aromatiques mono-, di-, tri- et tétrasubstitués. Quatre des substituants examinés
dans cette étude, –OH, –NO2, –NH2 et –CH3, sont polyatomiques et pour ces groupes les constantes de substituant ne sont
valables que pour les géométries de plus basse énergie ou près de la plus basse énergie. Dans ce travail, on rapporte une
étude théorique de l’effet de rotation des groupes –OH, –NO2, –NH2 et –CH3 sur le moment quadripolaire aromatique,
Qzz. Tel qu’on s’y attendait, la rotation de ces substituants affecte d’une façon significative la valeur aromatique Qzz, tou-
tefois les effets sont clairement périodiques. De plus, on a modifié les méthodes qui permettent d’utiliser au mieux nos
constantes de substituant.

Mots-clés : moment aromatique quadripolaire, constantes de substituant, rotation des substituants, complexes cation–arène.

[Traduit par la Rédaction]

Introduction

Noncovalent interactions involving aromatic p-electron
density1 are ubiquitous in chemistry and biology with dem-
onstrated importance in organic reaction development,2 pro-
tein folding,3 enzyme-substrate recognition,4 solid-state
organization,5 the function of ion channels,6 and in the de-
sign of organic semiconductors.7 The aromatic molecular
quadrupole moment, Qzz, is widely used to explain the na-
ture of the cation–arene complex (cation–p interaction), the
anion–arene complex (anion–p interaction), and the arene–
arene complex.1 Dougherty and co-workers8 showed that
the aromatic electrostatic potential is all that need be consid-
ered when predicting the cation-binding energy of substi-
tuted aromatics, and we recently showed that the cation
binding of substituted aromatics is directly related to the ar-
omatic quadrupole moment, Qzz.9

The relationship between the aromatic Qzz value and
cation–arene binding led our group to develop substituent
constants for the accurate prediction of molecular quadru-
pole moments of mono-, di-, tri-, and tetra-substituted aro-
matics, which in turn allows for the prediction of cation–

arene binding energies based solely on the aromatic substi-
tution pattern.10 For polyatomic groups (–OH, –NO2,
–NH2, and –CH3) the substituent constants only predict
the aromatic quadrupole moment, Qzz, if the substituents
are at, or near, the lowest energy geometry. Of course, in
highly anisotropic environments it is common for polya-
tomic substituents to assume geometries significantly dis-
torted from gas-phase or solution-phase lowest energy
geometries. For instance, solid-state structures of the elec-
tronic materials perylene diimides show significant rotation
about the imide C–N bond.11 In substituted nitrobenzenes,
having a methyl or methoxy substituent at the ortho posi-
tion,12 or even a formyl group,13 causes nitro group rota-
tion in the solid state, and this area has been
reviewed.14,15 Aromatic substituent rotation also affects re-
activity. Aromatic amines with large ortho groups undergo
deamination or substitution more readily than nonsterically
hindered amines and this is thought to be due to the rota-
tion of the amino group.16–18 2,4-Dinitrochlorobenzenes
partake in SNAr reactions less effectively when there is an
alkyl group between the nitro substituents causing the nitro
groups to rotate out of the plane of the aromatic.19,20 Sim-
ilarly, substituted bromothiophenes have been shown to
undergo piperidinodebromination significantly slower when
a carboxamido group is adjacent to the bromo substituent,
and this has been attributed to rotation of the carboxamido
group.21

In an effort to begin understanding the effects of substitu-
ent rotation on the aromatic Qzz value, herein, we report the
effect of –OH, –NO2, –NH2, and –CH3 group rotation on the

Received 9 July 2009. Accepted 28 September 2009. Published
on the NRC Research Press Web site at canjchem.nrc.ca on
9 December 2009.

M. Lewis,1 S. Beg, A. Clements, D. Tran, and K. Waggoner.
Department of Chemistry, Saint Louis University, 3501 Laclede
Avenue, Saint Louis, MO 63103, USA.

1Corresponding author (e-mail: LewisM5@slu.edu).

5

Can. J. Chem. 88: 5–13 (2010) doi:10.1139/V09-152 Published by NRC Research Press



aromatic quadrupole moment tensor component values. In
the course of performing this study we have re-evaluated
the initial approach we employed to determine aromatic
quadrupole moments using our substituent constants, and
here we present a modified approach.

Theoretical background

The aromatic quadrupole moment, Qzz, is a 3 � 3 tensor
(eq. [1]) and for planar aromatics the off-diagonal elements
are zero and eq. [2] determines Qzz. Therefore, any effort to
understand the affect of aromatic substitution on the overall
aromatic Qzz value is inherently an effort to understand the
effect of substituents on the aromatic quadrupole moment
diagonal tensor components. By considering the effects of
aromatic substitution on the aromatic quadrupole moment
diagonal tensor components we were able to develop sub-
stituent constants for the accurate prediction of the aromatic
Qzz value of mono-, di-, tri-, and tetra-substituted aro-
matics.10

½1� Qzz ¼
Qxx Qyx Qzx

Qxy Qyy Qzy

Qxz Qyz Qzz

2
4

3
5

½2� Qzz ¼ Qzz � 0:5ðQxx þ QyyÞ

A central assumption in the development of these sub-
stituent constants was that the aromatic substituents assume
the lowest energy geometry of the relevant monosubstituted
aromatic. For example, a nitro-substituted benzene with a
substituent ortho to the nitro group may have a geometry
where the –NO2 is in the same relative position as in the
monosubstituted nitrobenzene (Fig. 1b compared to
Fig. 1a). Conversely, the ortho substituent may affect the
position of the nitro group by electrostatic repulsion, as
seen by contrasting (c) and (a) in Fig. 1. In determining ar-
omatic quadrupole moment substituent constants for F, Cl,
Br, I, CN, OH, CH3, NO2, and NH2, the assumption that
substituent positions in di-, tri- and tetra-substituted aro-
matics were approximately the same as they would be in
the relevant monosubstituted aromatics proved to be quite
reasonable.10 The only cases where the assumption failed
was when a highly electronegative group (F, Cl, and NO2)
was ortho to a nitro group and electrostatic repulsion re-
sulted in the substituent positions differing from the relevant
monosubstituted aromatic, as depicted in Fig. 1c, or when
OH and NH2 groups were ortho to an amino group and hy-
drogen-bonding resulted in the substituent positions differing
from the relevant monosubstituted aromatic. While the af-
fect illustrated in Fig. 1c was rarely observed for F, Cl, Br,
I, CN, OH, CH3, NO2, and NH2 substituents in di-, tri-, and
tetra-substituted aromatics, it is important to note these were
gas-phase calculations in a vacuum. As noted above, in
highly anisotropic environments such as the solid-state, en-
zymes, proteins and nucleic acids the substituent positions
of polysubstituted aromatics may vary greatly from the gas-
phase, vacuum lowest energy geometry of the relevant
monosubstituted aromatic. Of course, the most likely varia-
tion would be expected for the polyatomic substituents
–OH, –NO2, –NH2, and –CH3 since these groups all have

low energy rotations that could easily be initiated by the en-
vironment.

Computational methods
All calculations, including structure optimizations, fre-

quency calculations, and quadrupole moment tensor compo-
nent calculations were performed at the RHF/6-311G**
level of theory. In comparison to more rigorous theoretical
methods, such as the correlated MP2 and QCISD(T) meth-
ods, and more flexible basis sets that included diffuse func-
tions and increased polarization functions, the RHF/6-
311G** level of theory was shown to give the best agree-
ment with experiment for calculating aromatic quadrupole
moments.22 The experimental Qzz value for benzene is
–8.7 ± 0.5 DÅ and for hexafluorobenzene it is +9.5 ±
0.5 DÅ;23 the RHF/6-311G** calculated values are
–8.76 DÅ and +10.06 DÅ.10 All calculations were per-
formed using the Gaussian03 suite of programs.24

Results and discussion

Effects of aromatic substituent rotation on the
quadrupole moment

The Cipso-substituent bonds in phenol (–OH), nitrobenzene
(–NO2), aniline (–NH2), and toluene (–CH3) were rotated
about the plane of the aromatic ring as shown in Fig. 2. For
phenol, nitrobenzene, and aniline the substituents were ro-
tated by 908 since this covers the unique, nonrepeating por-
tion of the rotation. For toluene, the unique portion of the
rotation is covered by a 608 rotation of the methyl carbon
atom about the plane of the aromatic ring. In all cases, the
rotations were performed in 58 increments and the quadru-
pole moment tensor components, Qxx, Qyy, and Qzz, were de-
termined for each point. Importantly, the calculations were
preformed such that the dihedral angle corresponding to the
substituent rotation was held constant, but all other geomet-
ric variables were optimized. Figures 3–6 show the plots for
phenol, nitrobenzene, aniline, and toluene. Tables containing
the numerical results are in the Supplementary data. The 08
dihedral angles in Figs. 3–6 represent the optimized geome-
tries. For phenol (Fig. 3) this means the Hhydroxyl–Ohydroxyl–
Cipso–Cortho dihedral angle is 08, for nitrobenzene (Fig. 4)
the Onitro–Nnitro–Cipso–Cortho dihedral angle is 08, and for tol-
uene (Fig. 6) one of the Hmethyl–Cmethyl–Cipso–Cortho dihedral
angles is 08. For aniline, the optimized structure is pyrami-

Fig. 1. (a) Nitrobenzene. (b) Ortho-substituted nitrobenzene with
the nitro group position unaffected by the ortho substituent, and in
the same relative position as in nitrobenzene (a). (c) Ortho-substi-
tuted nitrobenzene with the nitro group position affected by the
ortho substituent, and not in the same relative position as in nitro-
benzene (a).
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dal about the aniline nitrogen atom and thus the dihedral an-
gle of 08 in Fig. 5 represents a Hamino–Namino–Cipso–Cortho di-
hedral angles of 458.

For phenol, nitrobenzene, and aniline, rotation about the

Cipso-substituent bond results in the quadrupole moment ten-
sor components varying by approximately 1–6 DÅ. How-
ever, for toluene this is not the case; rotation about the
Cipso–Cmethyl bond results in essentially no change in the
quadrupole moment tensor components, with variations be-
tween 0.001 and 0.004 DÅ (Fig. 6). The lack of variation
of the quadrupole moment tensor components for toluene
upon rotation of the Cipso–Cmethyl bond is easily explained
by recognizing that the quadrupole moment tensor compo-
nents, Qxx, Qyy, and Qzz, describe the distance electron den-
sity extends from the molecular center of mass in the x, y,
and z directions, respectively. Rotation of the methyl group
does not significantly change the electron density distribu-
tion in any of the three Cartesian directions because there is
always a hydrogen atom above or below the plane of the ar-
omatic regardless of the methyl group geometry. Further-
more, there is little electron density about a hydrogen atom,

Fig. 2. The effect of aromatic –OH, –NO2, –NH2, and –CH3 substi-
tuent rotation was investigated by rotating about the aromatic ring
plane the Cipso–Ohydroxyl bond of phenol by 908, the Cipso–Nnitro bond
of nitrobenzene by 908, the Cipso–Namino bond of aniline by 908, and
the Cipso–Cmethyl bond of toluene by 608.

Fig. 3. Plot of the aromatic quadrupole moment tensor components
(Qxx, Qyy, and Qzz) vs. the angle of rotation of the Cipso–Ohydroxyl

bond about the aromatic ring plane for phenol.

Fig. 4. Plot of the aromatic quadrupole moment tensor components
(Qxx, Qyy, and Qzz) vs. the angle of rotation of the Cipso–Nnitro bond
about the aromatic ring plane for nitrobenzene.

Fig. 5. Plot of the aromatic quadrupole moment tensor components
(Qxx, Qyy, and Qzz) vs. the angle of rotation of the Cipso–Namino bond
about the aromatic ring plane for aniline.

Fig. 6. Plot of the aromatic quadrupole moment tensor components
(Qxx, Qyy, and Qzz) vs. the angle of rotation of the Cipso–Cmethyl bond
about the aromatic ring plane for toluene.
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so the minor deviations in the H-atom positions as a result
of methyl-group rotation are rendered even less significant.

The variations in the quadrupole moment substituent con-
stants for phenol, nitrobenzene, and aniline upon substituent
rotation can also be explained by considering the effects on
the electron density distribution; however, there are notable
differences between the three substituted aromatics and tol-
uene. First, as evidenced by Figs. 3–5, rotation of the sub-
stituent does significantly affect the quadrupole moment
tensor components. Second, it is not only the orientation of
the hydrogen atoms that is important, but additionally the
position of the heteroatom lone pairs upon substituent rota-
tion must also be considered to give the best rationale for
the variations in the quadrupole moment tensor components.
Figure 7 helps explain the quadrupole moment tensor com-
ponent variations for phenol (Fig. 3). The tensor component
Qxx becomes more negative upon 908 rotation of the –OH
group with respect to the plane of the aromatic. Thus, elec-
tron density extends further in the x direction upon rotation
of the substituent. One explanation for Qxx being more neg-
ative upon –OH group rotation is that in the optimized struc-
ture the oxygen lone pairs of phenol are largely orthogonal
to the arene p-electron density; this is best viewed via the
Newman projections at the bottom of Fig. 7. After a 908 ro-
tation of the –OH group, the lone pairs should overlap with
the arene p-cloud; however, this would obviously be quite
repulsive. The result is that the aromatic p-electron density
repels the lone pairs into the x direction, making Qxx more
negative.

The tensor component Qyy is more positive upon rotation
of the –OH group in phenol (Fig. 3) and thus the electron
density in the y direction becomes more contracted. This
can be explained using the top view of Fig. 7. As the –OH
hydrogen atom becomes parallel with the arene p-electron
density it can partake in hydrogen bonding and move closer
to the aromatic. Thus, electron density moves closer to the
molecular center of mass, making Qyy more positive.

The quadrupole moment tensor component Qzz is more
positive upon rotation of the –OH group in phenol (Fig. 3),
signifying the electron density extends less in the z direc-
tion. The Newman projections at the bottom of Fig. 7
clearly show that the hydrogen atom electron density ex-
tends more in the z direction upon rotation of the –OH
group and this would make Qzz more negative. However, as
we noted in our explanation of the variation of the Qxx ten-
sor component, the oxygen atom lone pairs are repelled to-
wards the x direction and away from the z direction by the
aromatic p-electron density. Since Qzz is less negative upon
rotation of the –OH group, the repulsion of the oxygen atom
lone pairs in the x direction must be greater than the elec-
tron density of the hydrogen atom.

The explanation for the variation of the quadrupole mo-
ment tensor components of nitrobenzene upon 908 rotation
of the nitro group is simpler than the above explanation for
phenol. The change in the Qyy tensor component upon rota-
tion of the nitro group about the plane of the aromatic ring
in nitrobenzene is negligible (Fig. 4). This can be explained
using Fig. 8 where it is evident that there is little change in
the extension of the electron density in the y direction upon
nitro group rotation; the lone pairs of the oxygen atoms ex-
tend in the y direction to approximately the same extent re-

gardless of the nitro group orientation. The Qxx quadrupole
moment tensor component becomes more positive by ap-
proximately 5 DÅ upon rotation of the nitro group by 908
and Fig. 8 clearly shows why this is the case; as the nitro
group is rotated the lone pairs of the oxygen atoms extend
less in the x direction. Conversely, nitro group rotation re-
sults in the lone pairs of the oxygen atoms extending more
in the z direction and this explains why the Qzz tensor com-
ponent becomes more negative by about 5 DÅ as the nitro
group is rotated 908 about the plane of the aromatic ring.

The variation in the quadrupole moment tensor compo-
nents of aniline upon 908 rotation of the –NH2 group about
the plane of the aromatic ring (Fig. 5), much like for rota-
tion of the nitro group in nitrobenzene, is relatively easily
explained. The Qxx tensor component becomes more nega-
tive upon rotation of the amino group and, as is evidenced
by Fig. 9, this is because the nitrogen atom lone pair extends
more in the x direction upon rotation. The Qyy tensor com-
ponent becomes more positive with amino group rotation
(Fig. 5) and this too can be attributed to the orientation of
the nitrogen atom lone pair. In the optimized geometry of
aniline the aromatic ring p-electron density repels the nitro-
gen atom lone pair in the y-direction. In the structure where
the amino group is rotated 908 the lone pair is orthogonal to
the aromatic ring p-electron density and is therefore not re-
pelled in the y direction. Thus, electron density extends less
in the y direction upon amino group rotation and, conse-
quently, Qyy becomes more positive. The rotation of the
amino group lone pair also results in electron density ex-
tending less in the z direction, as is obvious from Fig. 9,
and this results in a more positive Qzz quadrupole moment
tensor component (Fig. 5).

Fig. 7. View of phenol, with lone pairs, down the x plane (top) and
down the y plane (bottom). In the top view the solid line is the
aromatic ring. The bottom view is a Newman projection viewed
down the Ohydroxyl–Cipso bond.

Fig. 8. Rotation of the nitro group in nitrobenzene about the plane
of the aromatic ring.

8 Can. J. Chem. Vol. 88, 2010

Published by NRC Research Press



Modified approach to employing quadrupole moment
tensor component substituent constants

In our initial report detailing the development of quadru-
pole moment tensor component substituent constants for the
prediction of aromatic quadrupole moments, we provided
Qxx, Qyy, and Qzz substituent constants for substituents in the
ipso, ortho, meta, and para positions and this amounted to
12 sets of substituent constants.10 Upon reconsideration, this
can be significantly simplified to seven sets of substituent
constants. The Qzz tensor component describes the electron
density distribution in the z direction, and Fig. 10 shows
that the effect on Qzz should not be related to the position
the substituent occupies. Thus, there is no need for Qzz,i,
Qzz,o, Qzz,m, and Qzz,p substituent constants, as we initially re-
ported, and one average value, Qzz, would suffice. Table 1
lists the average Qzz values for each substituent. There is a
very small standard deviation for these values, generally on
the order of a hundredth to a tenth DÅ, supporting the no-
tion that the position of the substituent is inconsequential.
To a lesser extent, simplification is also in order for the Qxx
quadrupole moment tensor component substituent constants.
It is apparent from Fig. 10 that the electron density distribu-
tion in the x direction should be affected equally by ipso and
para substitution and equally by ortho and meta substitution.
Thus, instead of the four Qxx,i, Qxx,o, Qxx,m, and Qxx,p sub-
stituent constants, Qxx,ip and Qxx,om are all that is needed.
The Qxx,ip and Qxx,om tensor component substituent constants,
obtained by averaging the Qxx,i and Qxx,p values and the Qxx,o
and Qxx,m values, respectively, are given in Table 1, and
again, small standard deviations for these values support
this approach. Finally, Fig. 10 shows that substituent posi-
tion is important in determining electron density distribution
in the y direction, and thus, Qyy substituent constants are re-
quired for the four unique aromatic positions, ipso (Qyy,i),
ortho (Qyy,o), meta (Qyy,m), and para (Qyy,p). These were re-
ported in our initial study10 and are shown in Table 1.

As we noted above, a central assumption in the develop-
ment of these substituent constants was that the aromatic
substituents assume the lowest energy geometry of the rele-
vant monosubstituted aromatic, and that interactions with
neighboring substituents are minimal.10 This assumption
broke down for penta- and hexa-substituted aromatics; how-
ever, it worked very well for mono-, di-, tri-, and tetra-
substituted arenes. In the course of the present study, we
recognized another important assumption that was uninten-
tionally made in our initial study:10 the center of mass of a
substituted aromatic is the same as the average center of
mass of the relevant monosubstituted aromatics. For
instance, our approach assumed that the center of mass of
1-bromo-3–chloro-5-fluorobenzene is equal to the average
of the center of masses of bromobenzene, chlorobenzene,
and fluorobenzene; this assumption is obviously not true.

Further underlying the error of this assumption, constitu-
tional substituted-benzene isomers would have the same
center of mass; 1-bromo-3–chloro-5-fluorobenzene would
have the same center of mass as 1-bromo-2–chloro-5-
fluorobenzene. Again, this is obviously not true. Since our
initial aim was to develop substituent constants that could
be used to predict, with relative ease, the quadrupole mo-
ment of substituted aromatics, rather than complicate the ap-
proach by adding a center-of-mass component, we offer the
set of rules in Table 2 on how to orient the substituted aro-
matics before employing the substituent constants in Table 1.
The rules in Table 2 minimize our erroneous center of mass
assumption by making sure the substituent with the greater
number of atoms or, if the substituents have the same num-
ber of atoms, the heavier substituent is placed at the ipso po-
sition. The ipso position discussed in Table 2 represents the
position shown in Fig. 10 (Si).

Going back to our initial assumption, that the aromatic
substituents assume the lowest energy geometry of the rele-
vant monosubstituted aromatic,10 we now realize this affects
more than just the Qzz prediction of penta- and hexa-
substituted aromatics. It also precludes predicting the Qzz
values of aromatics where three nonhydrogen atoms are ad-
jacent to each other, as in a 1,2,3-trisubstituted aromatic or a
1,2,3,5-tetrasubstiuted aromatic. For instance, using the sub-
stituent constants in Table 1 and placing either the heaviest
atom or the polyatomic group with the most atoms in the
ipso position, the predicted Qzz values of 1,3-dichloro-2-ni-
trobenzene and 1-bromo-2–chloro-3-cyanobeznene are
–10.59 and –5.45 DÅ, respectively. The calculated values
are –0.82 and +12.49 DÅ, respectively. Given that we can
predict the Qzz values of 1,3,5-trisubstituted aromatics quite
well, vide infra, the only explanation for this result is steric
crowding, the same explanation we gave for the inability to
predict penta- and hexa-substituted aromatics using our ap-
proach. The one caveat here is that if three substituents are
adjacent to one another, and one of them is a fluorine atom,
then the substituent constants (Table 1) and the orientation
rules (Table 2) still work. Given the very small size of a flu-
orine atom this supports the notion that sterics are the pri-
mary factor in precluding Qzz prediction of congested
aromatics, where a congested aromatic can be defined as
having three nonhydrogen atoms adjacent to each other, at
least for the purpose of predicting aromatic Qzz values.
These insights about congested aromatics and the special
consideration of fluorine atoms are accounted for in Table 2.

Using the simplified quadrupole moment substituent con-
stants (Table 1) and the orientation rules (Table 2), we pre-

Fig. 9. Rotation of the amino group in aniline about the plane of
the aromatic ring.

Fig. 10. Substituent positions used to determine effects on aromatic
quadrupole moment tensor component substituent constants.
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dicted the quadrupole moments for randomly substituted di-,
tri-, and tetra-substituted aromatics, six examples of each
(A–R), and these are compared to the calculated Qzz values
in Table 3. Our previous work illustrates exactly how the
substituent constants are employed for predicting aromatic
Qzz values. For the disubstituted aromatics the predicted Qzz
values are almost identical to the calculated values. The only
instances where caution should be taken in predicting aro-
matic quadrupole moments of disubstituted aromatics using
the substituent constants in Table 1 is when the nature of
atoms ortho to each other is such that they will cause their
positions to change relative to the relevant monosubstituted
aromatics. For instance, 1-fluoro-2-nitrobenzene has two
highly electronegative groups ortho to each other and electro-
static repulsion would cause the position of the fluorine to
not be the same as in fluorobenzene, and the position of the
nitro group to not be the same as in nitrobenzene. This is
exemplified by comparing the calculated quadrupole moment
of 1-fluoro-2-nitrobenzene, Qzz = –1.35 DÅ, to the value pre-
dicted using the substituent constants in Table 1 and the ori-
entation rules in Table 2, Qzz = –9.85 DÅ. This has nothing
to do with the center of mass assumption and the resulting
orientation rules, and instead is a result of the assumption
from our original paper10 that the aromatic substituents as-
sume the lowest energy geometry of the relevant monosubsti-

tuted aromatic, and that interactions with neighboring
substituents are minimal. As we noted in our original paper,
the neighboring group interactions that would lead to this as-
sumption failing include electronic repulsion by highly elec-
tronegative atoms being ortho to each other and hydrogen
bonding from groups such as amino and hydroxyl being ortho
to each other. As can be seen with ortho–chlorotoluene, A,
and ortho–chloroaniline, B, in Table 3, the approach outlined
in Tables 1 and 2 for predicting the Qzz values of ortho-
substituted aromatics where the groups are not highly electro-
negative, and not involved in hydrogen bonding, is excellent.
Likewise, this approach also gives excellent results predict-
ing the Qzz values of meta (C–E) and para disubstituted aro-
matics (F), as shown in Table 3.

The 1,2,3-, 1,2,4-, and 1,3,5-substitution patterns are the
three general possibilities for trisubstituted aromatics. As dis-
cussed above, and specified in Table 2, for 1,2,3-trisubstituted
aromatics, one of the three substituents must be a fluorine
atom, and when this is the case the Qzz value can be predicted
using Tables 1 and 2, as shown in Table 3 for aromatics G
and H. For 1,3,5- (I) and 1,2,4-trisubstituted aromatics (J–L)
the steric concern of having three adjacent substituents is
moot and we see decent agreement between the calculated
and predicted Qzz values (Table 3). For the tetrasubstituted
aromatics, both the 1,2,3,4- (M and N) and 1,2,3,5-substitu-

Table 1. Simplified quadrupole moment tensor component substituent constants for aro-
matic substituents (S). All values in DÅ.

S Qzz Qxx,ip Qxx,om Qyy,i Qyy,o Qyy,m Qyy,p

F –3.23 –2.50 –8.55 –1.16 0.28 –9.80 –20.97
Cl –11.82 –10.55 –16.59 –5.36 –7.22 –18.87 –31.41
Br –17.68 –16.40 –21.42 –9.80 –13.17 –24.15 –35.57
I –28.51 –27.40 –29.59 –19.60 –24.66 –33.90 –40.30
CN –9.32 –7.65 –26.48 –5.42 –0.58 –28.35 –61.94
NO2 –13.48 –16.10 –30.61 –6.85 –6.77 –35.89 –65.78
NH2 –6.52 –4.64 –2.83 –8.34 –7.17 –0.98 3.61
CH3 –5.54 –6.83 –6.18 –8.20 –7.96 –5.36 –3.74
OH –5.02 –3.46 –5.32 –5.29 –1.16 7.17 –6.61

Table 2. Orientation rules for how to orient di-, tri-, and tetra-substituted aromatics when predicting Qzz values using the substituent
constants in Table 1.

Substituted aromatic Orientation rulesa

Disubstituted, 1,3,5-trisubstitued, and
1,2,4,5-tetrasubstituted aromatics

The substituent with the greater number of atoms should be in the ipso position.
If the substituents have the same number of atoms, the heavier one should be in the ipso

position.

1,2,3-Trisubstituted aromatics Only works if at least one substituent is F (sterics).
Otherwise, see above rules for disubstituted and 1,3,5-trisubstitued aromatics.

1,2,4-Trisubstitued aromatics One of the substituents in the 1- or 2-position must be ipso.
Otherwise, see above rules for disubstituted and 1,3,5-trisubstitued aromatics.

1,2,3,4-Tetrasubstitued aromatics Only works if F is in the 2- or 3-position (sterics).
For the two nonfluorine substituents that are vicinal to each other, see above rules for

disubstituted and 1,3,5-trisubstitued aromatics.

1,2,3,5-Tetrasubstituted aromatics Only works if F is in either 1-, 2-, or 3-position (sterics).
For the two nonfluorine substituents in the 1-, 2-, or 3-position, see above rules for

disubstituted and 1,3,5-trisubstitued aromatics.

aThe ipso position is defined by Fig. 10.
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tion patterns (O and P) have the possibility for steric crowd-
ing: however, so long as one of the substituents is a fluorine
atom, the constants in Table 1 and the rules in Table 2 give
predicted Qzz values in good agreement with the calculated
values (Table 3). Finally, the 1,2,4,5-tetrasubstituted aro-
matics (Q and R) do not have the problem of steric crowding
and the predicted and calculated values are in good agree-
ment.

Throughout the discussion of the results in Table 3, we
have stated that the agreement between the calculated and
predicted Qzz values is good. Ultimately, the greatest value
of the substituent constants in Table 1 and the orientation
rules in Table 2 lie in being able to predict relative Qzz val-
ues, although in many cases in Table 3 the agreement in ab-
solute terms is quite good. Still, since the aromatic Qzz
value is an excellent predictor of how well an aromatic will

bind a cation,9 the ability to predict relative Qzz values
would allow one to say that a certain substitution pattern
will allow for greater, or poorer, cation binding. As a means
of quantifying how well the relative Qzz value is predicted
using the constants in Table 1 and the rules in Table 2, we

Table 3. Predicted and calculated Qzz values for di-, tri-, and tetra-
substituted aromatics.

Table 3. Continued.
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ranked the aromatics in Table 3 based on the calculated
(Qzz,calc) and predicted (Qzz,pred) Qzz values and the results
are collected in Table 4. The rankings give the aromatic
with the most negative Qzz value the number 1 and the
most positive Qzz aromatic is ranked 18. By calculating the
absolute value of the difference between the two sets of
rankings, |D(rank)| (Table 4), we can quantify how well the
predicted values perform in determining relative Qzz values.
As shown in Table 4, for two-thirds of the 18 aromatics in
Table 3 the Qzz,calc and Qzz,pred rankings are exactly the
same (|D(rank)| = 0), or they differ by one (|D(rank)| = 1).
The average |D(rank)| value for the 18 aromatics is 1.4.
Thus, for the purposes of predicting relative Qzz values and,
subsequently, relative cation binding affinities, the predic-
tive scheme outlined in Tables 1 and 2 performs quite well.

One final caveat should be noted. The amino group quad-
rupole moment substituent constants were developed from
aniline and disubstituted anilines. Aniline, of course, is sp3

hybridized and pyramidal at the nitrogen atom; however
many substituted anilines, such as para-nitro-aniline, have
the amino nitrogen atom sp2 hybridized and conjugated
with the aromatic ring such that the geometry about the ni-
trogen atom is planar. Thus, care should be taken when ap-
plying the approach outlined here for the prediction of the
Qzz values of substituted anilines that are planar about the
amino nitrogen atom. Furthermore, a similar point can be
made for substituted phenols. The H–O–C bond angle in phe-
nol is 111.18 at the RHF/6-311G** level of theory, and thus,
the oxygen atom is sp3 hybridized. However, it is not difficult
to envision substituents causing one of the phenol oxygen
atom lone pairs to become conjugated with the aromatic ring,
making the oxygen atom sp2 hybridized. This, of course,
would have repercussions for the prediction of aromatic Qzz
values of substituted phenols. The issue of OH and NH2 con-
jugation with the aromatic, and how this conjugation is in-
creased or decreased with substitution, will certainly make it
a challenge to translate the success we have demonstrated in

predicting aromatic Qzz values into successfully using the
predicted Qzz values to predict cation-substituted arene bind-
ing energies where one of the substituents is rotated. We are
currently addressing this issue, and the preliminary results are
encouraging. We look forward to reporting this work when it
is complete.

Conclusion
The rotation of an aromatic methyl group does not signif-

icantly affect the quadrupole moment tensor components;
however, there is a noticeable change in these values when
a hydroxyl, nitro, or amino group is rotated. These changes
would ultimately change the molecular quadrupole moment
in aromatics with rotated groups; however, since the change
in quadrupole moment tensor components upon substituent
rotation is periodic, it seems reasonable that the Qzz value
of aromatics with substituents at non-lowest energy geome-
tries could possibly be predicted. Such prediction could be
an extension of the substituent constants and orientation
rules we present here, a modification of our previous
work,10 and current work in our group is directed at this
problem. Certainly, the modified approach we present here
for predicting aromatic Qzz values works very well in pre-
dicting relative Qzz values, and would therefore be useful in
predicting cation–arene binding energies via simple inspec-
tion of the aromatic substitution pattern.
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Highly stereoselective facile synthesis of b-amino
carbonyl compounds via a Mannich-type reaction
catalyzed by g-Al2O3/MeSO3H
(alumina/methanesulfonic acid: AMA) as a
recyclable, efficient, and versatile heterogeneous
catalyst

Hashem Sharghi and Mahboubeh Jokar

Abstract: Mannich reaction of ketones, aromatic aldehydes, and aromatic amines catalyzed efficiently by
g-Al2O3/MeSO3H (alumina/methanesulfonic acid: AMA) as a heterogeneous catalyst, which were carried out in EtOH at
ambient temperature to afford the corresponding b-amino ketones in good yields and high stereoselectivities in favor of
the anti isomer, was described for the first time. It was found that this catalyst could be completely recovered and reused
without loss of its catalytic activities and is thus environmentally conscious. Furthermore, the use of g-Al2O3/CH3SO3H
(AMA) catalyst is feasible because of its easy preparation, easy handling, stability, easy recovery, reusability, good activ-
ity, stereoselectivity, and eco-friendliness. The use of this method provides a novel and improved modification of the
three-component Mannich reaction in terms of mild reaction conditions and clean reaction profiles, using a very small
quantity of catalyst and a simple workup procedure.

Key words: Mannich reaction, b-amino ketones, methanesulfonic acid, g-Al2O3/MeSO3H (alumina/methanesulfonic acid:
AMA), steroselectivity, recyclable catalysis

Résumé : Opérant à la température ambiante, en solution dans l’éthanol, on a effectué des réactions de Mannich de céto-
nes, d’aldéhydes aromatiques et d’amines aromatiques catalysées efficacement par un catalyseur hétérogène formé de
g-Al2O3/MeSO3H (alumine/acide méthanesulfonique: AAM) qui conduisent à la formation des b-aminocétones correspon-
dantes, avec de bons rendements et par la première fois à des stéréosélectivités élevées en faveur de l’isomère anti. On a
observé que le catalyseur peut être récupéré complètement sans perte de son activité catalytique et qu’il est écologique.
De plus, l’utilisation du catalyseur g-Al2O3/MeSO3H (alumine/acide méthanesulfonique) est possible en raison de sa faci-
lité de préparation, de manutention, de récupération et de réutilisation ainsi que de sa bonne activité, de sa stéréosélectivité
et de son caractère écologique. L’utilisation de cette méthode donne accès à une modification nouvelle et améliorée de la
réaction de Mannich à trois composants en termes de conditions réactionnelles douces, avec des profils réactionnels pro-
pres, qui n’utilisent que de très faibles quantités de catalyseur et une méthode simple de récupération des produits.

Mots-clés : réaction de Mannich, b-aminocétones, acide méthanesulfonique, g-Al2O3/MeSO3H (alume/acid méthanesulfo-
nique: AAM), stéréosélectivité, catalyseur recyclable

[Traduit par la Rédaction]

Introduction
Mannich-type reactions are very important C–C bond-

forming reactions in organic synthesis and one of the most
widely utilized chemical transformations for the formation
of b-amino ketones and other b-amino carbonyl compounds,
which in turn are important synthetic intermediates for vari-
ous pharmaceuticals and natural products, such as alkaloids

and polyketides.1,2 b-Amino carbonyl compounds and their
derivatives are used for the synthesis of amino alcohols,
peptides, and lactams, and as precursors for optically active
amino acids. Therefore, the development of new synthetic
methods leading to b-amino carbonyl compounds or their
derivatives has attracted much attention. However, the clas-
sic Mannich reaction has limited applications. To overcome
the drawbacks of the classic method, numerous modern ver-
sions of the Mannich reaction using electrophiles, such as
imines and stable nucleophiles, such as enolates, enol ethers,
and enamines,3 have been developed. But the preferred route
is to use a one-pot, three-component strategy that opens a
wide range of structural variations. Furthermore, only a few
one-pot procedures on the use of unmodified aldehydes or
ketones have been reported in the literature and a variety of
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catalysts, such as Zn(OTf)2,4 H3PW12O40,5 ZrOCl2�8H2O,6

(S)-serine,7 DBSA,8 SDS–HCl,9–11 Bi(OTf)3�4H2O,12 sodium
tetrakis(3,5-trifluoromethylphenyl) borate,13 PS-SO3H,14

L-proline,3h NbCl5,15 HClO4-SiO2,16a and silica sulfuric
acid,16b have been investigated.

However, most Lewis acids cannot be used in this one-pot
reaction because of the presence of free amines and H2O
produced in the imine formation.

Within recent years, the use of reusable heterogeneous
catalysts has received considerable importance in organic
synthesis because of their environmental, economical, and
industrial aspects.6b,17 Up to now several reusable and heter-
ogeneous catalysts have been designed and used in various
reactions. Metal colloides,18a mineral clays,18b and supported
reagent on silica gel,18c,18d alumina,19 and other solid sup-
ports are some common examples of heterogeneous catalysts
that have extensive applications in organic transformations.

Aluminum oxides constitute an important technological
material that can be widely used in catalytic processes. In
particular, g-Al2O3 is used as both a catalyst and support be-
cause of its acid–base properties and mechanical and high-
temperature resistance.6b This study is part of our ongoing
interest in a mixture of the g-Al2O3/MeSO3H (alumina/
methanesulfonic acid: AMA) catalyst in the Fries rearrange-
ment,19 Beckmann rearrangement,20 direct conversions of ar-
omatic aldehydes to the corresponding glycol monoesters,21

hydration of nitriles into amides,22 syntheses of macrocyclic
polyether-diesters,23 syntheses of new hydroxythioxanthone
derivatives,24 direct sulfonyltion of phenoles with p-toluen-
sulfonic acid,25a and synthesis of coumarin derivatives.25b

We report herein our results in the three-component
g-Al2O3/MeSO3H (AMA) catalysed Mannich-type reaction.

Results and discussion
In this research, we report a new, simple, mild, and effec-

tive procedure for the one-pot synthesis of b-amino carbonyl
compounds via a multicomponent reaction between aryl al-
dehydes, anilines, and cyclohexanone or cyclopentanone in
the presence of g-Al2O3/MeSO3H (AMA) as catalyst
(Scheme 1).

To establish the optimum conditions for this reaction, ini-
tially, the three-component Mannich reaction of benzalde-
hyde (2.0 mmol), aniline (2.0 mmol), and cyclohexanone
(2.2 mmol) was examined. To find out the optimum quantity
of g-Al2O3-supported methanesulfonic acid (AMA), the
Mannich reaction was carried out at room temperature using
different quantities of the catalyst (Table 1 and Fig. 1).

The reaction does not proceed if no catalyst is employed,
despite prolonged reaction times (Table 1, entry 1). It should

be noted that the optimal catalyst loading effect obtained
from towards the b-amino carbonyl compounds peaked at a
concentration of 0.05 mol% (Table 1, entry 4). A lower cat-
alyst loading gave decreased yields (Table 1, entries 2 and
3), and increasing the catalyst loading also led to decreased
yields (Table 1, entries 5–7). Thereafter, the reaction was
carried out by varying the amount of cyclohexanone and
aniline. The optimum ratio of benzaldehyde, cyclohexanone,
and aniline was found to be 2:2.2:2, respectively, and 0.1 g
AMA (equal to 0.05 mol% H+). Entry 4 of Table 1 de-
scribed the yields of four consecutive reactions leading to

Table 1. Catalyzed Mannich reaction of benzaldehyde (2.0 mmol),
aniline (2.0 mmol), and cyclohexanone (2.2 mmol) in EtOH at
room temperature.

Entry
AMA (mol% MeSO3H
on 0.1 g g-alumina) Yields (%)a Time (h) Anti/synb

1 None 0 10 —
2 0.02 56 10 90/10
3 0.03 67 6 89/11
4 0.05 98, 97, 97, 96c 4 97/3
5 0.08 89 6 85/15
6 0.15 81 1.5 85/15
7 0.30 80 1 88/12

aYield of isolated products.
bAnti/syn ratio was determined by 1H NMR.
cThe same catalyst was used for each of the four runs.

Fig. 1. A plot of the yield of 2-[anilino(phenyl)methyl]cyclohexa-
none (4a) versus the amount of g-alumina/methanesulfonic acid
(AMA) as catalyst using benzaldehyde (2.0 mmol), aniline
(2.0 mmol), and cyclohexanone (2.2 mmol) in ethanol at room
temperature.

Scheme 1. One-pot, three-component Mannich reaction with cyclohexanone or cyclopentanone.
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2-[anilino(phenyl)methyl]cyclohexanone (4a). In these ex-
periments, the reaction mixture was diluted with AcOEt,
and the catalyst was removed by filtration and washed with
hot EtOH. The filtrate was dried at 120 8C for 24 h to give
recycled AMA. Thus, the recovered catalyst, which always
works the same, begins reloading with fresh reagents for fur-
ther runs. No significant decrease in the yield was observed
demonstrating the efficiency of AMA as a catalyst in the
synthesis of b-amino carbonyl compounds.

With AMA as an effective catalyst for the Mannich-type
reaction, conditions using various solvents such as MeCN,
1,4-dioxane, Et2O, THF, toluene, CHCl3, and EtOH were
examined (Table 2). Benzaldehyde, aniline, and cyclohexa-
none were chosen as representative substrates. Interestingly,
the Mannich reaction showed an intriguing solvent effect,
and it was found that the solvent has an important role in
terms of reaction rate, yields, and stereoselectivity. Among
various solvents tested, toluene, MeCN, Et2O, CH2Cl2, and
MeOH gave moderate yields of the expected product
(Table 2, entries 1–5) and the reaction in 1,4-dioxane af-
forded a very poor yield (Table 2, entry 7, 27%). Excellent
anti selectivity was observed in MeCN whereas the yield of
the reaction exhibited was low (Table 2, entry 1, 55%) com-
pared to EtOH that showed a high yield and excellent ster-
eoselectivity. Obviously, EtOH is the solvent of choice with
its fast reaction rate, high yield, excellent anti selectivity,
cheapness, and environmental acceptability. According to
step II of the mechanism for this reaction, which involves
the formation of a Schiff base, we expected EtOH to stand
out as the favorite solvent, since EtOH has proved to be
one of the suitable solvents for the synthesis of Schiff
bases.26

To optimize the temperature we carried out a model study
with benzaldehyde (2 mmol), aniline (2 mmol), and cyclo-
hexanone (2.2 mmol) using a catalyst (0.1 g, equal to
0.05 mol % H+) in EtOH at various temperatures (Table 3).
Increasing the temperature to 80 8C favored side reactions
and the formation of deeply colored products. If the reaction
runs at refluxing temperature, no Mannich-reaction bases (4)
can be isolated. Decreasing the temperature decreases the
rates of the reaction, and also the rates of the side reactions.
Table 3 clearly demonstrates that room temperature is an ef-
fective temperature in terms of reaction time and yield ob-
tained.

Encouraged by the remarkable results obtained with the
above reaction conditions, and to show the generality and
scope of this new protocol, we used various aldehydes and
amines (Table 4). A variety of aromatic aldehydes, including
electron-withdrawing and electron-donating groups, were
tested using our new method in EtOH in the presence of
AMA. It was found that the electronic effect of substitutes
had an influence on the yields. In this case, both the elec-
tron-rich and the electron-deficient benzaldehydes gave
good to excellent anti selectivity at room temperature
(Table 4, entries 1–14). However, when aryl aldehyde bear-
ing an electron-withdrawing substituent was subjected to the
reaction under standard conditions, there was a lower yield
of desired adducts formed (Table 4, entry 9). An important
feature of this procedure was the survival of a variety of
functional groups, such as ethers, nitro, hydroxyl, halides,
cyanide, etc., under the reaction conditions. Acid-sensitive

substrates like 4-cyanobenzaldehyde also reacted in high
yields without the formation of any side products (Table 4,
entry 13). Heteroaryl aldehydes, such as 2-thiophenecarbox-
aldehyde (Table 4, entry 10), was well-tolerated in these
mild conditions. The highly electron-deficient 4-nitroaniline
almost did not work (Table 4, entry 15). By using 1H NMR
to monitor the reaction, we realized that the imine inter-
mediate, 4-nitrobenzylidenephenylamine, was not formed
during the reaction. Furthermore, the use of alkyl aldehydes
(such as butylaldehyde) also failed to give the desired prod-
uct, which implies that this reaction is limited to nonenoliz-
able imines (Table 4, entry 16). A three-component reaction
of benzaldehyde, aniline, and cyclopentanone did not pro-
duce the desired adduct, probably because of the polyami-
noalkylation of cyclopentanone,27 and in this case, another
procedure was adopted in which benzaldehyde and aniline
were first mixed to produce imine in situ before ketone was
added. As is shown in Table 4, the desired adduct was gen-
erated with very good yields and excellent diastereoselectiv-
ities.

With the help of different probe molecules, surface prop-
erties of g-Al2O3 have been the object of many experimental
works.28a Under atmospheric conditions, the surfaces adsorb

Table 2. Investigation of various solvent effects on the synthesis
of b-amino carbonyl compounds via Mannich reaction of ben-
zaldehyde (2.0 mmol), aniline (2.0 mmol), and cyclohexanone
(2.2 mmol) and g-Al2O3/CH3SO3H (AMA) (0.05 mol% H+) at
room temperature.

Entry Solvent Yields (%)a Time (h) Anti/synb

1 MeCN 55 5 93/7
2 CH2Cl2 58 5 85/15
3 Et2O 68 5 74/26
4 MeOH 75 5 69/31
5 Toluene 53 5 63/37
6 CHCl3 45 5 83/17
7 1,4-Dioxane 27 5 65/35
8 THF 48 5 70/30
9 H2O —c 5 —
10 EtOH 98 4 98/2

aYield of isolated products.
bAnti/syn ratio was determined by 1H NMR.
cMain product was imine.

Table 3. Investigation of various temperature effects on the
synthesis of b-amino carbonyl compounds via Mannich re-
action of benzaldehyde (2.0 mmol), aniline (2.0 mmol), and
cyclohexanone (2.2 mmol) and g-Al2O3/CH3SO3H (AMA)
(0.05 mol% H+) in EtOH.

Entry Temperature (8C) Time (min) Yield (%)a

1 10 900 63
2 RT 480 98
3 40 240 91
4 50 110 88
5 60 105 85
6 70 90 81
7 80 80 74
8 Reflux 120 0

aYields refer to the pure isolated products.
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water both molecularly28b,28c and dissociatively, giving rise
to surface hydroxyls that persist even at temperatures higher
than 1000 8C.28d,28e Surface characterization experiments
have been monitored by IR28f and DRIFTS28g spectroscopies
that show the presence of different hydroxyl groups, which
are assigned primarily to the different possibilities for coor-
dination of surface aluminum cations and, for a given coor-
dination number, to the different environments of the site
(Fig. 2).6b,28h,28i

With regard to the latest articles about adsorption of some
alcohols such as methanol, ethanol, propanol, and isopropa-
nol on the g-alumina surface,28j,28k we assume that methane-
sulfonic acid (MeSO3H) chemisorbs to the alumina surface
with hydrogen bonding when they come close to the surface
with suitable orientation between the OH hydrogen of

MeSO3H with a surface oxygen atom of g-alumina, which
is in turn close to a cation vacancy.

To explore the mechanism of the reaction, we monitored
aldehyde consumption by GC analysis and found that the
Schiff base is formed (within the first 20 min of the begin-
ning of the reaction) and the rate determining step (RDS)
was found to be the attack of in situ generated enolate I on
the in situ generated aldimine II as shown in Scheme 2.6a,6b

AMA, used in catalytic amounts, is recycled in the reaction
and can be reused for subsequent reactions.

High anti selectivity was obtained with various substituted
benzaldehydes (Table 4, entries 1–14). The two most stable
possible transition states are shown in Scheme 2. Transition
state III (Scheme 2) provides the anti isomer, whereas the
syn isomer forms via V (Scheme 2). In V (Scheme 2), the

Table 4. Catalyzed Mannich reaction of aromatic aldehyde (2.0 mmol), aniline (2.0 mmol), and cyclohexanone or cyclopentanone
(2.2 mmol) and AMA (0.1 g equal to 0.05 mol% H+) in EtOH (4–6 mL) at room temperature.
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two phenyl groups of aldimine are syn to each other, so they
are unfavorable. Also in V (Scheme 2), steric repulsion ex-
ists between the hydrogen atoms of cyclohexanone’s meth-
ylene and phenyl groups. The phenyl groups of aldimine in
III (Scheme 2) are anti to each other; therefore, III
(Scheme 2) should be more stable than V (Scheme 2) and
is the most stable transition state that produces the anti iso-
mer.16,17,29

The anti/syn ratio was determined by 1H NMR, using the
intensity of the Ha (Scheme 3). The JHa,Hb signal of the anti
isomer is higher than that of the syn isomer. According to
the 1H NMR spectrum, the Ha signal for the anti isomer has
a lower d value than that for the syn isomer. For instance, in
the 1H NMR spectra of 2-[anilino(phenyl)methyl]cyclohexa-
none (4a), the signal at d = 4.63 ppm (J = 7.1 Hz) is contrib-
uted by the anti isomer, while the one at 5.4 ppm (J =
3.6 Hz) is contributed by the syn isomer.6,16,17

To access the feasibility of applying this method in a
preparative scale, we carried out the one-pot, three-compo-
nent Mannich reaction of benzaldehyde with aniline and cy-
clohexanone on a 100 mmol scale (Table 4, entry 17). As
expected, the reaction proceeded similarly to the case in
Table 4 (entry 1) in a smaller scale , and the desired b-
amino ketone was obtained in 98% isolated yield in
100 min.

The reaction proceeded not only for cycloalkanones but
also for acyclic ketones such as acetophenones. As illus-
trated in Scheme 4, AMA did catalyze the Mannich reaction
of acetophenones, substituted benzaldehydes, and anilines to
yield the desired b-amino ketone products.

The optimum ratio of benzaldehyde, acetophenone, and
aniline was found to be 2:2.2:2, respectively, and 0.2 g
AMA (equal to 0.1 mol% H+). The expected products were
obtained in good-to-high yields under these conditions. Acy-
clic ketones were less reactive than cyclohexanone and
needed much more catalyst and a longer reaction time to af-
ford the desired products (Table 5).

The reaction worked well with a variety of aldehydes in-
cluding those bearing electron-withdrawing groups, and the
corresponding b-amino ketones (6) were obtained in good
yields (Table 5, entries 2, 3, and 7). Several electron-rich ar-
omatic aldehydes led to the desired products in very good
yields (Table 5, entries 4, 5, 8, 9, and 15).

The presented method has the ability to tolerate other
functional groups such as methoxy, halides, and nitro on
aryl aldehyde (Table 5).

The scope of our method could be extended to substi-
tuted anilines. Although para-substituent aromatic amines
gave good results, ortho-substituent aromatic amines such
as 2-methylaniline (Table 5, entry 12) failed to yield any
product because of the steric effects. Furthermore, amines
with electron-withdrawing groups, such as 4-chloroaniline,
4-flouroaniline, and 4-bromoaniline, gave the desired prod-
uct in good yields (Table 5, entries 10, 11, and 14).

To show the simplicity and efficiency of the over pre-
sented catalyzed Mannich reaction of benzaldehydes, ani-
lines, and ketones, including acetophenones and
cycloalkanones, they are compared with the reported works
in Table 6.

Conclusion
In conclusion, the present procedure provides an efficient

and improved modification of Mannich type reactions. This
new catalytic method provides a protocol that enables the
synthesis of b-amino carbonyl compounds in a highly ster-
eoselectivity pure form, while displaying good functional
group tolerance. No toxic reagent(s) or byproduct(s) were
involved. This procedure is ideally suited for automated ap-
plication since the entire synthetic sequence can be carried
out at room temperature in the presence of a reusable and
heterogeneous catalyst. Mild reaction condition, low loading
of catalyst, ease of workup, high yields, stability and recy-
clability of the catalyst, general applicability of both acyclic
and cyclic ketones and aldehydes, large-scale synthesis, and
simple procedure are features of this new protocol. Quite a
number of products are insoluble in EtOH, which can be ob-
tained by filtration and recrystallization. This simple work-
up procedure is also beneficial in this method. These condi-
tions are also environmentally friendly, cost effective, and
possess high generality, making our methodology a valid
contribution to the existing processes in the field of b-amino
ketone synthesis. Further applications of this catalyst to
other transformations are currently under investigation.

Experimental

Instrumentation, analysis, and starting material
NMR spectra were recorded on a Bruker Avance DPX-

250 (1H NMR 250 MHz and 13C NMR 62.9 MHz) spec-
trometer in pure deuterated solvents with tetramethylsilane
as an internal standard. IR spectra were obtained using a
Shimadzu FTIR 8300 spectrophotometer. Mass spectra were
determined on a Shimadzu GCMS-QP 1000 EX instruments
at 70 or 20 eV. Melting points were determined in open
capillary tubes in a Büchi-535 circulating oil melting point
apparatus. Elemental analyses were performed by Thermo
Finnigan CHNS-O analyzer, 1112 series. The purity deter-

Fig. 2. Dry g-Al2O3 where small circles: Al+3, gray and white cir-
cles: O–2, and black circles: OH–2 (8i).
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mination of the substrates and reaction monitoring were ac-
complished by TLC on silica gel PolyGram SILG/UV 254
plates. Column chromatography was carried out on short
columns of silica gel 60 (70–230 mesh) in glass columns
(2–3 cm diameter) using 15–30 g of silica gel per one gram
of crude mixture. Chemical materials were either prepared
in our laboratories or purchased from Fluka, Sigma-Aldrich,
and Merck Companies. Acidic g-alumina (g-Al2O3) type 540
C was purchased from the Fluka Company.

Preparation of AMA (0.1 g, equal to 0.05 mol% H+)
Methanesulfonic acid (1.62 mL, 25 mmol) was added

dropwise over a period of 90 min at 40 8C to a mixture of
g-alumina (50 g, 500 mmol) in dichloromethane (30 mL).
After the addition was complete, the mixture was stirred for
2 h and then the solvent was evaporated under reduced pres-
sure. After removal of CH2Cl2 in a rotary evaporator, the
solid powder was kept at 120 8C for 72 h. A white solid of
65.0 g was obtained.

General procedure for synthesis of b-amino carbonyl
compounds 4

A mixture of the aldehyde (2 mmol), amine (2 mmol),
and a solution of the catalyst (0.1 g, equal to 0.05 mol%
H+) in EtOH (4–6 mL) was placed in a test tube and the re-
action mixture was vigorously stirred at room temperature.
Cyclohexanone or cyclopentanone (2.2 mmol) was then
added to the mixture and after completion of the reaction as

Scheme 2. Proposed reaction mechanism for the Mannich reaction of benzaldehyde, aniline, and cyclohexanone and the possible transition
states leading to the anti isomer.

Scheme 3. Identification of anti and syn isomers by 1H NMR spec-
troscopy.
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indicated by TLC (Table 4), the reaction mixture was di-
luted with ethyl acetate, and the catalyst was removed by
filtration. The organic phases were combined and dried over
Na2SO4. The solvent was removed under reduced pressure to
give the desired products. The residual crude product was
purified by column chromatography on neutral silica gel
(ethyl acetate/petroleum ether 1:5) or by recrystallization
with CH2Cl2/petroleum ether or hexane to give the pure
b-aminoketone as a mixture of diastereoisomers. The syn/anti
ratio was determined by 1H NMR and 13C NMR analysis.

General procedure for synthesis of b-amino carbonyl
compounds 6

A mixture of the aldehyde (2 mmol), amine (2 mmol), and
acetophenone (2.2 mmol) was added to a solution of the cat-
alyst (0.2 g, equal to 0.1 mol% H+) in EtOH (4–6 mL) was
placed in a test tube and the reaction mixture was vigorously
stirred at room temperature for the appropriate time
(Table 5). The reaction was monitored by TLC. The products
precipitated from the reaction mixture. The precipitate was
filtered off, dissolved in hot EtOH, and the catalyst was re-
moved by hot filtration. The filtrate was kept at room tem-
perature, was triturated with hexane (10 mL) and then
filtered and was crystallized with EtOH/H2O (2:1).

Recycling of g-Al2O3/CH3SO3H (AMA)
g-Al2O3/CH3SO3H (AMA) was prepared according to the

abovementioned procedure. The catalyst was separated from
the reaction mixture and washed with EtOH and dried at
120 8C for 24 h to give recycled g-Al2O3/CH3SO3H (AMA).
The remaining catalyst begins reloading with fresh reagents
for further runs. The reaction of benzaldehyde, aniline, and
cyclohexanone was repeated with recycled catalyst and the
yields were found to remain in the range of 96%–97% for
four recycles.

All runs produced b-amino ketones characterized by de-
tailed structural data using IR, 1H NMR, 13C NMR, and ele-
mental analysis as given below.

2-[Anilino(phenyl)methyl]cyclohexanone (4a)5

Purification by column chromatography on neutral silica
gel, eluted with ethyl acetate/petroleum ether (1:5) or by re-
crystallization with CH2Cl2/petroleum ether gave compound
4a as a colorless powder in a 98% yield; anti/syn 97/3; mp
130–132 8C. 1H NMR (250 MHz, CDCl3) d: 7.05–7.41 (6H,
m), 6.55–6.68 (3H, m), 5.4 (0.02H, d, J = 3.6 Hz), 4.8 (1H,
br, s), 4.63 (0.98H, d, J = 7.1 Hz), 2.78–2.80 (1H, m),
2.34–2.45 (2H, m), 1.66–1.92 (6H, m). 13C NMR
(62.9 MHz, CDCl3) d: 23.6, 27.1, 31.3, 41.7, 57.3, 58.2,
112.6, 113.8, 117.7, 126.2, 126.5, 127.2, 127.3, 128.4,
128.6, 141.4, 146.8, 191, 212.9. Anal. calcd. for C19H21NO

(279.376; %): C 81.68, H 7.58, N 5.01; found: C 81.60, H
7.64, N 5.08.

2-[Anilino(4-methylphenyl)methyl]cyclohexanone (4b)16a

Purification by column chromatography on neutral silica
gel, eluted with ethyl acetate/petroleum ether (1:5) or by re-
crystallization with CH2Cl2/petroleum ether gave compound
4b as a colorless powder in a 90% yield; anti/syn 97/3; mp
115–118 8C. 1H NMR (250 MHz, CDCl3) d: 7.26 (2H, d,
J = 7.8 Hz), 7.03–7.15 (4H, m), 6.63 (1H, t, J = 7.3 Hz),
6.54 (2H, d, J = 7.8 Hz), 5.4 (0.02H, d, J = 3.6 Hz), 4.58
(0.98H, d, J = 7.3 Hz), 2.74–2.76 (1H, m), 2.32–2.47 (2H,
m), 2.29 (3H, s), 1.68–1.89 (6H, m). 13C NMR (62.9 MHz,
CDCl3) d: 21.1, 23.5, 27.8, 31.2, 41.6, 57.4, 113.6, 114.1,
117.4, 127.0, 127.1, 127.3, 129.0, 129.1, 136.7, 138.5,
147.2, 149.2, 190, 212. Anal. calcd. for C20H23NO
(293.407; %): C 81.87, H 7.90, N 4.77; found: C 81.91, H
7.89, N 4.82.

2-[Anilino(4-chlorophenyl)methyl]cyclohexanone (4c)16a

Purification by column chromatography on neutral silica
gel, eluted with ethyl acetate/petroleum ether (1:5) or by re-
crystallization with CH2Cl2/petroleum ether gave compound
4c as a colorless powder in a 90% yield; anti/syn 92/8; mp
268–270 8C. 1H NMR (250 MHz, CDCl3) d: 7.2–7.37 (4H,
m), 7.06 (2H, d, J = 7.9 Hz), 6.67 (1H, t, J = 7.5 Hz), 6.52
(2H, d, J = 7.5 Hz), 5.09 (1H, br, s), 4.71 (0.08H, d, J =
4.2 Hz), 4.54 (0.92H, d, J = 7.3 Hz), 2.28–2.52 (2H, m),
1.87–2.28 (3H, m), 1.5–1.73 (4H, m). 13C NMR (62.9 MHz,
CDCl3) d: 20.4, 25.9, 39.1, 41.1, 54.0, 58.4, 113.6, 114.1,
118.1, 118.5, 128.7, 128.9, 129.0, 133.0, 140.2, 147.2,
191.0, 202.1, 218.9. Anal. calcd. for C19H20ClNO
(313.821; %): C 72.72, H 6.42, N 4.46; found: C 72.80, H
6.35, N 4.40.

2-[Anilino(phenyl)methyl]cyclopentanone (4d)31

Purification by column chromatography on neutral silica
gel, eluted with ethyl acetate/petroleum ether (1:5) or by re-
crystallization with CH2Cl2/petroleum ether gave compound
4d as a colorless powder in a 90% yield; anti/syn 73/26; mp
166–168 8C. 1H NMR (250 MHz, CDCl3) d: 7.2–7.4 (5H,
m), 7.0–7.1 (2H, m), 6.65 (1H, t, J = 7.5 Hz), 6.56 (2H, d,
J = 7.8 Hz), 4.9 (1H, br, s), 4.76 (0.17H, d, J = 4.4 Hz),
4.55 (0.73H, d, J = 7.3 Hz), 1.91–2.49 (2H, m), 1.18–1.19
(1H, m), 1.25–1.77 (4H, m). 13C NMR (62.9 MHz, CDCl3,
mixture of diastereoisomeres) d: 20.5, 20.6, 25.8, 26.7, 39.2,
39.8, 53.3, 54.0, 57.7, 59.0, 113.6, 114.2, 117.4, 117.8,
127.1, 127.3, 127.4, 128.5, 128.6, 128.9, 129, 129.6, 141.0,
147.0, 219.0. Anal. calcd. for C18H19NO (265.350; %): C
81.47, H 7.22, N 5.28; found: C 81.55, H 7.30, N 5.20.

Scheme 4. One-pot, three-component Mannich reaction of aromatic aldehydes (2 mmol) and anilines (2.0 mmol) with acetophenones
(2.2 mmol).
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2-[(4-Bromoanilino)(phenyl)methyl]cyclopentanone (4e)
Purification by column chromatography on neutral silica

gel, eluted with ethyl acetate/petroleum ether (1:5) or by re-
crystallization with CH2Cl2/petroleum ether gave compound
4e as a colorless powder in a 92% yield; anti/syn 98/2; mp
142–144 8C. IR (KBr, cm–1) y: 3375, 2877, 1728, 1598,
1504, 1450, 1315, 817, 702. 1H NMR (250 MHz, CDCl3) d:
7.2–7.4 (5H, m), 7.14 (2H, d, J = 6.9 Hz), 6.3 (2H, d, J =
7.0 Hz), 5.2 (1H, br, s), 4.67 (0.01H, d, J = 3.7 Hz), 4.45

(0.99H, d, J = 7.5 Hz), 2.1–2.4 (m, 2H), 1.18–1.19 (1H, m),
1.5–1.8 (4H, m). 13C NMR (62.9 MHz, CDCl3) d: 20.4,
26.8, 39.3, 53.8, 59.2, 66.8, 109.6, 115.8, 117.0, 118.1,
127.0, 127.6, 128.7, 131.6, 140.0, 141.0, 146.1, 219.0. MS
m/z (%): 346 (M+ + 2, 0.7), 345 (M+ + 1, 3.6), 344 (M+,
4.0), 279 (7.3), 260 (56.1), 171 (39.5), 149 (79.5), 115
(24.9), 83 (33.1), 57 (100.0). Anal. calcd. for C18H18BrNO
(344.246; %): C 62.80, H 5.27, N 4.07; found: C 62.71, H
5.32, N 4.01.

Table 5. Catalyzed Mannich reaction of aromatic aldehyde (2.0 mmol), aniline (2.0 mmol), and acetophenone (2.2 mmol) and AMA (0.2 g
equal to 0.1 mol% H+) in EtOH (4–6 mL) at room temperature.

Table 6. Catalyzed Mannich reaction of benzaldehydes, anilines, and ketones, including cyclohexanones and acetophenones,
under various conditions.

Entry Ketone Conditions Time (h) Yield (%)a Anti/syn
1 Acetophenone H3Pmo12O40/H2O/RT5 18 76 —
2 Acetophenone DBSA/H2O/23 8C8 12 69 —
3 Acetophenone NaBAr4/H2O/30 8C13 48 81 —
4 Acetophenone 0.05 mol% MeSO3H on 0.1 g g-alumina/EtOH/RT 8 98 —
5 Cyclohexanone Bi(OTf)3�H2O/H2O/RT12 7 84 86/14
6 Cyclohexanone NbCl5/RT15 12 95 85/15
7 Cyclohexanone 10 mol% Cu-np (18±2) nm methanol, RT, N2

30 9 88 —
8 Cyclohexanone HClO4-SiO2/EtOH/RT16a 2 98 99/1
9 Cyclohexanone H3Pmo12O40/H2O/RT5 3–16 84 63/37
10 Cyclohexanone 0.05 mol% MeSO3H on 0.1 g g-alumina/EtOH/RT 4 98 97/3

aYields refer to the pure isolated products.
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2-[Anilino(4-methylphenyl)methyl]cyclopentanone (4f)6b

Purification by column chromatography on neutral silica
gel, eluted with ethyl acetate/petroleum ether (1:5) or by re-
crystallization with CH2Cl2/petroleum ether gave compound
4f as a colorless powder in a 94% yield; anti/syn 97/3; mp
127–129 8C. 1H NMR (250 MHz, CDCl3) d: 7.24–7.27 (3H,
m), 7.12 (2H, d, J = 8.5 Hz), 7.05 (2H, d, J = 7.5), 6.68 (1H,
t, J = 7.3 Hz), 6.5 (1H, d, J = 7.8 Hz), 5.0 (1H, br, s), 4.71
(0.02H, d, J = 4.5 Hz), 4.61 (0.98H, d, J = 7.3 Hz), 2.51–
2.55 (1H, m). 2.129–2.48 (4H, m), 2.124–2.129 (1H, m),
1.85–1.91 (2H, m), 1.67–1.77 (2H, m). 13C NMR
(62.9 MHz, CDCl3) d: 20.5, 21.1, 26.6, 39.2, 54.1, 58.7,
114.2, 117.8, 127.0, 127.9, 128.9, 129.0, 129.1, 129.3,
136.9, 138.5, 147.4, 149.2, 161.1, 193.1, 219.4. Anal. calcd.
for C19H21NO (279.376; %): C 81.68, H 7.58, N 5.01;
found: C 81.69, H 7.51, N 5.04.

2-[Anilino(4-chlorophenyl)methyl]cyclopentanone (4g)6b

Purification by column chromatography on neutral silica
gel, eluted with ethyl acetate/petroleum ether (1:5) or by re-
crystallization with CH2Cl2/petroleum ether gave compound
4g as a colorless powder in a 94% yield; anti/syn 97/3; mp
162–164 8C. 1H NMR (250 MHz, CDCl3) d: 7.24–7.37 (4H,
m), 7.07 (2H, d, J = 7.5), 6.67 (1H, t, J = 7.3 Hz), 6.49 (2H,
d, J = 7.8 Hz), 5.10 (1H, br, s), 4.7 (0.03H, d, J = 4.3 Hz),
4.52 (0.097H, d, J = 7.3 Hz), 1.87–2.08 (2H, m), 1.65–1.70
(5H, m). 13C NMR (62.9 MHz, CDCl3) d: 20.4, 26.6, 39.2,
54.0, 58.4, 114.1, 118.1, 127.9, 128.0, 128.3, 128.5, 128.8,
129.0, 133.0, 140.3, 147.2, 190.1, 218.93. Anal. calcd. for
C18H18ClNO (299.794; %): C 72.11, H 6.05, N 4.67; found:
C 72.20, H 5.98, N 4.74.

2-[Anilino(9-anthryl)methyl]cyclopentanone (4h)
Purification by column chromatography on neutral silica

gel, eluted with ethyl acetate/petroleum ether (1:5) or by re-
crystallization with hexane gave compound 4h as a pale yel-
low powder in a 92% yield; anti/syn 100/0; mp 206–208 8C.
IR (KBr, cm–1) y: 3328, 2873, 1720, 1596, 1492, 1253,
1068, 732, 486. 1H NMR (250 MHz, CDCl3) d: 9.41 (1H, d,
J = 6 Hz), 8.63 (1H, d, J = 8.3 Hz), 8.45 (1H, s), 8.05 (2H,
t, J = 8.0 Hz), 7.47–7058 (4H, m), 6.92 (2H, t, J = 7.5 Hz),
6.55 (m, 3H), 5.97 (1H, d, J = 10.0 Hz), 3.26 (1H, q, J =
9.5 Hz), 2.36–2.43 (2H, m), 1.59–1.89 (1H, m), 1.29–1.46
(3H, m). 13C NMR (62.9 MHz, CDCl3) d: 20.5, 25.1, 39.4,
52.3, 55.4, 114.5, 117.8, 118.2, 123.1, 124.6, 125.0, 125.3,
125.9, 126.2, 126.4, 127.1, 128.6, 128.9, 129.5, 130.0,
131.3, 132.0, 137.9, 148.6, 166.2, 221.2. MS m/z (%): 367
(M+ + 2, 1.3), 366 (M+ + 1, 4.7), 365 (M+, 5.5), 282
(100.0), 255 (18.8), 215 (44.3), 177 (27.8), 104 (20.6), 77
(23.9), 55 (41.7). Anal. calcd. for C26H23NO (365.467; %):
C 85.45, H 6.34, N 3.83; found: C 85.48, H 6.30, N 3.89.

2-[Anilino(4-nitrophenyl)methyl]cyclopentanone (4i)
Purification by column chromatography on neutral silica

gel, eluted with ethyl acetate/petroleum ether (1:5) or by
recrystallization with hexane gave compound 4i as a color-
less yellow powder in an 80% yield; anti/syn 85/15; mp
150–152 8C. IR (KBr, cm–1) y: 3355, 2989, 1720, 1600,
1523, 1350, 1284, 856, 756, 698. 1H NMR (250 MHz,
DMSO) d: 8.11–8.15 (2H, m), 7.5–7.63 (2H, m), 6.93–6.95
(2H, m), 6.47–6.5 (3H, m), 6.30 (0.15H, d, J = 4.6 Hz),

6.02 (0.85H, d, J = 7.5 Hz), 4.94 (1H, br, s), 2.6–2.7 (1H,
m), 2.17–2.21 (1H, m), 1.32–2.02 (5H, m). 13C NMR
(62.9 MHz, DMSO mixture of diastereoisomeres) d: 20.3,
24.1, 25.6, 54.4, 54.9, 55.2, 113.3, 113.6, 116.9, 123.8,
123.8, 128.4, 129.0, 129.1, 129.2, 147.7, 147.8, 150.3,
152.0, 217.2, 217.9. MS m/z (%): 311 (M+ + 1, 0.9), 310
(M+, 2.1), 279 (3.0), 256 (4.4), 227 (59.3), 181 (25.1), 149
(27.1), 129 (14.4), 111 (22.1), 83 (54.1), 57 (100.0). Anal.
calcd. for C18H18N2O3 (310.374; %): C 69.66, H 5.85, N
9.03; found: C 69.70, H 5.91, N 9.07.

2-[Anilino(2-thienyl)methyl]cyclopentanone (4j)
Purification by column chromatography on neutral silica

gel, eluted with ethyl acetate/petroleum ether (1:5) or by re-
crystallization with CH2Cl2/petroleum ether gave compound
4j as a colorless powder in an 86% yield; anti/syn 100/0; mp
175–177 8C. IR (KBr, cm–1) y: 3394, 1689, 1508, 1141,
752, 717, 694, 516. 1H NMR (250 MHz, CDCl3) d: 7.61
(1H, t, J = 5.5 Hz), 7.49 (1H, d, J = 9 Hz), 7.01–7.11 (3H,
m), 6.85–6.87 (1H, m), 6.58–6.63 (2H, m), 5.01 (1H, br, s),
4.89 (1H, d, J = 7.5 Hz), 2.66–2.97 (3H, m), 1.1.85–1.90
(2H, m), 1.18–1.48 (2H, m). 13C NMR (62.9 MHz, CDCl3)
d: 23.3, 26.9, 54.2, 55.5, 68.1, 114.3, 118.4, 124.5, 126.5,
128.1, 129.0, 130.6, 133.3, 152.7, 199.0, 226.5. MS m/z
(%): 273 (M+ + 2, 6.1), 272 (M+ + 1, 13.4), 271 (M+, 11.6),
236 (10.9), 186 (43.4), 152 (10.9), 135 (24.9), 111 (23.6), 83
(53.1), 57 (100.0). Anal. calcd. for C16H17NOS (271.378;
%): C 70.81, H 6.31, N 5.16, S 11.82; found: C 70.75, H
6.36, N 5.14, S 11.90.

2-[(4-Bromoanilino)(4-
isopropylphenyl)methyl]cyclopentanone (4k)

Purification by column chromatography on neutral silica
gel, eluted with ethyl acetate/petroleum ether (1:5) or by re-
crystallization with CH2Cl2/petroleum ether gave compound
4k as a colorless powder in a 91% yield; anti/syn 96/4; mp
142–144 8C. IR (KBr, cm–1) y: 3379, 2962, 2873, 1732,
1596, 1508, 1485, 1269, 1249, 1126, 1072, 917, 486. 1H
NMR (250 MHz, CDCl3) d: 7.06–7.53 (5H, m), 6.35–6.46
(2H, m), 5.2 (1H, br, s), 4.64 (0.04H, d, J = 4.0 Hz), 4.42
(0.96H, d, J = 7.8 Hz), 2.8–3.1 (1H, m), 1.86–1.91 (3H, m),
1.68–1.72 (4H, m), 1.21–124(6H, m). 13C NMR (62.9 MHz,
CDCl3) d: 20.4, 23.9, 26.9, 33.7, 39.2, 53.8, 58.9, 59.1,
109.4, 110, 115.0, 126.7, 126.9, 130, 131.6, 133, 138.4,
145.3, 146.6, 148.1, 219.5. MS m/z (%): 388 (M+ + 2, 2.9),
387 (M+ + 1, 6.2), 386 (M+, 5.4), 302 (74.8), 288 (13.9),
171 (29.6), 149 (13.6), 129 (18.0), 95 (17.0), 69 (100.0).
Anal. calcd. for C21H24BrNO (386.325; %): C 65.29, H
6.26, N 3.63; found: C 65.20, H 6.31, N 3.70.

2-[Anilino(2-hydroxy-1-naphthyl)methyl]cyclopentanone
(4l)

Purification by column chromatography on neutral silica
gel, eluted with ethyl acetate/petroleum ether (1:5) or by re-
crystallization with hexane gave compound 4l as a pale brown
powder in a 90% yield; anti/syn 100/0; mp 208–210 8C. IR
(KBr, cm–1) y: 3367, 2980, 1735, 1596, 1496, 1430, 1400,
1226, 1149, 1038, 1014, 933, 817, 748, 694. 1H NMR
(250 MHz, CDCl3) d: 8.0 (1H, d, J = 8.3 Hz), 7.92 (1H, d, J =
8.3 Hz), 7.5–7.72 (3H, m), 7.17–7.3 (2H, m), 7.03 (1H, d, J =
8.8 Hz), 6.69–6.88 (3H, m), 5.18 (1H, br, s), 4.42 (1H, d, J =
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6.5 Hz), 3.01–3.17 (1H, m), 2.71–2.79 (2H, m), 1.54–1.64
(1H, m), 1.18–1.64 (3H, m). 13C NMR (62.9 MHz, CDCl3) d:
23.0, 25.1, 26.1, 43.8, 45.7, 113.7, 115.1, 118.0, 119.1, 121.8,
122.9, 123.2, 124.0, 126.5, 127.6, 128.4, 129.6, 130.4, 130.9,
135.3, 199.0, 226.5. MS m/z (%): 333 (M+ + 2, 0.3), 332
(M+ + 1, 1.3), 331 (M+, 4.3), 284 (2.7), 256 (3.1), 219 (20.5),
152 (11.0), 125 (16.3), 97 (38.6), 71 (60.4), 55 (100.0). Anal.
calcd. for C22H21NO2 (331.408; %): C 79.73, H 6.39, N 4.23;
found: C 79.80, H 6.31, N 4.30.

4-[Anilino(2-oxocyclopentyl)methyl]benzonitrile (4m)
Purification by column chromatography on neutral silica

gel, eluted with ethyl acetate/petroleum ether (1:5) or by re-
crystallization with CH2Cl2/petroleum ether gave compound
4m as a brown powder in an 84% yield; anti/syn 94/6; mp
126–128 8C. IR (KBr, cm–1) y: 3340, 2225, 1720, 1600,
1500, 844, 756, 698, 551. 1H NMR (250 MHz, CDCl3) d:
7.63 (2H, d, J = 8.3 Hz), 7.52 (2H, d, J = 8.3 Hz), 7.09
(2H, t, J = 8.3 Hz), 6.66 (1H, t, J = 7.3 Hz), 6.42 (2H, d,
J = 7.8 Hz), 5 (1H, br, s), 4.8 (0.06H, d, J = 4.4 Hz), 4.4
(0.94H, d, J = 7.3 Hz), 1.89–1.97 (2H, m), 1.24–1.67 (5H,
m). 13C NMR (62.9 MHz, CDCl3) d: 20.4, 26.7, 39.1, 53.7,
58.7, 111.4, 114.1, 118.5, 118.7, 127.1, 127.8, 128.0, 129.1,
132.5, 133.1, 146.7, 147.4, 197.2, 218.4. MS m/z (%): 292
(M+ + 2, 0.3), 291 (M+ + 1, 1.9), 290 (M+, 4.5), 207
(100.0), 149 (11.9), 77 (26.9), 55 (23.2). Anal. calcd. for
C19H18N2O (290.359; %): C 78.59, H 6.25, N 9.65; found:
C 78.66, H 6.31, N 9.71.

2-[Anilino(3-hydroxyphenyl)methyl]cyclopentanone (4n)
Purification by column chromatography on neutral silica

gel, eluted with ethyl acetate/petroleum ether (1:5) or by re-
crystallization with hexane gave compound 4n as a colorless
powder in an 84% yield; anti/syn 100/0; mp 176–178 8C. IR
(KBr, cm–1) y: 3309, 3163, 2977, 1724, 1585, 1492, 1230,
752, 694. 1H NMR (250 MHz, DMSO) d: 9.1 (1H, s),
6.70–6.84 (3H, m), 6.26–6.44 (5H, m), 5.86 (1H, d, J =
5.8 Hz), 4.36 (1H, s) 2.26–2.36 (1H, m), 1.18–1.64 (6H,
m). 13C NMR (62.9 MHz, DMSO) d: 19.8, 24.9, 54.1, 56.0,
112.8, 113.8, 113.9, 116.0, 117.9, 118.2, 128.6, 129.1,
142.8, 146.2, 147.6, 157.1, 184.7, 218.2. MS m/z (%): 283
(M+ + 2, 0.5), 282 (M+ + 1, 1.9), 281 (M+, 4.6), 198
(100.0), 104 (19.6), 77 (35.5), 55 (17.9). Anal. calcd. for
C19H18N2O (281.349; %): C 76.84, H 6.81, N 4.98; found:
C 76.82, H 6.88, N 4.94.

3-Anilino-1,3-diphenyl-1-propanone (6a)
The filtrate was triturated with hexane (10 mL), filtered,

and then recrystallization with EtOH/H2O (2:1) gave com-
pound 6a as a colorless powder in a 98% yield; mp
169–170 8C (lit. value32 mp 170–171 8C). 1H NMR
(250 MHz, CDCl3) d: 7.90 (2H, d, J = 8.5 Hz), 7.55 (2H, t,
J = 7.3 Hz), 7.23–7.47 (6H, m), 7.11 (2H, t, J = 7.5 Hz),
6.76 (1H, t, J = 7.3 Hz), 6.69 (2H, d, J = 7.8 Hz), 5.01
(1H, t, J = 6.5 Hz), 3.60 (2H, d, J = 5.8 Hz). 13C NMR
(62.9 MHz, CDCl3) d: 46.2, 55.0, 95.2, 114.0, 117.8, 118.1,
126.4, 125.2, 127.4, 128.2, 128.7, 128.8, 129.1, 129.3,
133.4, 136.6, 142.7, 146.7, 159.2, 179.2, 198.2. Anal. calcd.
for C21H19NO (301.382; %): C 83.69, H 6.35, N 4.65;
found: C 83.75, H 6.42, N 4.59.

3-Anilino-3-(3-chlorophenyl)-1-phenyl-1-propanone (6b)33

The filtrate was triturated with hexane (10 mL), filtered,
and then recrystallization with EtOH/H2O (2:1) gave com-
pound 6b as a colorless powder in an 86% yield; mp
120–122 8C. 1H NMR (250 MHz, CDCl3) d: 7.93 (2H, d,
J = 8.5 Hz), 7.58 (1H, t, J = 8.3 Hz), 7.43 (2H, t, J =
7.0 Hz), 7.21–7.34 (4H, m), 7.08 (2H, t, J = 7.5 Hz), 6.72
(1H, t, J = 7.5 Hz), 6.54 (2H, d, J = 7.8 Hz), 4.97 (1H, t,
J = 6.0 Hz), 4.20 (1H, s), 3.46 (2H, d, J = 5.5 Hz). 13C
NMR (62.9 MHz, CDCl3) d: 46.1, 54.5, 113.9, 118.2, 119.0,
124.7, 126.6, 127.6, 128.2, 128.5, 128.8, 129.2, 130.1,
131.3, 133.6, 134.7, 136.5, 139.1, 145.3, 146.6, 197.7. Anal.
calcd. for C21H18ClNO (335.826; %): C 75.11, H 5.40, N
4.17; found: C 75.19, H 5.48, N 4.21.

3-Anilino-3-(4-chlorophenyl)-1-phenyl-1-propanone (6c)
The filtrate was triturated with hexane (10 mL), filtered,

and then recrystallization with EtOH/H2O (2:1) gave com-
pound 6c as a colorless powder in an 89% yield; mp
128–130 8C (lit. value16a mp 131–132 8C). 1H NMR
(250 MHz, CDCl3) d: 7.89 (2H, d, J = 7 Hz), 7.55–7.64
(2H, m), 7.49 (2H, d, J = 8.8 Hz), 7.43 (2H, d, J = 9 Hz),
7.29 (1H, d, J = 8.5 Hz), 7.11 (2H, t, J = 8.3 Hz), 6.70 (1H,
t, J = 8.0 Hz), 6.54 (2H, d, J = 7.8 Hz), 4.99 (1H, t, J =
6.5 Hz), 4.59 (1H, s), 3.47 (2H, d, J = 5.8 Hz). 13C NMR
(62.9 MHz, CDCl3) d: 46.1, 54.2, 113.9, 118.1, 122.5,
127.9, 128.2, 128.5, 128.6, 128.8, 128.9, 129.2, 129.6,
132.9, 133.4, 133.5, 136.6, 141.5, 143.2, 146.6, 197.9. Anal.
calcd. for C21H18ClNO (335.826; %): C 75.11, H 5.40, N
4.17; found: C 75.15, H 5.34, N 4.24.

3-Anilino-3-(4-isopropylphenyl)-1-phenyl-1-propanone
(6d)13

The filtrate was triturated with hexane (10 mL), filtered,
and then recrystallization with EtOH/H2O (2:1) gave com-
pound 6d as a colorless powder in a 96% yield; mp
154–156 8C. 1H NMR (250 MHz, CDCl3) d: 7.80(2H, d,
J = 8.3 Hz), 7.47 (1H, t, J = 8.5 Hz), 7.36 (2H, t, J =
7.8 Hz), 7.27 (2H, d, J = 8.3 Hz), 7.09 (2H, d, J = 8.3 Hz),
7.0 (2H, t, J = 8.3 Hz), 6.58 (1H, t, J = 7.5 Hz), 6.51 (2H, d,
J = 8.5 Hz), 4.91 (1H, t, J = 5.8 Hz), 3.41 (2H, d, J =
5.5 Hz), 2.87 (1H, m), 1.19 (6H, d, J = 6.8 Hz). 13C NMR
(62.9 MHz, CDCl3) d: 23.9, 24.0, 33.7, 46.2, 45.5, 113.8,
114.0, 117.7, 126.3, 126.8, 128.2, 128.6, 129.1, 130.1,
133.3, 134.2, 136.7, 140.1, 145.9, 146.9, 147.9, 149.4,
169.1, 198.4. Anal. calcd. for C24H25NO (343.461; %): C
83.93, H 7.34, N 4.08; found: C 83.89, H 7.30, N 4.12.

3-Anilino-3-(2,5-dimethoxyphenyl)-1-phenyl-1-propanone
(6e)

The filtrate was triturated with hexane (10 mL), filtered,
and then recrystallization with EtOH/H2O (2:1) gave com-
pound 6e as a pale yellow powder in a 90% yield; mp
148–150 8C. IR (KBr, cm–1) y: 3344, 2831, 1670, 1600,
1492, 1288, 1041, 722, 694, 590, 470. 1H NMR (250 MHz,
CDCl3) d: 7.97 (2H, d, J = 8.3 Hz), 7.56 (1H, t, J = 8.5 Hz),
7.46 (2H, t, J = 9.0 Hz), 7.11 (2H, t, J = 7.5 Hz), 6.8 (1H, d,
J = 9.0 Hz), 6.6 (4H, d, J = 8.8 Hz), 6.64 (1H, t, J =
8.0 Hz), 5.26 (1H, t, J = 5.0 Hz), 3.89 (3H, s), 3.82 (1H, d,
J = 4.8 Hz), 3.69 (3H, s), 3.36 (1H, m). 13C NMR
(62.9 MHz, CDCl3) d: 44.4, 51.0, 55.6, 55.8, 111.4, 112.4,
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113.9, 114.0, 117.9, 123.1, 127.3, 128.4, 128.6, 129.0,
129.2, 131.1, 133.3, 136.6, 146.6, 150.7, 153.9, 155.4,
198.9. MS m/z (%): 363 (M+ + 2, 2.6), 362 (M+ + 1, 3.0),
361 (M+, 4.7), 242 (38.4), 212 (10.9), 149 (27.8), 123
(15.1), 105 (39.8), 69 (100.0). Anal. calcd. for C23H23NO3
(361.434; %): C 76.43, H 6.41, N 3.88; found: C 76.39, H
6.88, N 3.92.

3-Anilino-3-(2-naphthyl)-1-phenyl-1-propanone (6f)
The filtrate was triturated with hexane (10 mL), filtered,

and then recrystallization with EtOH/H2O (2:1) gave com-
pound 6f as a colorless powder in a 91% yield; mp
133–135 8C. IR (KBr, cm–1) y: 3363, 2893, 1670, 1600,
1508, 1288, 744, 686, 742. 1H NMR (250 MHz, CDCl3) d:
7.89 (2H, t, J = 7 Hz), 7.78–8.0 (4H, m), 7.6 (1H, d, J =
8.0 Hz), 7.53 (4H, d, J = 7.5 Hz), 7.45 (2H, t, J = 8.5 Hz),
7.08 (2H, t, J = 7.3 Hz), 6.64 (3H, t, J = 7.8 Hz), 5.17 (1H,
t, J = 5 Hz), 3.57 (2H, d, J = 5.3 Hz). 13C NMR (62.9 MHz,
CDCl3) d: 46.3, 55.1, 114.1, 118.0, 123.7, 124.6, 125.2,
125.8, 126.1, 127.4, 127.6, 127.8, 127.9, 128.2, 128.5,
128.6, 128.7, 129.1, 131.2, 133.0, 133.5, 140.4, 144.9,
146.9, 198.1. MS m/z (%): 353 (M+ + 2, 0.4), 352 (M+ + 1,
1.6), 351 (M+, 3.6), 236 (25.4), 182 (31.7), 128 (38.1), 105
(36.5), 83 (61.9), 55 (100.0). Anal. calcd. for C25H21NO
(351.440; %): C 85.44, H 6.02, N 3.99; found: C 85.49, H
6.08, N 3.94.

3-Anilino-3-(4-nitrophenyl)-1-phenyl-1-propanone (6g)
The filtrate was triturated with hexane (10 mL), filtered,

and then recrystallization with EtOH/H2O (2:1) gave com-
pound 6g as a pale green powder in an 80% yield; mp
108–110 8C (lit. value34 mp 108–109 8C). 1H NMR
(250 MHz, CDCl3) d: 8.1 (2H, d, J = 8.8 Hz), 7.89 (1H, d,
J = 8 Hz), 7.6 (2H, d, J = 8.5 Hz), 7.57 (2H, t, J = 7.3 Hz),
7.44 (2H, t, J = 7.8 Hz), 7.11 (2H, t, J = 7.5 Hz), 6.70 (1H,
d, J = 7.3 Hz), 6.55 (2H, d, J = 7.8 Hz), 5.1 (1H, t, J =
6.0 Hz), 3.5 (2H, d, J = 6.0 Hz). 13C NMR (62.9 MHz,
CDCl3) d: 45.5, 54.4, 114.1, 118.8, 123.6, 124.1, 124.2,
125.7, 127.5, 128.6, 128.8, 129.3, 129.6, 133.4, 133.8,
136.3, 141.5, 145.9, 147.2, 150.5, 197.1. Anal. calcd. for
C21H18N2O3 (346.379; %): C 72.82, H 5.24, N 8.09; found:
C 72.78, H 5.29, N 8.15.

3-Anilino-3-(4-methoxyphenyl)-1-phenyl-1-propanone
(6h)

The filtrate was triturated with hexane (10 mL), filtered,
and then recrystallization with EtOH/H2O (2:1) gave com-
pound 6h as a colorless powder in a 91% yield; mp
148–150 8C (lit. value34 mp 150–152 8C). 1H NMR
(250 MHz, CDCl3) d: 7.92 (2H, d, J = 8.3 Hz), 7.88 (1H, t,
J = 8.5 Hz), 7.45 (2H, t, J = 7.8 Hz), 7.34 (2H, d, J =
8.8 Hz), 7.10 (2H, t, J = 7.5 Hz), 6.8 (2H, d, J = 8.8 Hz),
6.68 (1H, t, J = 8.0 Hz), 6.60 (2H, d, J = 7.5 Hz), 4.97
(1H, t, J = 6.5 Hz), 3.80 (3H, s), 3.47 (2H, d, J = 5.8 Hz).
13C NMR (62.9 MHz, CDCl3) d: 46.2, 54.5, 55.2, 114.1,
114.2, 118.0, 123.2, 124.3, 124.9, 127.1, 127.5, 128.2,
128.7, 129.1, 133.3, 134.6, 136.1, 141.2, 145.8, 148.0,
158.8, 198.4. Anal. calcd. for C22H21NO2 (331.408; %): C
79.73, H 6.39, N 4.23; found: C 79.70, H 6.43, N 4.20.

3-Anilino-3-(4-methylphenyl)-1-phenyl-1-propanone (6i)
The filtrate was triturated with hexane (10 mL), filtered,

and then recrystallization with EtOH/H2O (2:1) gave com-
pound 6i as a colorless powder in a 92% yield; mp
134–135 8C (lit. value34 mp 131–132 8C). 1H NMR
(250 MHz, CDCl3) d: 7.92 (2H, d, J = 7.3 Hz), 7.56 (1H, t,
J = 8.8 Hz), 7.44 (2H, t, J = 7.8 Hz), 7.32 (2H, d, J =
8.0 Hz), 7.06–7.14 (4H, m), 6.64 (1H, t, J = 7.3 Hz), 6.58
(2H, d, J = 8.8 Hz), 4.98 (1H, t, J = 6.0 Hz), 3.50 (2H, d,
J = 5.5 Hz), 2.23 (3H, s, 3H). 13C NMR (62.9 MHz,
CDCl3) d: 21.1, 46.2, 54.7, 114.0, 114.9, 118.0, 124.4,
126.3, 127.3, 127.9, 128.2, 128.6, 129.1, 129.4, 133.2,
136.3, 139.0, 141.7, 145.5, 147.9, 159.0, 199.1. Anal. calcd.
for C22H21NO (315.408; %): C 83.78, H 6.71, N 4.44;
found: C 83.81, H 6.75, N 4.40.

3-(4-Bromoanilino)-1,3-diphenyl-1-propanone (6j)
The filtrate was triturated with hexane (10 mL), filtered,

and then recrystallization with EtOH/H2O (2:1) gave com-
pound 6j as a colorless powder in a 90% yield; mp
182–184 8C (lit. value32 mp 182–184 8C). 1H NMR
(250 MHz, CDCl3) d: 7.86 (2H, d, J = 8.3 Hz), 7.51 (2H, t,
J = 7.3 Hz), 7.39 (2H, t, J = 7.5 Hz), 7.35 (2H, d, J =
7.5 Hz), 7.20–7.28 (4H, m), 6.77 (2H, d, J = 8.8 Hz), 4.99
(1H, t, J = 6.5 Hz), 3.85 (2H, d, J = 6.5 Hz). 13C NMR
(62.9 MHz, CDCl3) d: 43.7, 59.1, 114.0, 114.9, 120.7,
121.2, 124.1, 127.9, 128.1, 128.6, 128.7, 128.9, 132.2,
133.6, 136.2, 137.6, 138.0, 139.3, 144.9, 162.9, 196.6. Anal.
calcd. for C21H18BrNO (380.278; %): C 66.33, H 4.77, N
3.68; found: C 66.29, H 4.70, N 3.71.

3-(4-Fluoroanilino)-1,3-diphenyl-1-propanone (6k)35

The filtrate was triturated with hexane (10 mL), filtered,
and then recrystallization with EtOH/H2O (2:1) gave com-
pound 6k as a colorless powder in an 89% yield; mp
158–160 8C. 1H NMR (250 MHz, CDCl3) d: 7.89 (2H, d,
J = 7.3 Hz), 7.23–7.56 (8H, m), 6.78 (2H, t, J = 8.8 Hz),
6.49 (2H, d, J = 9.0 Hz), 4.91 (1H, t, J = 7.0 Hz), 3.45
(2H, d, J = 5.3 Hz). 13C NMR (62.9 MHz, CDCl3) d: 46.3,
55.6, 114.9, 115.1, 115.3, 115.7, 116.0, 126.4, 127.5, 128.2,
128.5, 128.7, 128.9, 133.5, 136.6, 142.6, 143.1, 145.1,
154.1, 158.0, 198.2. Anal. calcd. for C21H18FNO (319.372;
%): C 78.98, H 5.68, N 4.39; found: C 78.94, H 6.61, N
4.35.

3-Anilino-1-(4-chlorophenyl)-3-phenyl-1-propanone (6m)
The filtrate was triturated with hexane (10 mL), filtered,

and then recrystallization with EtOH/H2O (2:1) gave com-
pound 6m as a colorless powder in a 90% yield; mp
119–120 8C (lit value32 mp 119–120 8C). 1H NMR
(250 MHz, CDCl3) d: 7.74 (2H, d, J = 8.5 Hz), 7.45 (3H, d,
J = 8.3 Hz), 7.1–7.37 (4 H, m), 6.90 (2H, t, J = 8.0 Hz),
6.55 (3H, d, J = 8.3 Hz), 5.02 (1H, t, J = 6.8 Hz), 3.80
(2H, d, J = 6.3 Hz). 13C NMR (62.9 MHz, CDCl3) d: 44.2,
59.0, 111.3, 118.35, 121.5, 122.7, 127.6, 128.3, 128.5,
128.8, 128.9, 129.0, 129.7, 129.9, 130.7, 134.7, 138.6,
139.9, 145.4, 178.9, 195.7. Anal. calcd. for C21H18ClNO
(335.826; %): C 75.11, H 5.40, N 4.17; found: C 75.05, H
5.44, N 4.21.
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3-(4-Bromoanilino)-1-(4-chlorophenyl)-3-phenyl-1-
propanone (6n)

The filtrate was triturated with hexane (10 mL), filtered,
and then recrystallization with EtOH/H2O (2:1) gave com-
pound 6n as a pale yellow powder in an 85% yield; mp
139–140 8C (lit value32 mp 139–141 8C). 1H NMR
(250 MHz, CDCl3) d: 7.80 (2H, d, J = 8.5 Hz), 7.32–7.42
(4H, m), 7.27 (3H, t, J = 8.0 Hz), 7.12 (2H, d, J = 8.8 Hz),
6.43 (2H, d, J = 8.8 Hz), 4.92 (1H, t, J = 5.8 Hz), 3.42 (2H,
d, J = 7.3 Hz). 13C NMR (62.9 MHz, CDCl3) d: 46.0, 54.8,
109.7, 111.0, 113.2, 114.5, 115.5, 122.1, 126.3, 127.6,
128.9, 129.0, 129.6, 129.1, 130.4, 131.8, 134.9, 140.1,
142.1, 145.7, 196.9. Anal. calcd. for C21H17BrClNO
(414.723; %): C 60.82, H 4.13, N 3.38; found: C 60.89, H
4.07, N 3.41.

3-Anilino-3-(2-methoxyphenyl)-1-phenyl-1-propanone
(6o)

The filtrate was triturated with hexane (10 mL), filtered,
and then recrystallization with EtOH/H2O (2:1) gave com-
pound 6o as a pale green powder in an 85% yield; mp
122–124 8C. IR (KBr, cm–1) y: 3375, 1681, 1600, 1519,
1234, 748, 690, 574. 1H NMR (250 MHz, CDCl3) d: 7.91
(2H, d, J = 8.5 Hz), 7.39 (3H, t, J = 9.0 Hz), 7.21 (2H, t,
J = 9.0 Hz), 7.05 (2H, t, J = 7.5 Hz), 6.84–6.92 (2H, m),
6.63 (1H t, J = 7.5 Hz), 6.53 (2H, d, J = 8.5 Hz), 5.22 (1H,
dd, J1 = 8.5 Hz, J2 = 4.5 Hz), 3.92 (3H, s), 3.64 (1H, dd,
J1 = 15.0 Hz, J2 = 4.8 Hz), 3.20 (1H, dd, J1 = 15.0 Hz, J2 =
8.3 Hz). 13C NMR (62.9 MHz, CDCl3) d: 44.5, 50.7, 55.4,
110.5, 113.5, 113.9, 117.7, 118.0, 121.0, 127.5, 128.33,
128.9, 129.1, 129.7, 129.8, 134.9, 135.0, 139.7, 140.1,
146.9, 156.5, 197.9. MS m/z (%): 333 (M+ + 2, 1.0), 331
(M+ + 1, 3.5), 330 (M+, 1.9), 279 (3.4), 257 (1.8), 241
(2.0), 212 (47.0), 167 (11.3), 149 (37.9), 119, 93 (17.6), 69
(100.0). Anal. calcd. for C22H21NO2 (331.408; %): C 79.73,
H 6.39, N 4.23; found: C 79.70, H 6.35, N 4.29.
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Ionophilic phosphonium-appended
carbopalladacycle catalyst for Suzuki–Miyaura
and Heck cross-coupling catalysis

Jocelyn J. Tindale and Paul J. Ragogna

Abstract: An ionic liquid, covalently tethered to an efficient transition-metal catalyst in the presence of an ionic liquid re-
action medium, can utilize ionophilic interactions to improve catalyst activity, recyclability, and product isolation while de-
creasing catalyst leaching. Given the greater stability of phosphonium salts in comparison to imidazolium ionic liquids
under basic conditions, phosphonium-tagged oxime carbopalladacycle salts were prepared and employed in both Heck and
Suzuki–Miyaura reactions. The desired product was obtained in good yields for up to four catalyst cycles in the case of
the Suzuki–Miyaura reaction. While taking advantage of the non-volatile nature of ionic liquids, the product was isolated
through simple sublimation from the reaction mixture, eliminating issues associated with catalyst leaching, and the remain-
ing ionic liquid solvent–catalyst mixture was ready for further catalysis.

Key words: phosphonium, ionic liquids, ionophilic catalysis, carbopalladacycle, ionic tag.

Résumé : Un liquide ionique lié d’une façon covalente à un catalyseur efficace à base d’un métal de transition, en pré-
sence d’un milieu réactionnel formé d’un liquide ionique, peut utiliser les interactions ionophiles pour améliorer l’activité
du catalyseur, sa capacité à être recyclé et la facilité d’isoler le produit tout en diminuant la lixiviation du catalyseur. Se
basant sur la plus grande stabilité des sels de phosphonium par comparaison aux liquides ioniques à base d’imidazolium
dans des conditions basiques, on a préparé des sels à base carbocycles contenant du palladium sels et portant des phospho-
nium d’oximes comme étiquette ionique et on les a utilisés dans des réactions de Heck et de Suzuki–Miyaura. Le produit
désiré a été obtenu avec de bons rendements pour au moins quatre cycles catalytiques dans le cas de la réaction de Su-
zuki–Miyaura. En tirant avantage de la nature non volatile des liquides ioniques, on a pu isoler le produit par simple subli-
mation à partir du milieu réactionnel, éliminant ainsi les problèmes associés avec la lixiviation du catalyseur et alors que
le mélange solvant liquide ionique/catalyseur est prêt à être réutilisé pour d’autres réactions catalytiques.

Mots-clés : phosphonium, liquides ioniques, catalyse ionophile, carbocycles contenant du palladium, marquage ionique.

[Traduit par la Rédaction]

Introduction
The use of ionic liquids (ILs) as an alternative solvent in

catalysis has become popular over the last ten years as a
means of rendering the reaction ‘‘green’’.1 This notion pre-
dominantly stems from the ionic nature of the salts, which
give rise to a negligible vapor pressure. However, given re-
cent reports on the toxicity of some ILs, their potential ap-
plication as ‘‘green’’ solvents has faltered.2,3 Nevertheless,
many of their properties beyond non-volatility do render
these materials highly amenable to many chemical reactions
and applications. High thermal stabilities, wide liquid tem-
perature ranges, and unique solubility parameters give rise
to ionic liquids as good alternative solvents. Ionic liquids
generally have the ability to dissolve many organic and or-
ganometallic compounds and are often immiscible with
non-polar organic solvents.4 The breadth of potential appli-

cations is further amplified given the general framework of
common ionic liquids, such as imidazolium or pyridinium
salts, is susceptible to chemical modification to attain a de-
sired function while concomitantly maintaining the intrinsic
properties of the low melting salts.

The ease of dissolution of transition metals in ionic
liquids and the immiscibility observed with some organic
solvents are both phenomena associated with ionic liquids
that are often exploited in catalysis. These properties enable
an improvement in the isolation of the organic product from
the catalyst during simple extraction procedures.5,6 Unfortu-
nately, in some cases, the catalyst activity quickly decreases
after several runs.7 This is often a result of catalyst leaching
during the extraction of the product from the reaction mix-
ture or in the purification of the ionic liquid before the ini-
tiation of the next reaction cycle. To ensure retention of the
catalyst within the ionic liquid phase and consequently im-
prove the recyclability of the system and the isolation of
products, modifications to the catalyst are required. A cur-
rent methodology includes preparing a catalyst that mimics
the physico-chemical properties of the ionic medium, thus
increasing the ionophilicity of the catalyst. Shreeve et al.
have synthesized a (carbene)palladium(II) catalyst that re-
sembles the skeletal structure of the imidazolium ionic
liquid reaction medium and was used successfully to facili-
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tate C–C bond forming reactions.8,9 A more prevalent strat-
egy to increase a catalyst’s ionophilicity is to covalently in-
tegrate an ionic fragment into the catalyst framework. A
critical review highlighting various successes employing
ionic liquid ligands for the preparation of ionophilic cata-
lysts has recently been published.10,11

Carbon–carbon bond forming reactions, such as Heck and
Suzuki–Miyaura, are some of the most important reactions
in organic synthesis. Substantial effort has been put forth to
convert the successful homogeneous methodology into a
heterogeneous system with enhanced catalyst recyclability.
Recently, ionophilic ionic-liquid-tagged catalysts have been
reported as a means of achieving this goal.12,13 The ubiqui-
tous imidazolium cation has been employed as an ion tag;
however, it is susceptible to degradation under basic condi-
tions, a requirement for the Heck and Suzuki–Miyaura reac-
tions. The subsequent formation of a carbene, 1, leads to
poor yields, unwanted side-products, and inactive cata-
lysts.14–16 One approach to avoid this problem is the substi-
tution of a metal-binding ligand such as a pyridine, 2, or
phosphine, 3, at the C-2 position on the imidazolium cation
(Chart 1).17,18

Our methodology, inspired by the work of Corma et al.,19

also evades the susceptibility of imidazolium salts towards
decomposition in the presence of base. Utilizing the iono-
philic ionic-liquid-appended catalyst concept, a phospho-
nium salt was tethered to an oxime carbopalladacycle
moiety, which was previously noted as an exceptional cata-
lyst for Suzuki–Miyaura cross-coupling of aryl halides and
arylboronic acids.20,21 Phosphonium salts do not share the
same vulnerability to basic conditions as observed for imida-
zolium cations and have been successfully used as alterna-
tive solvent media in Suzuki and Heck reactions without
any signs of decomposition products such as Wittig-type re-
agents.22–26 In this context, a phosphonium-tagged oxime
carbopalladacycle catalyst precursor 8 has been synthesized
and comprehensively characterized. It is important to note
here that Singer et al. have prepared similar ionophilic
ligands derived from oximes with pendant imidazolium
salts. The salts were designed as capturing devices for se-
questering metals from aqueous solutions, and their use as
cross-coupling pre-catalysts was not investigated.27 Herein,
cross-coupling reactions catalyzed by the ionophilic catalyst,

8, were conducted using trihexyltetradecylphosphonium
chloride, [P66614][Cl], as the reaction medium. Increased iso-
lated yields and catalyst recyclability were noted as signifi-
cant improvements to previous reports of ionophilic oxime
carbopalladacycle cross-coupling catalysis.

Experimental section

Materials
The solvents were obtained from Caledon Laboratories.

Dichloromethane, N,N-dimethylformamide, and toluene
were dried using an Innovative Technologies Inc. Solvent
Purification System, which utilizes dual-alumina columns,
and were stored under a nitrogen or argon atmosphere in
Strauss flasks or stored in the glovebox over 4 Å molecular
sieves. Methanol was dried by storing over 3 Å molecular
sieves. The trihexyltetradecylphosphonium chloride (Strem),
styrene (Aldrich), p-methoxyphenyl boronic acid (Aldrich),
and iodobenzene (Aldrich) were used as received and
stored in a nitrogen-filled MBraun Labmaster 130 glove-
box. The palladium dichloride (Pressure Chemicals), K3PO4
(Riedel-deHaën), and LiCl (Caledon) were used as received
and stored in a desiccator. Deuterated NMR solvents
(CDCl3, DMSO) were purchased from Cambridge Isotope
Laboratories and were stored over 4 Å molecular sieves.
Tri-n-butyl phosphine was generously donated by Cytec In-
dustries and was distilled prior to use. Manipulations in-
volving the use of nBu3P and the catalysis experiments
were performed either in the glovebox or by using standard
Schlenk techniques. The precursors 4-hydroxyacetophenone
oxime and 4-(5-bromopentoxy)acetophenone oxime were
synthesized using literature methods.19

Measurements
Solution 1H, 31P{1H} and 13C{1H}, gHMBC, and gHSQC

NMR spectra were recorded on a Varian INOVA 400 MHz,
Varian INVOA 600 MHz, or Mercury 400 MHz spectrome-
ter. All samples for 1H NMR, 13C{1H}, gHMBC, and
gHSQC spectroscopy were referenced to the residual protons
in the solvent relative to (CH3)4Si (d (ppm); 1H: CDCl3 7.26,
DMSO 2.50; 13C{1H}: CDCl3 77.0, DMSO 39.52). Phospho-
rus-31 NMR chemical shifts were reported relative to an ex-
ternal standard (85% H3PO4 d = 0.00 ppm). Mass
spectrometry measurements were recorded in positive and
negative ion modes using an electrospray ionization Micro-
mass LCT spectrometer. Elemental analyses were performed
by Guelph Chemical Laboratories Ltd., Guelph, Ontario,
Canada.

The decomposition temperatures were determined using
thermogravimetric analysis (TGA) on a Q600 SDT TA In-
strument for 7 or on a TGA/SDTA 851e Mettler Toledo
instrument for 8. A 0.005–0.010 g sample was heated in a
40 mL alumina crucible at a rate of 10 8C/min over a tem-
perature range of 100–600 8C. Melting and glass transition
points were determined using differential scanning calorim-
etry (DSC) on a Q20 DSC TA instrument for 7 or on a
DSC 822e Mettler Toledo instrument for 8 using aluminum
sample pans. For 7, a 0.005–0.010 g sample was cooled
to –90 8C and then heated to 200 8C at 10 8C/min, cooled
to –90 at 10 8C/min, and finally reheated to 200 8C at
10 8C/min. The glass-transition temperatures were taken

Chart 1. Illustration of the decomposition of an imidazolium cation
in the presence of base resulting in the formation of a carbene, 1,
and alternative imidazolium cations protected at the C-2 position, 2
and 3.
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from the final heat cycle. For 8, a 0.005–0.010 g sample was
cooled to –70 8C where the temperature was sustained for
15 min, followed by heating to 500 8C at 10 8C/min. All ther-
mal analysis experiments were conducted in a N2(g) atmos-
phere.

Synthesis

Preparation of 7
To a solution of 4-(5-bromopentoxy)acetophenone oxime

(0.970 g, 3.220 mmol) in DMF (17 mL) nBu3P (0.716 g,
3.542 mmol) was added, and the mixture was heated at
70 8C for 48 h under a flow of nitrogen. DMF was removed
in vacuo, and the resulting viscous yellow liquid was dis-
solved in a minimal amount of CH2Cl2, which was extracted
first with hexanes (2 � 15 mL) and then with THF (1 �
15 mL). The residual solvent was removed in vacuo yielding
7 as a viscous clear yellow liquid (1.083 g, 2.155 mmol,
67%). Td = 343 8C; Tg = –2 8C. 31P{1H} NMR
(161.96 MHz, CDCl3) d (ppm): 30 (s). 1H NMR
(599.69 MHz, CDCl3) d (ppm): 7.57 (d, 2H, 3J = 9.0 Hz),
7.42 (s, br, 1H), 6.86 (d, 2H, 3J = 8.4 Hz), 4.00 (t, 2H, 3J =
6.0 Hz), 2.60–2.55 (m, 2H), 2.48–2.43 (m, 6H), 2.25 (s, 3H),
1.87 (quintet, 2H, 3J = 6.6 Hz), 1.74–1.64 (m, 4H), 1.56–
1.51 (m, 12H), 0.97 (s, 9H). 13C{1H} NMR (100.60 MHz,
CDCl3) d (ppm): 159.2, 153.6, 129.1, 126.8, 113.9, 67.2,
28.2, 27.1 (d, 3JP–C = 13 Hz), 23.5 (d, 3JP–C = 12 Hz), 23.4
(d, 2JP–C = 3 Hz), 21.3 (d, 2JP–C = 4.6 Hz), 19.1 (d, 1JP–C =
47.5 Hz), 18.7 (d, 1JP–C = 47.0 Hz), 13.2, 11.6. FTIR (drop-
cast on KBr; cm–1(ranked intensity)): 510(20), 561(14),
634(12), 725(11), 838(3), 924(4), 1006(7), 1094(16),
1182(9), 1250(1), 1304(10), 1376(15), 1464(8), 1515(6),
1610(5), 1673(21), 2870(17), 2959(2), 3169(13), 3207(19),
3263(18). MS (ESI) m/z+/– (%): 422.3 (100) [M+ – Br],
923.65 [M2Br+], 582.2 (35) [MBr2].

Preparation of 8
The Li2PdCl4 was first prepared by the addition of PdCl2

(0.212 g, 1.193 mmol) to a solution of LiCl (0.101 g,
2.387 mmol) in MeOH (0.6 mL), which was then heated at
60 8C for 30 min until all the reagents dissolved. Sodium
acetate (0.049 g, 0.597 mmol) and 7 (0.300 g, 0.597 mmol)
in MeOH (0.65 mL) were then added dropwise to the result-
ing red methanolic Li2PdCl4 solution, and the mixture was
stirred at room temperature for 36 h. Methanol was then
added (2 mL), and the heterogeneous mixture was centri-
fuged and the supernatent was decanted. The solids were
washed with MeOH (4 � 4 mL) followed by acetone (4 �
4 mL) to selectively remove the red-brown solid. The ace-
tone fractions were combined and cooled to –30 8C. Upon
precipitation of a beige solid, the mixture was centrifuged,
the supernatent was removed, and the solid was dried in va-
cuo giving 8 as a beige powder (0.144 g, 0.112 mmol, 19%).
Td = 290 8C; Tm = 160 8C. 31P{1H} NMR (161.96 MHz,
CDCl3) d (ppm): 30 (s). 1H NMR (400.09 MHz, DMSO) d

(ppm): 10.5 (s, br,1H), 7.17 (s, br, 1H), 7.06 (d, 2H, 3J =
8.4 Hz), 6.54 (d, 2H, 3J = 8.4 Hz), 3.93 (t, 2H, 3J =
6.4 Hz), 2.22–2.15 (m, 11H), 1.73 (quintet, 2H,
3J = 6.0 Hz), 1.53–1.35 (m, 16H), 0.90 (t, 9H, 3J = 6.8 Hz).
13C{1H}/gHSQC/gHMBC (599.44 MHz, DMSO) d (ppm):
163.4, 157.5, 153.6, 138, 129, 120.8, 109.5, 66.8, 27.8, 26.7

(d, 3JP–C = 14.9 Hz), 23.3 (d, 3JP–C = 17 Hz), 22.6 (d,
2JP–C = 3.9 Hz), 20.4 (d, 2JP–C = 3.8 Hz), 17.5 (d, 1JP–C =
46.1 Hz), 17.3 (d, 1JP–C = 47.7 Hz), 13.2, 10.9. FTIR (CsI
pellet; cm–1(ranked intensity)): 227(21), 248(19), 280(26),
304(25), 440(24), 639(9), 722(20), 807(12), 917(17),
959(14), 1043(6), 1100(8), 1209(2), 1227(18), 1266(7),
1308(13), 1339(5), 1378(10), 1459(3), 1560(11), 1582(1),
1629(16), 1648(27), 2872(15), 2934(23), 3446(22). MS
(ESI) m/z+/– (%): 562.1 (55) [monomer], 11242 [dimer].
Anal. calcd. (found): C: 46.79 (48.21), H: 6.92 (7.37).

Preparation of 4-methoxy-biphenyl via Suzuki–Miyaura
cross-coupling reaction

A 5 mol% mixture of the catalyst 8 (0.025 g, 0.019 mmol)
in trihexyltetradecylphosphonium chloride (0.700 g,
1.348 mmol) was dissolved in CH2Cl2 (1.5 mL) to facilitate
the transfer of the mixture to a small, narrow Schlenk tube.
The bulk of the solvent was removed in vacuo at room tem-
perature, and the remaining residual solvent was removed at
70 8C. The mixture was cooled to room temperature, and
neat K3PO4 (0.275 g, 1.294 mmol), p-methoxyphenyl bor-
onic acid (0.066 g, 0.431 mmol), and iodobenzene (0.080 g,
0.392 mmol) were added followed by the addition of toluene
(0.1 mL) and distilled and N2-purged H2O (0.2 mL). The re-
action mixture was stirred and heated at 70 8C for 5 h, and
then the volatile solvents were removed in vacuo at room
temperature. A cold finger was fitted to the Schlenk tube
and the product was isolated from the ionic liquid mixture
by sublimation at 80 8C for 14 h, yielding 4-methoxy-bi-
phenyl as a white solid (0.057 g, 0.309 mmol, 99%). 1H
NMR (400.09 MHz, CDCl3) d (ppm): 7.56 (m, 4H), 7.42 (t,
2H, 3J = 7.6 Hz), 7.30 (t, 1H, 3J = 7.6 Hz), 6.98 (d, 2H, 3J =
8.8 Hz), 3.86 (3, 3H).

Preparation of trans-stilbene via Heck cross-coupling
reaction

A 2 mol% mixture of the catalyst 8 (0.015 g,
0.012 mmol) in trihexyltetradecylphosphonium chloride
(0.300 g, 0.578 mmol) was dissolved in CH2Cl2 (1.5 mL) to
more easily facilitate the transfer of the mixture to a small,
narrow Schlenk tube and to assist in the dispersion and sol-
vation of 8 in the ionic liquid solvent. The bulk of the sol-
vent was removed in vacuo at room temperature, and the
remaining residual solvent was removed at 70 8C. The mix-
ture was cooled to room temperature, and neat styrene
(0.094 g, 0.900 mmol), iodobenzene (0.122 g, 0.600 mmol),
and K3PO4 (0.255 g, 1.200 mmol) were added, followed by
the addition of toluene (0.1 mL) and distilled, N2-purged,
H2O (0.2 mL). The reaction mixture was stirred and heated
at 90 8C for 5 h, and then the volatile solvents were re-
moved in vacuo at room temperature. A cold finger was fit-
ted to the Schlenk tube and the product was isolated from
the ionic liquid mixture by sublimation at 80 8C for 14 h,
yielding 4-methoxy-biphenyl as a white solid (0.106 g,
0.588 mmol, 98%). 1H NMR (400.09 MHz, CDCl3)
d (ppm): 7.52 (d, 4H, 3J = 8.4 Hz), 7.36 (t, 4H, 3J =
7.6 Hz), 7.26 (t, 2H, 3J = 7.6 Hz), 7.12 (s, 2H).

Procedure for recycling the catalyst and the ionic liquid
Upon completion of the catalysis, the product was isolated

following the same procedure as noted. Proton NMR spec-
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troscopy of the resulting IL mixture confirmed the complete
removal of the product. The reagents were then added in the
same amounts, following the initial reaction conditions, and
the catalysis was repeated.

Results and discussion

Synthesis
The synthetic route towards the preparation of the phos-

phonium salt catalyst 8 is summarized in Scheme 1. Com-
pounds 4 through 6 were prepared according to literature
procedures.19 Given the likely reactivity of nBu3P with palla-
dium, the generation of the phosphonium salt 7 was com-
pleted first, followed by formation of the carbopalladacycle
phosphonium salt 8. The quaternization of tri-n-butylphos-
phine with 6 was monitored by 31P{1H} NMR spectroscopy
until the full consumption of nBu3P (d = –32 ppm) was ob-
served.28 The complete formation of the phosphonium salt
(d = 35 ppm) was detected within 48 h at 70 8C. The DMF
was removed in vacuo, and the product was purified by ex-
tractions with hexanes and THF, respectively. Comprehen-
sive characterization ascertained the formation of the
phosphonium ionic liquid 7 as a yellow, clear, viscous
liquid. Thermal analysis of 7 revealed a glass transition tem-
perature of –2 8C and a thermal decomposition temperature
of 343 8C. The addition of 7 and NaOAc to methanolic
Li2PdCl4 resulted in immediate precipitation of a red-brown
solid. Upon stirring for 3 days, a beige precipitate also
formed. The solids were isolated and washed with MeOH
followed by acetone and were finally recrystallized in ace-
tone. The beige powder was fully characterized to confirm
the formation of the carbopalladacycle using the following
analytical and spectroscopic methods: 1D and 2D NMR
spectroscopy, FTIR spectroscopy, UV–vis spectroscopy,
electrospray ionization mass spectrometry, differential scan-
ning calorimetry, thermogravimetric analysis, and elemental
analysis. The most salient feature in the 1H NMR spectrum
was the change in the pattern of the aromatic protons from
AA’BB’ to ABC, which was indicative of the formation of
the aryl carbopalladacycle environment (Fig. 1).19,29 The
phosphonium carbopalladacycle 8 was isolated as a white
powder in a modest yield (19%). Compound 8 was soluble
in DCM, DMSO, acetone, and trihexyltetradecylphospho-
nium chloride, [P66614][Cl], and was insoluble in CHCl3 and
apolar solvents, such as alkanes and ethers.

The FTIR spectrum for 7 displayed a characteristic C=N

stretching vibration of 1673 cm–1, and the corresponding
C=N vibration in 8 was shifted by 26 cm–1 (observed at
1648 cm–1), which suggested N–Pd coordination (Fig. 2).30

Analysis by UV–vis spectroscopy provided further evidence
of the presence of the carbopalladacycle in 8. An absorption
at lmax 262 nm and an absorption band at lmax 307 nm with
a broad shoulder peak corresponded to ligand centered ab-
sorptions on the phosphonium salt. Ionic liquid 7 displayed
only one absorption band at lmax 260 nm. The absorption
band at lmax 307 nm symbolized charge-transfer transitions,
which were specific to metal–ligand orbital interactions, and
was in accordance with literature results (Fig. 3).19

A typical oxime carbopalladacycle is often a chloro-
bridged dimer, which occurs to fulfill the favorable four-
coordinate geometry about the palladium centre. However,
the imidazolium-tagged oxime carbopalladacycle was found
to be monomeric. The last coordination site was filled by
the imidazolium, preventing the formation of a dimer.19 Evi-
dence for both the monomer and dimer phosphonium ana-
logues, 8, were observed in ESI-MS with the most intense
peak attributed to the monomer. The dimer was the most
likely conformation, since there was no donor capability at
the phosphonium centre in contrast to the imidazolium
example. Attempts to grow crystals of suitable quality for
X-ray diffraction studies resulted in microcrystalline pow-
ders or clusters; thus, solid-state characterization was not
possible. No conclusive statement could be made from these
results to declare the coordination environment about the
palladium.

Catalysis studies
To examine the catalytic ability of the phosphonium car-

bopalladacycle, two C–C bond forming cross-coupling reac-
tions, Heck and Suzuki–Miyaura, were carried out. The
evaluation of the Heck reaction was accomplished using
styrene and iodobenzene with K3PO4 and, the Suzuki-type
reaction was carried out using p-methoxyphenylboronic acid
and iodobenzene with K3PO4 as the base. The reaction con-
ditions including solvents, bases, reaction times, tempera-
ture, catalyst loading, and isolation techniques were varied,
and the results are summarized in Table 1.

Oxygen-free conditions were required, as reactions carried
out in the absence of an inert atmosphere resulted in low
yields (Table 1, entries 1, 2, and 14). It was observed that a
small amount of toluene and water were required to assist
the dissolution of the reagents in the ionic liquid medium,

Scheme 1. Synthesis of phosphonium-functionalized oxime carbopalladacycle 8.
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as the reaction performed using solely [P66614][Cl] yielded
only trace amounts of the desired product (Table 1, entry
14). To attain a minimal reaction time under mild tempera-
tures, the ideal catalyst loading was found to be 5 mol%
(Table 1, entry 13) for the Suzuki reaction and 2 mol% for
the Heck reaction (Table 1, entry 19).

With the use of viscous, non-volatile ionic liquids as sol-
vents in chemical transformations, modifications to the con-
ventional approaches to synthesis and product isolation are
necessary. Previously reported product isolation techniques
for Suzuki reactions performed in phosphonium ionic liquids
were assessed, including aqueous and organic solvent ex-
tractions, followed by filtration through silica (Table 1, en-
tries 2, 15, and 16) or alternatively, direct filtration of the
reaction mixture through a silica plug (Table 1, entries 1
and 14); all of which proved unsatisfactory for various rea-
sons. Separation of the product by extraction into organic
solvent increased volatile solvent use, which is to be
avoided if possible. Subsequent filtration through silica in-
creased the steps required to obtain a pure product, which
can reduce the final yield. The filtration of the ionic liquid
mixture was formerly deemed necessary, since extracting

the reaction mixture with hexanes does not always com-
pletely remove all of the biaryl product, given some of the
biaryl species remains in the ionic liquid phase.22 This filtra-
tion strategy is limited by the inability to reuse the catalyst
and solvent because the phosphonium salts predominantly
remain coordinated to the silica. However, it is important to
note, that herein, no evidence of the phosphonium catalyst 8
was present in the hexanes extractions.

In this context, it was ascertained that the best way to iso-
late the products was through sublimation. One can take ad-
vantage of the non-volatility of the reaction medium and
catalyst and simply remove the volatile product by sublima-
tion. Initial experiments were carried out in a small vial
(15 � 48 mm) with a septum cap for the delivery of N2(g)
by a needle, given the volume of the reaction mixture was
small. Upon completion of the reaction, the mixture was dis-
solved in CH2Cl2 and transferred to a Schlenk flask. The
volatile solvent was removed under reduced pressure, the
flask was then fitted with a cold finger, and the product was
sublimed at 0.5 mm Hg and 80 8C. To further optimize the
isolation procedure, an unconventionally shaped Schlenk
tube was designed not only to accommodate the small reac-
tion volume, but also to include the capacity to fit a cold
finger to the flask (Fig. 4). Under the optimized reaction
conditions and with the appropriate glassware, high-yielding
Suzuki and Heck cross-coupling reactions were achieved
(Table 1, entries 13 and 19).

Catalyst recyclability studies
While employing the optimized conditions, the recyclabil-

ity of the ionophilic catalyst was demonstrated. For both the
Heck and Suzuki reactions, upon completion of the reac-
tions, the residual toluene and water were removed in vacuo
at room temperature, and subsequently, a cold finger was in-
serted into the flask and the product was sublimed at
0.5 mm Hg at 80 8C overnight. 1H NMR spectroscopy of
the remaining IL mixture confirmed the absence of any
product or starting reagents. If residual product was ob-
served in the IL, then a second sublimation was performed.
Without removal of any residual borates or phosphates, the
starting reagents, not including fresh catalyst, were again
added to the ionic liquid mixture and the catalysis was re-
peated at the optimized conditions, and the results are sum-
marized in Table 2.

Fig. 2. FTIR spectrum of 7 (top) displays a C=N vibration at
1673 cm–1, and the FTIR spectrum of 8 (bottom) shows the shift of
the C=N vibration to 1648 cm–1 revealing N–Pd coordination.

Fig. 3. UV–vis spectra of 7 (solid line) and 8 (dotted line). The
emergence of a second band for 8 is indicative of a metal–ligand
interaction.

Fig. 1. Stacked 1H NMR spectra for 7 (bottom) and 8 (top), which
clearly display the change in the environment about the phenyl
protons, indicative of the incorporation of the palladium metal.
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The ionophilic catalyst 8 – [P66614][Cl] mixture was re-
cycled three times before any decrease in activity was ob-
served for the Suzuki reaction. After the third reuse of the
catalyst, the IL mixture changed from yellow to black. This

is likely due to the formation of Pd black and is probably
associated with the decrease in conversion. The phospho-
nium catalyst 8 exhibited good catalytic activity in Heck re-
action as well; however, the recyclability of the catalyst was
poor. The yields decreased by 20% on the second cycle and
continued to diminish rapidly over the subsequent cycles.
Again, the colour of the reaction mixture changed from yel-
low to a red-black on the first cycle, indicative of the initia-
tion of catalyst decomposition. However, it is important to
note that while 8 exhibits moderate recyclability, the imida-
zolium carbopalladacycle ionophilic catalyst by Corma et al.
displayed quite low reactivity. The Heck and Suzuki cou-
pling reactions exhibited yields ranging from 3%–25% on
the first run, and therefore, the catalyst was not recyclable.19

They proposed that the imidazolium tag was unstable under
the basic conditions required, and the formation of carbene
by deprotonation at C-2 on the imidazolium prevailed. The
resulting carbene would then coordinate to the palladium
and ultimately result in the decomposition of the catalyst,
the formation of Pd black, and poor catalytic activity. There-
fore, the substitution of a phosphonium salt for an imidazo-
lium cation proves to be a more effective route towards the
generation of an ionophilic tag for oxime carbopalladacycle
cross-coupling reaction catalysts, given basic conditions are
required for these types of reactions.

Table 1. Reaction conditions studies for the Suzuki- and Heck-type cross-coupling.

Entry Reaction T (8C) Time (h) Catalyst 8 (mol%) Yield (%)
1 Suzukia 55 1 1 Tracec,d

2 70 16 1 29c,e

3 70 16 1 76f

4 70 16 1 18g

5 70 2 1 42g

6 70 4 1 76g

7 70 6 1 82g

8 70 8 1 88g

9 70 4 5 83h

10 80 7 1 78h

12 95 4 1 66h

13 70 5 5 98j

14 Heckb 130 24 2 Tracec,d,i

15 90 16 2 75e

16 90 16 2 Tracee

17 90 4.5 2 73h

18 90 6.5 2 74h

19 90 5 2 98j

aIodobenzene (1 equiv.), p-methoxyphenylboronic acid (1.1 equiv.), K3PO4 (3.3 equiv.), 0.7 g [P66614][Cl],
0.2 mL H2O, and 0.1 mL toluene.

bIodobenzene (1 equiv.), styrene (1.5 equiv.), K3PO4 (2 equiv.), 0.3 g [P66614][Cl], 0.2 mL H2O, and 0.1 mL
toluene.

cUnder atmospheric conditions.
dProduct isolation by silica column filter.
eProduct isolation by extraction with hexanes followed by silica column filter.
fProduct isolation by extraction with hexanes, removal of solvent under reduced pressure followed by

sublimation.
gProduct isolation by aqueous extraction and sublimation of the remaining reaction mixture.
hProduct isolation by sublimation from reaction mixture.
iNo toluene or water added; NaOAc as base.
jProduct isolation by sublimation in reaction flask.

Fig. 4. Sublimation of trans-stilbene from the ionophilic catalyst
8 – [P66614][Cl] reaction mixture using the specially designed reac-
tion tube.
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Conclusions

A phosphonium-tagged oxime carbopalladacycle catalyst
8 has been synthesized and comprehensively characterized.
The catalyst displayed ionophilic properties in the C–C
bond forming cross-coupling Heck and Suzuki reactions
conducted in an ionic liquid medium. Based on the ionic na-
ture of 8, the catalyst selectively partitioned into the ionic
liquid reaction phase, and furthermore, the ionic catalyst –
solvent media allowed the isolation of the reaction products
simply by sublimation without the need to use volatile or-
ganic solvents for extraction/separation techniques. This
straightforward product-isolation methodology enabled and
simplified the recycling of the catalyst and the reaction sol-
vent. The substitution of a phosphonium appendage on an
oxime carbopalladacycle as opposed to an imidazolium
functionality resulted in increased tolerance towards the ba-
sic conditions required in Heck and Suzuki reactions and
therefore increased catalytic activity.
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Synthesis and electrochemical behavior of
triazole-containing nicotinamide adenine
dinucleotide analogs

Wujun Liu, Shuhua Hou, and Zongbao Kent Zhao

Abstract: The coupling of 2’,3’-di-O-acetyl nicotinamide mononucleotide with 3-butyn-1-ol in the presence of 2,4,6-
triisopropylbenzenesulfonyl chloride quantitatively afforded a terminal alkyne-containing intermediate. Furthermore,
copper(I)-mediated Huisgen [3 + 2] cycloaddition with a series of azido compounds in a two-phase solvent system gave
eight triazole-containing nicotinamide adenine dinucleotide analogs with yields over 88%. The cyclic voltammetric be-
haviors of these novel analogs were investigated with a glassy carbon electrode, and structural features of these analogs
on their electrochemical properties were briefly discussed.

Key words: nicotinamide adenine dinucleotide, analog, click chemistry, cyclic voltammetry.

Résumé : Le couplage du mononucléotide du 2’,3’-di-O-acétylnicotinamide avec le but-3-yn-1-ol, en présence de chlorure
de 2,4,6-triisopropylbenzènesulfonyle conduit à la formation pratiquement quantitative d’un intermédiaire comportant un
alcyne terminal. Une cycloaddition ultérieure [3 + 2] de Huisgen, catalysée par le cuivre(I), avec une série de composés
azide, dans un système liquide à deux phases, conduit à la formation, avec des rendements globaux supérieurs à 88 %,
d’analogues dinucléotides d’adénine nicotinamide contenant un triazole en position 8. On a étudié les comportements en
voltampérométrie cyclique de ces nouveaux analogues à l’aide d’une électrode de carbone vitreux et on discute brièvement
des caractéristiques structurales de ces analogues sur leurs propriétés électrochimiques.

Mots-clés : dinucléotide de l’adénine nicotinamide, analogue, chimie par clic, voltampérométrie cyclique.

[Traduit par la Rédaction]

Introduction
Nicotinamide adenine dinucleotide (NAD+) and its re-

duced form, NADH, are involved in numerous biological
systems, especially as cofactors for enzymes mediating oxi-
doreductive reactions.1 In those oxidoreductive reactions,
NAD(H) transfers hydrogen and electron shuttles, along
with chemical potential change. The chemical potential of
NAD+ or its derivatives play critical roles in calcium ho-
meostasis,2 cross-membrane transportation,3 oxidative stress
resistance,4,5 and reactive oxygen species clearance.6
Although electrochemical studies have been done on a few
model compounds,7 and on applying a novel method8 or ma-
terials9 for modification of the surface of the electrode to
improve the sensitivity of electrode response to NAD(H),
there are few reports on testing the electrocatalytic reduction
of synthetic NAD+ analogs.

NAD+ is a coupled product of the nicotinamide mononu-
cleotide (NMN) part and the adenosine monophosphate
(AMP) moiety (Fig. 1). The NMN part bestows its oxidore-
ductive property, whereas the AMP moiety is largely in-
volved in binding in the biological environment. Early

study showed that a simple phosphodiester-type NAD+ ana-
log could be recognized by horse liver alcohol dehydrogen-
ase, and that the system could be applied for reduction of
prochiral ketones in moderate yields.10,11 Thus, it is essential
to have the NMN part in NAD+ analogs so that their pros-
pects as a redox chemistry mediator can be further explored.
In these reactions, a synthetic cofactor was regenerated with
valuable rhodium complexes, but low-cost electrochemical
or photo driven regeneration of the NAD+ cofactor led to a
complex reaction.12,13 One strategy to overcome these defi-
ciencies is to modify the structure of the cofactor to improve
electrode reaction activity.

We were recently interested in the preparation of NAD+

analogs in which one phosphorus atom is removed from the
original skeleton to meliorate electrode reaction activity of
the natural coenzyme. In this work, we wish to report our
efforts on the construction of 1,2,3-triazole-containing
NAD+ analogs (Fig. 1) and their electrochemical properties.
We developed an efficient synthetic strategy for synthesis of
these analogs based on CuSO4/sodium ascorbate-mediated
Huisgen’s 1,3-dipolar cycloaddition, or click reaction.14
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Compared to NAD+, these analogs showed relatively low re-
ductive peak potentials (Ep) and a distinct improvement of
the electrode reaction rate constant (Ks).

Results and discussion

Synthesis of triazole-containing NAD+ analogs
Our in-house preparation of NMN was realized via selec-

tive hydrolysis of NAD+ using ZrCl4 as catalyst.15 To syn-
thesize the triazole-containing NAD+ analogs, we originally
tried to couple NMN with the corresponding alkynyl alcohol
followed by click reaction with azides (Fig. 1). Because
NMN is liable to form an inactive inner salt and has notori-
ously low solubility in most organic solvents (i.e., DMF (di-
methylformamide), pyridine, MeCN), it was difficult to find
an appropriate solvent system to realize the coupling reac-
tion. Moreover, C–N bond breakage of the NMN molecule
was substantial in many experiments. We then treated NMN
with a mixture of Ac2O and pyridine at 0–5 8C, leading to
the acetylated product of NMN, 2’,3’-di-O-acetyl nicotina-
mide mononucleotide (Ac2NMN). It turned out that
Ac2NMN had much better solubility and higher activity.
Thus, the coupling of Ac2NMN with excess 3-butyn-1-ol in
DMF/Py (1:1, v/v) in the presence of 2,4,6-triisopropylben-
zenesulfonyl chloride (TIPS-Cl) at room temperature for 3 h
afforded the key intermediate of 2’,3’-di-O-acetyl b-nicotina-
mide ribose-5’-3-butynyl phosphate, 3, in a 99% yield based
on 31P NMR analysis (Scheme 1).

To convert compound 3 into triazole-containing NAD+

analogs, we prepared eight azides (Scheme 1). These com-
pounds were selected to mimic the adenine moiety of the
NAD+ structure, mainly depending on their accessibility and
aromatic ring structures. Azides a–c were obtained from the
corresponding halides via a nucleophilic substitution using
sodium azide, whereas azides d–h were made via acylation
of the corresponding amines with 5-chloropentanoyl chloride
followed by a nucleophilic substitution reaction using so-
dium azide.16

With intermediate 3 and azide compounds in hand, we

carried out cycloaddition experiments in the presence of
copper sulfate and sodium ascorbate according to the strat-
egy described by Sharpless and co-workers.17 Upon testing
a couple of solvent systems, i.e., water mixed with DMSO,
DMF, DCM, THF, MeCN, or t-BuOH, we found that there
was no significant difference whether the organic solvent
was soluble or insoluble in water. This was likely because
compound 3 and the coupled products had excellent solubil-
ity in water. To facilitate an easier recycling of azides, our
synthesis was carried out in a two-phased system made of
DCM and H2O. Using this strategy, we were successful in
coupling azides a–h with 3 at room temperature in over
90% yields within 6 h. For most reactions, 5 mol% Cu(I)
catalyst was enough to convert 3 within 2 h. The bulky
azides f and h required 4 h for better yields. Because azide
g had a poor solubility, up to 6 h was necessary to achieve

Fig. 1. Structures of NAD+ and its triazole-containing analogs.

Scheme 1. Synthesis of triazole-containing NAD+ analogs. Reagents and conditions: (i) Ac2O/Py (1:1), 0–5 8C, 24 h, 98%; (ii) 3-butyn-1-ol
(3 equiv.), TIPS-Cl (3 equiv.), DMF/Py (1:1), RT, 3 h, 99%; (iii) (a) R–N3, CuSO4/sodium ascorbate, H2O/DCM (1:1), RT, 0.5–6 h, 90%–
98%, (b) NH4HCO3 (1 mol/L), in H2O/MeOH (1:10), 98%. Data in the parentheses indicate the total isolated yield of each compound on
Ac2NMN.
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excellent conversion. We also tried the combination CuSO4/
Cu to mediate the coupling reaction. However, the products
seemed liable to coordinate with copper, leading to a tedious
purification process and low isolated yields.

It was interesting to note that those triazole-containing in-
termediates could be easily deacetylated by 1 mol/L
NH4HCO3 solution in H2O/MeOH (1:10, v/v). Thus, crude
compound 4 was achieved during the reverse phase silica
gel chromatography purification.

Because NAD+ analogs are amphiphilic molecules con-
taining both positive and negative charges, purification usu-
ally presents a major barrier to achieve an appreciable
quantity of target compounds in the lab. Thus, successful
procedures varied from case to case for the isolation of ana-
logs 4a–4h. Chromatography with various supporting mate-
rials, including activated charcoal, silica gel, octyl-
functionalized silica gel, ion exchange resins, and Bio-Gel
P-2 resin has been applied in different combinations to ful-
fill valid purification. Compound 4a was purified with octyl-
functionalized silica gel and 201 � 2 HCO2

– form of the
anion resin followed by Bio-Gel P-2 resin. For compounds
4b, 4d, and 4e, chromatography on octyl-functionalized
silica gel and anion resin, at different elution conditions,
gave the best results. For compounds 4c and 4f–4h, chroma-
tography on octyl-functionalized silica gel and Bio-Gel P-2
resin gave our target molecules.

Electrochemical behavior of triazole-containing NAD+

analogs
With novel analogs in hand, we investigated their electro-

chemical performance on a glassy carbon (GC) electrode in
aqueous solution. Oxido-reductive behaviors of these tria-
zole-containing NAD+ analogs were estimated by cyclic vol-
tammetry. The redox curves were also a two electron
mechanism according to the Angulo et. al method.18 Upon a
reversal scan of the NAD+ analogs, both the reduction peak
and reoxidation peak were observed, albeit the latter was
much weaker than the former. The corresponding reoxida-
tion peaks were stronger than that of NAD+ under the same
conditions. Thus, the overall processes are not reversible.

The reductive potential (Ep) of the triazole-containing
analog (–1.141 V) was much lower than that of natural
NAD+ (–1.269 V; Table 1). Upon four cyclic reversal scans,
marginal decreases in the reductive peak currents of NAD+

analogs were observed, and the decrease range of 4h was
much smaller than that of NAD+ under the same conditions
(Fig. 2). This indicated that triazole-containing analogs had
relatively weak absorption on GC than natural NAD+.

The cathodic peak currents (ip) of triazole-containing ana-
logs increased curvilinearly with the square root of the scan
rate (v), an upper warp curve in the range of 20–200 mV s–1.
All the upper data resulted in the reduction of triazole-con-
taining NAD+, which was an absorption-controlled irreversi-
ble process under our conditions.

According to Laviron theory,19 absorption-controlled irre-
versible process potential (Ep) is determined based on the
following equation:

½1� Ep ¼ E� � ðRT=anFÞlnðanF=RTKsÞ � ðRT=anFÞln v

where E8, ln v, R, T, F, n, Ks, and a, represent the standard

potential, logarithm of the scan rate (v), gas constant, abso-
lute temperature, Faraday constant, the transfer electron
number (n = 2 for NAD+ or its derivatives), electrode reac-
tion rate constant, and electron transfer coefficient, respec-
tively. The value of E8 of all compounds (vs the standard
calomel electrode (SCE)) was obtained from the intercept
of the plot of Ep vs. v (data not shown). The electrode reac-
tion rate constant (Ks) and the electron transfer coefficient
(a) were calculated from the slope and intercept of Ep vs.
ln v according to the above equation (Fig. 3a). Accordingly,
all triazole-containing NAD+ analogs and related compounds
were tested and results were listed in Table 1.

It was obvious that analogs with bulky aromatic rings and
4b have relatively low reductive peak potentials. Compound
4a and 4h have the largest Ks and a. Compound 4e shows
the lowest Ks and a in tris(hydroxymethyl)aminomethane
(Tris)/NaCl buffer, which may be due to the presence of ar-
omatic fluorine atoms in the molecule. To investigate the
electrochemical property in more detail, we carried out addi-
tional experiments on 4h.

To make a comparison, we also obtained the correlative
constants of NAD+, NMN, and nicotinamide ribose (NAR)
under identical conditions. It was clear that NAD+ and
NAR had similar reduction peak potentials (Ep) and NMN
had a more positive Ep value. However, all NAD+ analogs
had even more positive Ep values. Thus, substitution of

Table 1. Electrochemical dynamic constants of tria-
zole-containing NAD+ analogs (4a–4h) and related
compounds.

Compound Ep (V) Ks (s–1) a

4a –1.157 0.24 0.39
4b –1.145 0.23 0.38
4c –1.148 0.23 0.36
4d –1.154 0.23 0.35
4e –1.159 0.20 0.34
4f –1.142 0.23 0.36
4g –1.145 0.23 0.36
4h –1.141 0.24 0.40
NAD+ –1.269 0.11 0.22
NMN –1.183 0.12 0.28
NAR –1.211 0.12 0.21

Note: All data were the average value of three replicates.

Fig. 2. Overlay of the continuous reductive curves of NAD+ and 4h
under the same conditions.
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AMP moiety of the NAD+ skeleton with a triazole-contain-
ing structure could increase the Ep of the corresponding
product.

Ks and a of 4h were more than twofold larger than that of
other compounds, especially to natural NAD+. That indi-
cated that the reduction of NAD+ analog 4h on a GC elec-
trode was faster than natural NAD+ and related compounds.
Thus, modification of pyrophosphate made NAD+ reduce at
a relatively lower potential and the triazole ring in the ana-
log molecule made it reduce faster than natural NAD+. The
triazole ring increased the charge transfer efficiency, which
is similar to Zhou et al.’s20 results. Thus, we concluded that
triazole-containing NAD+ analogs were more liable to be re-
duced than other compounds on a GC electrode.

To investigate the reoxide stability of 4h at different pHs,
the peak reductive potential of the NAD+ analog was meas-
ured in 1 mol/L phosphate buffer containing 10–3 mol/L 4h
at different pHs (pH = 4–9). It was found that the Ep in-
creased linearly with pH and that reduction of 4h would be
much easier at a higher pH (Fig. 3b). It should be noted that
4h was stable at these selected pHs and could be recovered
by reverse-phase column chromatography in a 96% yield.
However, no such correlations were observed for NAD+,
NMN, or NAR at identical conditions (data not shown).

Based on the pKa of nicotinamide and triazole, the amino
group of nicotinamide and nitrogen atom of the triazole ring
was protonated below pH 6. Thus, the NAD+ analogs ex-
isted as an inner salt in solution at a wide range of pHs.
The triazole ring had an interaction with H+ and promoted
conductance of the charge at a relatively high concentration
of H+, so a higher Ep was needed to reduce analogs. When
the pH was higher than 7, interaction between the triazole
ring and proton on the NAD+ analog gradually disappeared.
The repulsion of the triazole ring with the hydroxide anion
made analog 4h reduce at a relatively lower potential.

Conclusion

An efficient strategy to prepare novel triazole-containing
NAD+ analogs was developed. These compounds had a tria-
zole ring and phosphatediester linkage as mimics of the ad-
enosine heterocyclic ring and pyrophosphate, respectively.

These analogs were more liable to reduce than NAD+ on a
GC electrode in Tris/NaCl buffer. Triazole analogs showed
a stable redoxide property at different pHs. The reductive
peak potential of 4h increased linearly with the solution pH.
The triazole-containing analogs could be broadly applied in
cofactor regeneration or biosensor. We are now exploring
other special biological functions with these compounds in
a wide variety of chemical and biological areas, and results
will be reported in due course.

Experimental section

General
All reagents were analytical grade, obtained from com-

mercial suppliers (ABCR, ACROS, or Sigma-Aldrich), and
used without further purification. NMR spectra were meas-
ured with a Bruker DRX-400 spectrometer (400.3 MHz for
1H NMR, 100.6 MHz for 13C NMR, 160.1 MHz for 31P
NMR, and 376 MHz for 19F NMR) at 298 K. High resolu-
tion mass spectroscopy was obtained on a LC/Q-TOF-MS
and operated with an electrospray source in positive ion
mode. F254 thin-layer and silica gel (400 mesh) were pur-
chased from Yantai Jiangyou Silica Co., Ltd., China. Octyl-
functionalized silica gel was purchased from Sigma-Aldrich.
Ion exchange resin (100*200 mesh) was purchased from
the Chemical Plant of Nankai University, Tianjin, China.
Bio-Gel P-2 resin (45 mm) was obtained from Bio-Rad Lab-
oratories, Inc. All reactions were carried out under a nitro-
gen atmosphere. UV–vis spectra were obtained at room
temperature on a JASCO V-530 UV–vis spectrophotometer.
The electrochemical measurements were performed with a
CHI 600C electrochemical analyzer (CH Instruments, USA)
connected to a personal computer. All experiments were
performed using a conventional three-electrode system with
a glassy carbon (GC) disc (CHI 104, 3 mm diameter) work-
ing electrode, a saturated calomel reference electrode (CHI
150), and a platinum wire as the counter electrode (CHI
115).

Preparation of Ac2NMN (2)
To a mixture of pyridine (7.5 mL) and Ac2O (7.5 mL)

was added NMN (275 mg, 0.82 mmol) in H2O (160 mL)

Fig. 3. (a) Linear plot of Ep vs. ln v of NAD+ analog 4h (r = 0.9986). (b) Linear plot of Ep vs. pH of the NAD+ analog 4h.
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at –5 8C. The suspension was kept at 0 8C until all solids
dissolved. The solvents were removed and the residue was
dissolved in a mixture of H2O (2 mL) and pyridine (2 mL).
The yellow solution was stirred at room temperature for 2 h
and the solvents were evaporated at reduced pressure. The
residue was lyophilized to give Ac2NMN as an amorphous
solid, which was used directly in the next reaction without
additional purification.21

Preparation of alkynyl ester (3)
Ac2NMN (344 mg, 0.82 mmol) and 3-butyn-1-ol (3 equiv.

to Ac2NMN) were dissolved in Py/DMF (1:1, v/v) under a
nitrogen atmosphere. TIPS-Cl (3 equiv. to Ac2NMN) was
added and the mixture was stirred at room temperature for
3 h in a 99% yield based on 31P NMR. The solvent was re-
moved, and the residue was added to 10 mL of H2O and ex-
tracted with DCM (15 mL � 3). The aqueous solution was
concentrated, purified via ion exchange column chromatog-
raphy on anion resin (201 � 2, HCO2

– form) eluted with
H2O. Fractions were concentrated and lyophilized to give
crude 3, and it was used in the next reaction without further
purification.

General method for the preparation of azide compounds
(a–h)

Azides (a–c) in Scheme 1 were synthesized via a nucleo-
philic substitution using sodium azide, whereas azides d–h
were made via acylation of the corresponding amines with
5-chloropentanoyl chloride followed by a nucleophilic sub-
stitution reaction using sodium azide.16

General method for the preparation of NAD+ analogs
(4a–4h)

A solution of compound 3 in H2O and azide in DCM (or
other solvent) was mixed. To the mixture was added an ap-
propriate amount of CuSO4/sodium ascorbate (5 mol%) in
one portion. After the reaction was stirred at room tempera-
ture for 0.5–6 h, the organic layer was removed, and the
aqueous phase was purified by octyl-functionalized silica
gel eluted with water and 1 mol/L NH4HCO3 solution in
CH3OH/H2O (1:10, v/v) to give the crude product. The prod-
uct was further purified via anion resin (201 � 2, HCO2

–

form) or size-exclusion chromatography Bio-Gel1 P-2 Gel
polyacrylamide gel. The corresponding fractions were
pooled and freeze dried to give the triazole-containing ana-
logs.

Compound 4a
Compound 4a was purified by anion resin (HCO2

– form)
column chromatography eluted with H2O and the fraction
was concentrated, followed by size-exclusion chromatogra-
phy Bio-Gel1 P-2 Gel polyacrylamide gel, eluted with a
25 mmol/L NH4HCO3 water solution, to give 4a as a color-
less syrupy solid in a 96% yield. 1H NMR (400 MHz, D2O,
ppm) d: 2.46 (q, 2H), 2.85 (t, J = 6.16 Hz, 2H), 3.83 (ddd, J
= 11.96, 5.00, 2.2 Hz, 1H), 3.94 (q, 2H), 3.96 (ddd, J =
11.96, 4.56, 2.4 Hz, 1H), 4.22 (dd, J = 4.96, 2.72 Hz, 1H),
4.29 (t, J = 6.68 Hz, 2H), 4.34 (t, J = 5.2 Hz, 1H), 4.41 (t, J
= 2.44 Hz, 1H), 4.82 (dd, J = 8.84, 1.48 Hz, 1H), 4.87 (d, J
= 1.52 Hz, 1H), 5.62 (ddd, J = 23.96, 17.28, 10.44 Hz, 1H),
6.06 (d, J = 5.44 Hz, 1H), 7.72 (s, 1H), 8.12 (t, J = 6.48 Hz,

1H), 8.84 (d, J = 8.12 Hz, 1H), 9.09 (d, J = 6.28 Hz, 1H),
9.28 (s, 1H). 13C NMR (100 MHz, D2O, ppm) d: 168.05,
162.82, 148.47, 147.04, 144.86, 142.22, 136.41, 136.28,
130.95, 126.58, 120.34, 102.28, 89.59, 89.51, 80.13, 73.30,
67.21, 66.76, 52.03, 36.21, 28.83, 28.75, 22.56. 31P NMR
(160 MHz, D2O, pp,) d: 0.067. HR-MS (ESI) calcd. for
C19H26N5O8P [M + H]+: 484.1597; found: 484.1588.

Compound 4b
Compound 4b was purified by anion resin (HCO2

– form)
column chromatography eluted with water to give 4b as a
colorless solid syrup in a 94% yield. 1H NMR (400 MHz,
D2O, ppm) d: 2.84 (t, J = 5.92 Hz, 2H), 3.52 (ddd, J =
1.84, 4.64, 11.88 Hz, 1H), 3.70 (ddd, J = 2.24, 4.40, 12 Hz,
1H), 3.91 (dd, J = 5.92, 11.84 Hz, 2H), 4.10 (dd, J = 2.48,
4.76 Hz, 1H), 4.15 (t, J = 2.16 Hz, 1H), 4.25 (t, J = 5.16 Hz,
1H), 5.35 (s, 2H), 5.93 (d, J = 5.48 Hz, 1H), 7.2 (m, 5H),
7.76 (s, 1H), 7.98 (dd, J = 6.48, 7.76 Hz, 1H), 8.73 (d, J =
8.12 Hz, 1H), 8.94 (d, J = 7.88 Hz, 1H), 9.16 (s, 1H). 13C
NMR (100 MHz, D2O, ppm) d: 168.0, 148.42, 147.53,
144.70, 142.22, 142.22, 137.50, 136.43, 131.64, 131.26,
130.95, 130.72, 126.67, 102.29, 89.52, 80.15, 73.33, 67.20,
66.71, 56.33, 28.82. 31P NMR (160 MHz, D2O, ppm) d:
0.01. HR-MS (ESI) calcd. for C22H27N5O8P [M + H]+:
520.1597; found: 520.1617.

Compound 4c
Compound 4c was purified by size-exclusion chromatog-

raphy Bio-Gel1 P-2 Gel polyacrylamide gel, eluted with
25 mmol/L NH4HCO3 water solution, to give 4c as a color-
less solid syrup in a 92% yield. 1H NMR (400 MHz, D2O,
ppm) d: 2.91 (t, 2H), 3.61 (t, 2H), 3.94 (dd, J = 10.64,
5.16 Hz, 1H), 3.99 (dd, J = 2.76 Hz, 1H), 4.02 (t, 2H), 4.07
(t, 1H), 5.51 (d, J = 2.76 Hz, 1H), 5.56 (d, J = 4.36 Hz, 1H),
7.31 (d, J = 8.6 Hz, 1H), 7.35 (dd, J = 6.16, 3.0 Hz, 2H),
7.47 (t, J = 7.52 Hz, 1H), 7.62 (m, 4H), 7.90 (s, 1H), 8.39
(d, J = 6.16 Hz, 1H), 8.44 (d, J = 8.04 Hz, 1H), 8.61 (s,
1H). 13C NMR (100 MHz, D2O, ppm) d: 167.32, 147.92,
147.49, 143.43, 141.31, 135.46, 134.98, 134.84, 131.22,
130.33, 130.14, 130.02, 129.94, 129.43, 128.38, 126.41,
101.91, 89.46, 79.93, 73.32, 67.04, 66.83, 56.36, 28.83. 31P
NMR (160 MHz, D2O, ppm) d: 0.14. HR-MS (ESI) calcd.
for C26H28N5O8P [M + H]+: 570.1754; found: 570.1735.

Compound 4d
Compound 4d was purified by anion resin (HCO2

– form)
column chromatography eluted with water to give 4d as a
colorless solid syrup in a 95% yield. 1H NMR (400 MHz,
D2O, ppm) d: 1.35 (m, 2H), 1.68 (m, 2H), 2.15 (t, 2H), 2.77
(t, 2H), 3.70 (ddd, J = 2.08, 5.08, 11.96 Hz, 1H), 3.78–3.86
(m, 3H), 4.13–4.18 (m, 3H), 4.26 (t, 1H), 5.87 (d, J = 5.24
Hz, 1H), 6.92 (m, 1H), 7.10 (d, 5H), 7.64 (s, 1H), 7.94 (t, J
= 6.6 Hz, 1H), 8.67 (d, J = 8.12 Hz, 1H), 8.89 (d, J = 6.24
Hz, 1H), 9.08 (s, 1H). 13C NMR (100 MHz, D2O, ppm) d:
177.13, 173.46, 168.11, 167.85, 162.90, 148.26, 147.17,
144.61, 142.04, 139.20, 136.22, 131.55, 130.84, 127.82,
126.42, 124.07, 102.17, 89.34, 80.01, 73.10, 67.21, 66.68,
52.33, 37.96, 31.24, 28.70, 24.51. 31P NMR (160 MHz,
D2O, ppm) d: 0.01. HR-MS (ESI) calcd. for C26H33N6O9P
[M + H]+: 605.2125; found: 605.2103.
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Compound 4e
Compound 4e was purified by anion resin (HCO2

– form)
column chromatography, eluted with 5% HCO2NH4 solu-
tion, followed by octyl-functionalized silica gel eluted with
water, to give 4e as a colorless solid syrup in a 95% yield.
1H NMR (400 MHz, D2O, ppm) d: 1.48 (m, 2H), 1.80 (m,
2H), 2.31 (t, 2H), 2.86 (t, 2H), 3.80 (dd, J = 3.72, 10.6 Hz,
1H), 3.91–3.96 (m, 3H), 4.13–4.18 (m, 3H), 4.20 (s, 1H),
4.26–4.32 (m, 3H), 4.38 (s, 1H), 6.02 (d, J = 5.24 Hz, 1H),
6.84–6.91 (m, 2H), 7.28 (dd, J = 2.72, 8.76 Hz, 1H), 7.31 (s,
1H), 8.09 (t, J = 6.72 Hz, 1H), 8.81 (d, J = 8.12 Hz, 1H),
9.05 (d, J = 6.28 Hz, 1H), 9.24 (s, 1H). 13C NMR
(100 MHz, D2O, ppm) d: 178.13, 168.01, 148.45, 144.82,
142.19, 136.40, 130.94, 130.05, 126.52, 114.00, 113.78,
107.08, 106.83, 106.58, 102.30, 89.56, 80.13, 73.30, 67.26,
66.81, 52.38, 37.43, 31.26, 28.78, 24.60. 31P NMR
(160 MHz, D2O, ppm) d: 0.08. 19F NMR (376 MHz, D2O,
ppm) d: –111.8, –118.9. HR-MS (ESI) calcd. for
C26H31F2N6O9P [M + H]+: 641.1936; found: 641.1960.

Compound 4f
Compound 4f was purified by size-exclusion chromatog-

raphy Bio-Gel1 P-2 Gel polyacrylamide gel, eluted with
25 mmol/L NH4HCO3 water solution, to give 4f as a color-
less solid syrup in a 90% yield. 1H NMR (400 MHz, D2O)
d: 1.36 (m, 2H), 1.54 (m, 2H), 2.10 (t, 2H), 2.82 (t, 2H),
3.80 (ddd, J = 11.96, 5.16, 1.92 Hz, 1 H), 3.94 (m, 3H),
4.05 (t, 2H), 4.17 (dd, J = 4.52, 2.64 Hz, 1H), 4.22 (t, 1H),
4.34 (s, 1H), 4.52 (s, 2H), 5.88 (d, J = 5.32 Hz, 1H), 7.32–
7.17 (m, 4H), 7.44 (s, 1H), 7.64 (d, J = 2.44 Hz, 1H), 7.66
(dd, J = 3.6 Hz, 1H), 7.87 (t, J = 7.64 Hz, 1H), 8.58 (d, J =
8.08 Hz, 1H), 8.87 (d, J = 6.24 Hz, 1H), 9.04 (s, 1H). 13C
NMR (100 MHz, D2O) d: 178.03, 167.54, 162.80, 148.02,
146.99, 144.49, 141.87, 135.85, 135.46, 132.88, 131.16,
130.64, 129.01, 128.66, 128.40, 128.12, 126.13, 125.48,
102.21, 89.37, 80.05, 73.11, 67.21, 66.74, 52.18, 43.43,
37.40, 31.21, 28.81, 24.82. 31P NMR (160 MHz, D2O, ppm)
d: 0.11. HR-MS (ESI) calcd. for C31H37O9N6P [M + H]+:
669.2438; found: 669.2444.

Compound 4g
Compound 4g was purified by size-exclusion chromatog-

raphy Bio-Gel1 P-2 Gel polyacrylamide gel, eluted with
25 mmol/L NH4HCO3 water solution, to give 4g as a color-
less solid syrup in an 88% yield. 1H NMR (400 MHz, D2O,
ppm) d: 1.46 (m, 2H), 1.70 (m, 2H), 2.18 (t, J = 6.96 Hz,
2H), 2.80 (t, J = 6.62 Hz, 2H), 3.77 (dd, J = 11.36,
4.04 Hz, 1H), 3.88–3.93 (m, 3H), 4.17–4.22 (m, 5H), 4.27
(t, J = 5.16 Hz, 1H), 4.32 (s, 1H), 5.90 (d, J = 5.48 Hz,
1H), 7.16 (d, J = 7.96 Hz, 2H), 7.21 (d, J = 7.12 Hz, 1H),
7.27 (t, J = 7.24 Hz, 2H), 7.41 (m, 5H), 7.64 (s, 1H), 8.01 (t,
J = 6.88 Hz, 1H), 8.72 (d, J = 8.08, 1H), 8.98 (d, J =
6.2 Hz, 1H), 9.16 (s, 1H). 13C NMR (100 MHz, D2O, ppm)
d: 177.21, 167.63, 148.39, 144.79, 142.09, 141.24, 140.09,
136.32, 131.16, 130.97, 130.33, 129.61, 129.02, 128.81,
102.36, 89.63, 80.17, 73.23, 67.15, 66.76, 52.15, 44.87,
37.43, 31.51, 28.98, 24.88. 31P NMR (160 MHz, D2O, ppm)
d: 0.01. HR-MS (ESI) calcd. for C33H39N6O9P [M + H]+:
695.2594; found: 695.2569.

Compound 4h
Compound 4h was purified by size-exclusion chromatog-

raphy Bio-Gel1 P-2 Gel polyacrylamide gel, eluted with
25 mmol/L NH4HCO3 water solution, to give 4h as a color-
less solid syrup in a 91% yield. 1H NMR (400 MHz, D2O,
ppm) d: 1.45 (m, 2H), 1.62 (m, 2H), 2.17 (t, J = 7 Hz, 2H),
2.86 (t, J = 6 Hz, 2H), 3.75 (dd, J = 11.4, 4.15 Hz, 1H),
3.92–4.11 (m, 3H), 4.14 (t, J = 6.8 Hz, 2H), 4.18 (t, J =
2.4 Hz, 1H), 4.24 (t, J = 5.4 Hz, 1H), 4.35 (s, 1H), 5.91 (d,
J = 5.2 Hz, 1H), 7.28–7.39 (m, 5H), 7.5 (s, 3H), 7.68 (d, J =
7.8 Hz, 2H), 7.75 (t, J = 8.2 Hz, 2H), 7.91 (t, J = 6.8 Hz,
2H), 8.63 (d, J = 8.08 Hz, 1H), 8.92 (d, J = 6.16 Hz, 1H),
9.08 (s, 1H). 13C NMR (100 MHz, D2O, ppm) d: 176.29,
167.64, 148.39, 146.84, 144.82, 143.86, 142.1, 136.33,
130.95, 129.60, 126.01, 102.35, 89.66, 80.16, 73.22, 67.16,
66.76, 59.23, 52.04, 37.19, 31.47, 28.94, 24.83. 31P NMR
(160 MHz, D2O, ppm) d: 0.15. HR-MS (ESI) calcd. for
C33H39N6O9P [M + H]+: 695.2594; found: 695.2615.

Electrochemical experiment
All data were recorded on a CHI 600C electrochemical

analyzer, and further processed using the software Origin
8.0 when necessary.22 The working concentration of analytes
was 2 � 10–3 mol/L. Solutions of either 0.01 mol/L Tris/
NaCl (0.005 mol/L) or phosphate (1 mol/L) buffer were
used as supporting electrolytes. The pH was adjusted with
NaOH or H3PO4. Stock solutions of all compounds were
stored at 4 8C to avoid decomposition. Solutions were soni-
cated and purged with purified nitrogen and the temperature
was kept at 25 ± 0.2 8C.

To use this electrode it was necessary to activate its sur-
face. For this purpose, several methods were tried, namely,
polishing with alumina powder, sonication, activation with
sulfochromic mixture, etc. The treatment selected for the
electrode, made before each measurement, was the follow-
ing: washing with distilled water, putting the electrode into
a sulfochromic mixture for 30 s, washing with distilled
water, polishing with 0.3 mm alumina powder and 0.05 mm
alumina powder, sonication for 2 min in distilled water,
washing with distilled water, and drying with soft paper.
Under such conditions measurements were highly reproduci-
ble.

To maintain the activity of NAD+, all buffer pHs must be
in the range of 5–7. Tris/NaCl (pH 7) was a better choice
than the same pH phosphate for a sensitive GC electrode re-
sponse. In NaCl (0.01 mol/L) / Tris (0.005 mol/L) buffer at
pH 7, peak currents was invariable. The potential range used
for NAD+ analog detection was –0.4 to –1.4 V, which was
the most suitable (small peak current changes). The scan
rate was 0.1 V/s.

Cyclic voltammogram for determination of dynamic con-
stants was performed with a glassy carbon electrode vs. SCE
in supporting electrolyte (0.01 mol/L NaCl / 0.005 mol/L
Tris, pH 7). The response to 2 � 10–3 mol/L NAD+ analogs
and corresponding compounds were measured in 10 mL of
supporting electrolyte at 298 ± 0.2 8C under a nitrogen at-
mosphere.

The cyclic voltammogram for pH dependence of 4h was
performed in 1 mol/L phosphate buffer at different pHs
(pH 4–9) containing 2 � 10–3 mol/L 4h.
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On the microwave-assisted synthesis of
acylphenothiazine derivatives — Experiment
versus theory synergism

Luiza Gaina, Dan Porumb, Ioan Silaghi-Dumitrescu, Castelia Cristea, and
Luminita Silaghi-Dumitrescu

Abstract: The microwave-assisted synthesis of a series of acylphenothiazine derivatives is described. 10H-Phenothiazine-
3-carbaldehyde derivatives were obtained in moderate yields by the Duff formylation reaction, and 10-acetyl-phenothiazine
derivatives were obtained in excellent yields by acetylating phenothiazine derivatives with acetic anhydride. A theoretical
explanation for the chemoselectivity and regioselectivity of these acylation reactions applied to phenothiazine substrates
was attempted by molecular-modeling analyses based on molecular mechanics, and semi-empirical and DFT calculations.

Key words: phenothiazine, microwave-assisted organic synthesis (MAOS), Duff formylation, acetylation, DFT calculations,
electrostatic potential.

Résumé : On décrit la synthèse assistée par des microondes d’une série de dérivés de l’acylphénothiazine. On a obtenu le
10H-phénothiazine-3-carbaldéhyde avec des rendements modérés en faisant appel à une réaction de formylation de Duff
alors que les dérivés de la 10-acétylphénothiazine ont été obtenus avec d’excellents rendements par acétylation des dérivés
de la phénothiazine à l’aide d’anhydride acétique. On a essayé de trouver une explication théorique de la chimiosélectivité
et de la régiosélectivité de ces réactions d’acylation appliquées à des substrats phénothiazines en faisant appel à des analy-
ses de modelages moléculaires basés sur des calculs de mécanique moléculaire, semi-empiriques ou des calculs basés sur
la théorie de la théorie de la fonctionnelle de densité.

Mots-clés : phénothiazine, synthèses organiques assistées par des microondes (SOAM), formylation de Duff, acétylation,
calculs basés sur la théorie de la théorie de la fonctionnelle de densité (TFD), potentiel électrostatique.

[Traduit par la Rédaction]

Introduction

The increased popularity of the microwave-assisted or-
ganic synthesis (MAOS) technique in chemical synthesis
on a laboratory scale is based on particularly efficient heat-
ing processes which afford shorter reaction times and offer
the possibility of rapid optimization of the reaction condi-
tions. An increasing number of published papers, several
books,1,2 and review articles show that almost all conven-
tionally heated reactions, including synthesis and function-
alization of heterocyclic compounds, were performed using
this technique.3,4,5 Since 1986, when Gedye6 and Giguere7

carried out the first reported organic syntheses using sealed
vessels heated in domestic microwave ovens, several meth-
ods have been developed for the preparation of samples
(with or without solvent) in both pressurized or open vessel
systems; meanwhile dedicated multimode or monomode
microwave reactors have been designed. Phenothiazine de-

rivatives were obtained by microwave-assisted thiation of
diarylamines in reactions of neat reactants or adsorbed
onto inorganic supports such as alumina and bentonite,8,9

and in water as a solvent.10 Chalcones containing pheno-
thyazine units were succesfully synthesized by microwave-
assisted condensation of (hetero)aromatic carbonyl deriva-
tives.11

One aim of this work was to optimize the microwave-as-
sisted reaction conditions, as an eco-friendly approach for
the synthesis of acyl-phenothiazine derivatives. These deriv-
atives might prove to be useful substrates in the formation
of coupled hetereocyclic systems, by forming new C=C
bonds in condensation reactions. Suitable substituted pheno-
thiazine derivatives are candidates for developing poten-
tially interesting organic solid-state properties (such as
unconventional physical, nonlinear optical, magnetic, and
(or) electrical properties), based on the well-known electron
donor effect of the phenothiazine nucleus characterized by
low and highly reversible first oxidation potential and a
pronounced tendency to form stable cation-radicals.12 Fur-
thermore, when the 10H-phenothiazine unit appears unsub-
stituted at the heterocyclic nitrogen atom, the cation-radical
formed by single-electron oxidation may be involved in
protolytic equilibria as well, thus generating the isoelec-
tronic conjugate base, the neutral radical.13–15 Potential new
materials may be obtained using such redox-active and pH-
sensitive heterocyclic building blocks.
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Experimental techniques
To ensure highly reproducible reaction conditions, the ex-

perimental technique employed for the microwave-assisted
syntheses of acylphenothiazine derivatives described below
is based on microwave power processing of materials using
a microwave instrument Synthos 3000; this system provides
multi-mode heating in sealed vessels equipped with built-in
magnetic stirrer, pressure sensors, and internal temperature
measurement. The instrument ensures cooling mechanisms,
online power, and temperature control using the feedback
from IR thermography. Software operation provides high-
precision reaction control.

Results and discussion
The chemical reactivity of phenothiazine towards electro-

philic substitution was demonstrated in the preparation of
numerous examples of N- or C-substituted derivatives.
Chemical syntheses of acylphenothiazine derivatives were
previously performed under conventional heating techniques
which required long reaction times and usually generated
mixtures of constitutional isomers. Although phenothiazine
carbaldehydes were obtained by Vilsmeyer formylation16

and Bergman formylation17 of N-alkyl-phenothiazine deriva-
tives, this method is inappropriate for the C-formylation of
10H-phenothiazine because of the formation of N-formyl-
phenothiazine derivatives in competitive reactions. We wish
to report here a direct and C-regioselective formylation of
10H-phenothiazine substrates, based on the Duff reaction,18

as the only reaction strategy generating good yields of 10H-
phenothiazin-3yl-carbaldehydes. Our promising results
obtained by the microwave-assisted Duff formylation of un-
substituted 10H-phenothiazine11 encouraged us to continue
to apply this mild formylation reaction to several other sub-
strates such as methyl-, halogeno-, and trifluoromethyl-10H-
phenothiazine.

Microwave-assisted synthesis of 10H-phenothiazine-3-
carbaldehyde derivatives

The microwave-assisted synthesis of 3-formyl-10H-
phenothiazine derivatives was performed in the resonance
cavity of a Synthos 3000 instrument by multimode micro-
wave irradiation in pressurized systems (sealed quartz ves-
sels) using acetic acid, a polar solvent which ensures a
medium absorption efficiency and heating rate (tand =
0.174, dielectric loss 3@ = 1.079).19

3-Formyl-10H-phenothiazine (1) was synthesized in
moderate yields by the microwave-assisted reaction of
10H-phenothiazine with urotropine in acetic acid solution.
The same regioselectivity for substitution in position 3 of
the heterocyclic substrate was observed in the microwave-
assisted Duff formylation of some alkyl-substituted 10H-
phenothiazine derivatives such as 3-methyl-phenothiazine,
10-methyl-phenothiazine, and 1,6-bis-(phenothiazin-10-yl)-
hexane (Scheme 1).

The microwave-assisted Duff formylation reactions of
some 2-substituted phenothiazine derivatives were also per-
formed. As shown in Scheme 2, different carbaldehyde re-
gioisomers may be formed according to the influence
exerted by the substituent.

Electron-withdrawing substituents such as chlorine or tri-

fluoromethyl group attached in position 2 of the phenothia-
zine substrate does not reduce the reactivity for electrophilic
aromatic substitution in position 3, so that 3-formyl- and 7-
formyl-phenothiazine derivatives were obtained. When 2-
chlorophenothiazine was subjected to the Duff formylation
reaction, the two monoformyl derivatives 2-chloro-7-formyl-
phenothiazine (5a) and 2-chloro-3-formylphenothiazine (5b)
were obtained in 1.5:1 ratio.

2-Trifluoromethyl-phenothiazine generated the 3,7-di-
formyl-2-trifluoromethylphenothiazine (6) as the main reac-
tion product, in moderate yields.

The reaction conditions employed for these microwave-as-
sisted syntheses (reaction temperature, reaction time, and
ramp time to achieve the prescribed temperature) are shown
in Table 1. Temperature-controlled experiments in the tem-
perature range 150–190 8C show enhanced reactivity of un-
substituted phenothiazine as compared to substituted
derivatives. Similar reaction conditions (time, temperature)
were required for the formylation of alkyl-, 2-chloro-, and
2-trifluoromethyl-phenothiazine derivatives. Despite the al-
kyl chain length or its position in the substrate, mono
formyl-derivatives were isolated, even in the case of 1,6-bis-
(phenothiazin-10yl)-hexane which contains two equivalent
phenothiazine units. Good yields of diformyl-phenothiazine
derivative were obtained in the formylation of 2-trifluoro-
methyl-phenothiazine.

The regioselectivity of this reaction was experimentally
proved by the failure of the formylation reaction when 3,7-
dibromo-10-methylphenothiazine was subjected to a micro-
wave-assisted Duff formylation reaction.

The structure assignments of compounds 1–6 are sup-
ported by spectroscopic data. FTIR spectroscopy indicates
the stretching vibration of N–H bond in compounds 1, 2, 5,
and 6, by the absorption band situated near 3300 cm–1. The
substitution in position 3 of the phenothiazine units was un-
ambiguously assigned according to the NMR spectra. The
coupling patterns of the aromatic protons observed for the
1H NMR signals were assigned using the 2D homocorrela-
tion COSY–45 spectra for each of products 1–6. 13C NMR
spectra together with 2D NMR heterocorrelation spectra
HMQC and HMBC afforded the complete structural assign-
ments.

Microwave-assisted synthesis of acetyl-10H-
phenothiazine derivatives

Acetylation of 10H-phenothiazine derivatives using acetic
anhydride generates different N-acetyl-10H-phenothiazine
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and C-acetyl-10H-phenothiazine regioisomers according to
the reaction conditions applied.20,21

The microwave-assisted acetylation of phenothiazine
substrates was found to be highly chemoselective; N-acetyl-
phenothiazine derivatives were obtained in almost quantita-
tive yields. Scheme 3 presents the reactions of phenothiazine
derivatives with acetic anhydride in the presence of catalytic
amounts of phosphoric acid.

In the microwave-assisted acetylation of 10-methyl-phe-
nothiazine, 3-acetyl-10-methylphenothiazine (10) was ob-
tained in excellent yields. Table 2 summarizes the
experimental conditions employed for the microwave-
assisted acetylation of phenothiazine derivatives.

As expected, the less-reactive substrate in the acetylation
reaction was N-methylphenothiazine. When longer reaction

time was allowed, 3,7-diacetyl-10-methylphenothiazine (11)
was obtained in good yields.

Spectroscopic data support the structure assignment of
acetyl-derivatives 7–11. The recorded 300 MHz 1H NMR
spectra show the diagnostic appearance of a singlet signal
for the acetyl group protons situated at 2.5 . Complete struc-
tural assignment for the aromatic protons and carbon atoms
was performed by 2D NMR correlation spectra (COSY-45,
HMQC and HMBC).

Molecular modeling
The chemoselectivity and regioselectivity of these acyla-

tion reactions of the phenothiazine nucleus observed by ex-
perimental results were compared with theoretical data
generated by DFT calculations.
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Table 1. Experimental conditions for the microwave-assisted Duff formylation reaction of phenothiazine
derivatives using a Synthos 3000 microwave installation (reaction temperature, reaction time, and ramp
time to achieve the prescribed temperature).

Product Substrate T (8C) Time/ramp (min) Yield (%)
1 10H-Phenothiazine 120 30/10 50

150 80
120 30

2 3-Methyl-10H-phenothiazine 150 5/4 50
170 60
190 20

3 10-Methyl-phenothiazine 140 20/4 50
170 60
180 10

4 1,6-Bis-(phenothiazin-10yl)-hexane 170 60/2 45
200 10

5a 2-Chloro-10H-phenothiazine 150 20/10 65
5b 170 80 5a/5b = 1.5:1
6 2-Trifluoromethyl-10H-phenothiazine 150 5/4 65

170 99
180 30

— 3,7-Dibromo-10H-phenothiazine 100 10/5 —
170 30
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The minimum energy geometry of each phenothiazine de-
rivative employed as a substrate in acylation reactions was
obtained starting with molecular mechanics optimization of
the conformers generated within the Confanal module of
Spartan’06,22 followed by semi-empirical (PM3) and 6–
31G(d) B3LYP DFT23–25 calculations on all such obtained
conformers. The following discussion applies to the lowest
energy conformers.

Theoretical explanations for the regioselectivity of the
Duff formylation reaction and the chemoselectivity of the
acetylation reaction, respectively, applied to substituted phe-
nothiazine substrates may be formulated on the basis of the
electrophilic aromatic substitution reaction mechanism. The
soft electrophile H2C=N+< $ H2C+–N< generated by uro-
tropine during the Duff formylation reaction may selectively
attack heterocyclic carbon atoms in positions characterized
by high electron density, whereas the acylium ion H3C–CO+

generated by the acetic anhydride in acidic media is a hard
electrophile and it is preferentially attached to the heterocy-
clic nitrogen atom. Here, we adopt the electrostatic charges
derived from the electrostatic potential as an indicator of the
preferred reaction site on the ring. These atomic charges
given in Table 3 show the highest (negative) value on the
nitrogen atom (position 10 of the heterocyclic substrate),
followed by the values assigned to the carbon atoms in posi-
tions 3 and 7, for each phenothiazine substrate employed in
experimental acylation reactions.

The electrostatic potential surfaces (–18 kcal/mol isoval-
ues) for relevant alkylphenothiazine substrates are also shown
in Fig. 1. In each case, it can be noticed that the region around
position 3 of the substrate exhibits a relatively high area of
negative electrostatic potential, thus supporting the availabil-
ity of this atom to electrophilic attack, in agreement with ex-
perimental data regarding the regioselective aromatic
electrophilic substitution performed by the soft electrophile
(see Schemes 1 and 2). Notable is the shape of the –18 kcal/
mol electrostatic potential surface for 1,6-bis(phenothiazin-
10-yl)-hexane (Fig. 1b) located only on one of the phenothia-
zine rings suggesting that only one of the rings is subjected to
a possible electrophilic attack. Indeed, experimental data
show that only a monocarbaldehyde 4 is formed under the ex-
perimental conditions within this work.

The formation of a mixture of carbaldehydes 5a and 5b in
a 1.5:1 ratio (Table 1) during the formylation of 2-chloro-
phenothiazine is understandable in view of the electrostatic
charges (Table 3) in positions 7 (–0.213) and 3 (–0.201).
The generated electrostatic potential surface (isovalue
–15 kcal/mol) for 2-chloro-10H-phenothiazine is shown in
Fig. 2b and may also suggest the slightly higher preference
for the formation of 5a. Moreover, once position 3 (or 7) is
substituted, no significant negative electrostatic potential is
noticed in position 7 or 3 (Fig. 2a or 2c). According to
Figs. 2a and 2c further electrophilic attack is suppressed
since no negative electrostatic potential in position 7 of 5a

Table 2. Experimental conditions for the microwave-assisted acetylation reaction of phenothiazine
derivatives using a Synthos 3000 microwave installation (reaction temperature, reaction time, and
ramp time to achieve the prescribed temperature).

Product Substrate T (8C) Time/ramp (min) Yield (%)
7 10H-Phenothiazine 60 10/2 98

70 30
8 2-Chloro-10H-phenothiazine 60 10/2 96

70 30
9 2-Trifluoromethyl-10H-phenothiazine 60 10/2 97

70 30
10 10-Methyl-phenothiazine 60 5/3 45

80 10
11 10-Methyl-phenothiazine 60 5/3 55

80 30

Table 3. Electrostatic atomic charges calculated in phenothiazine substrates and intermediates, candidates for aromatic electrophilic sub-
stitution.

Compound

Electrostatic atomic charge in positions:

2 3 7 8 10
10H-Phenothiazine –0.038 –0.226 –0.226 –0.038 –0.661
10-Methylphenothiazine –0.131 –0.175 –0.175 –0.131 –0.213
1,6-Bis(phenothiazin-10-yl)-hexane –0.111 –0.189 –0.156 –0.150 –0.512
3-Methyl-10H-phenothiazine –0.257 0.365 –0.121 –0.059 –0.616
2-Chloro-10H-phenothiazine 0.109 –0.201 –0.213 –0.051 –0.638
2-Trifluoromethyl-10H-phenothiazine 0.175 –0.299 –0.193 –0.055 –0.629
2-Chloro-3-formyl-10H-phenothiazine 0.173 –0.027 –0.236 –0.031 –0.618
2-Chloro-7-formyl-10H-phenothiazine 0.234 –0.297 –0.013 –0.044 –0.607
3-formyl-2-trifluoromethyl-10H-phenothiazine 0.005 –0.097 –0.183 –0.056 –0.596
7-Formyl-2-trifluoromethyl-10H-phenothiazine 0.175 –0.358 0.044 –0.079 –0.615
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(Fig. 2a), or in position 3 of 5b (Fig. 2c) is displayed. Thus,
the formation of a 3,7-dicarbaldehyde derivative of 2-chloro-
10H-phenothiazine is not expected and the experimental
procedures applied to the formylation of 2-chlorophenothia-
zine confirmed the theoretical hypothesis by leading only to
monocarbaldehydes 5a and 5b.

In contrast, the experimental formation of 3,7-dicarbalde-
hyde (6) is supported by possible formylation of 2-trifluoro-
methyl-10H-phenothiazine-monocarbaldehyde intermediates.
Note in Fig. 3 that negative electrostatic potential surfaces
appear around the carbon atoms in position 7 of the 3-car-
baldehyde intermediate (Fig. 3c) and in position 3 of the 7-
carbaldehyde intermediate, respectively (Fig. 3b).

Conclusions
The Duff formylation reaction of phenothiazine deriva-

tives appears for the moment as the only efficient alternative
for obtaining new 10H-phenothiazine-3-carbaldehyde deriva-
tives containing a free amino group able to participate in
protolytic equilibria, as well as in redox processes character-
istic for this heterocycle. The microwave-assisted Duff for-
mylation reaction of phenothiazine derivatives is a
technique which gives satisfactory experimental results af-
fording good yields of 10H-phenothiazine-3-carbaldehyde
derivatives.

The microwave-assisted acetylation reaction produced
good to almost quantitative yields, in most of the experi-
ments performed using phenothiazine substrates. Compari-
son of microwave-assisted synthesis with the conventional
synthetic methods demonstrates advantages related to shorter
reaction times and higher regioselectivity.

The electrostatic potential surfaces generated on the basis
of 6–31G(d) B3LYP calculations support the preference for
electophilic attack and explain the regioselectivity of formy-
lation reactions.

Experimental section
The reactions were performed using a microwave installa-

tion Synthos 3000. Reagents from Merck were used. TLC
was used to monitor the reaction progress (Merck silica gel
F 254 plates). NMR spectra were recorded using a 300 MHz
Brucker Avance NMR spectrometer. FTIR spectra were re-
corded using a Brucker Vector 22 FTIR spectrometer. Ele-
mental analysis was carried out on a Thermo FlashEA 1112
Series instrument. The lowest-energy conformers generated

Fig. 1. Generated electrostatic potential (grayish envelope denotes
negative electrostatic potential at isovalue –18 kcal/mol) for
(a) 10H-phenothiazine, (b) 1,6-bis(phenothiazin-10-yl)-hexane,
(c) 10-methylphenothiazine, (d) 3-methyl-10H-phenothiazine.

Fig. 2. Generated electrostatic potential (grayish envelope denotes
negative electrostatic potential at isovalue –15 kcal/mol); (a) 2-
chloro-3-formyl-10H-phenothiazine (5b), (b) 2-chloro-10H-
phenothiazine, (c) 2-chloro-7-formyl-10H-phenothiazine (5a).
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by using the MMFF force field implemented in Spartan’04
have been further fully optimized using the 6–31G(d)
B3LYP hybrid DFT method.23–25

General procedure for microwave-assisted Duff
formylation reaction of phenothiazine derivatives

The reaction mixture (5 mmol phenothiazine derivative
and 7.5 mmol urotropine) dissolved in 20 mL acetic acid
was introduced into the quartz reaction vessel, which was
then sealed and subjected to microwave irradiation in the
resonance cavity of the microwave power system. Prescribed
sample temperatures were automatically monitored during
the irradiation (Table 1). TLC was used to monitor the reac-
tion progress. After irradiation, the reaction mixture was
poured into water and neutralized with Na2CO3. Organic
products were extracted in dichloromethane (3 � 20 mL).
The combined organic layers were dried on anhydrous
Na2SO4 and concentrated to dryness. The product was puri-
fied by column chromatography (silica gel, toluene).

10H-Phenothiazine-3-carbaldehyde (1)
Yellow precipitate recrystallized from toluene, mp

192 8C.11,26 1H NMR (300 MHz, CDCl3, ppm) d: 9.24 (s,
1H, NH), 9.64 (s, 1H, CHO), 7.50 (dd, 4J = 1.2 Hz, 3J =
7.6 Hz, 1H, H2), 7.35 (s, 1H, H4), 7.00 (t, 3J = 7.6 Hz, 3J =
8 Hz, 1H, H8), d7.90 (d, 3J = 8 Hz, 1H, H6), 6.80(t, 3J =

8 Hz, 3J = 7.6, 1H, H7), 6.70 (d, 3J = 7.6 Hz, 1H, H1), 6.75
(dd, 3J = 8 Hz, 4J = 2 Hz,1H, H9). 13C NMR
(75.4MHz,CDCl3, ppm) d: 113.88 (CH, C1), 113.93 (CH,
C9), 116.69 (Cquat, C4a), 115.77 (Cquat, C5a), 130.43 (CH,
C2), 127.36 (CH, C4), 123.07 (CH, C7), 126.24 (CH, C6),
127.83 (CH, C8), 130.9 (Cquat, C3), 139.57 (Cquat, C9a),
147.12 (Cquat, C10a). Anal. calcd. for C13H9NOS (227.2): C
68.70, H 3.99, N 6.16; found: C 68.62, H 3.99, N 6.09.

7-Methyl-10H-phenothiazine-3-carbaldehyde (2)
1H NMR (300 MHz, CDCl3, ppm) d: 2.22 (s, 3H), 6.54

(d, 3J = 7.5 Hz, 1H, H1), 7.48 (d, 3J = 7.5 Hz 1H, H2), 7.44
(s, 1H, H4), 6.78 (s, 1H, H6), 9.72 (s, 1H, CHO), 6.81 (d,
3J = 7.7 Hz, 1H, H8), 6.44 (d, 3J = 7.7 Hz, 1H, H9), 6.04 (s,
1H, NH). Anal. calcd. for C14H11NOS (241.3): C 69.68, H
4.59, N 5.80; found: C 69.60, H 4.58, N 5.85.

10-Methyl-10H-phenothiazine-3-carbaldehyde (3)
Yellow precipitate recrystallized from toluene, mp

88 8C.16,27 1H NMR (300 MHz, CDCl3, ppm) d: 9.80 (s, 1H
CHO), 7.65 (dd, 4J = 2 Hz, 3J = 8.4 Hz, 1H H2), 7.59 (d,
4J = 2 Hz, 1H, H4), 7.18 (td, 4J = 1.4 Hz, 3J = 8.4 Hz, 1H,
H8), 7.12 (dd, 4J = 1.4 Hz, 3J = 7.6 Hz, 1H, H6), 6.98 (t,
3J = 7.6 Hz, 3J = 8.4, 1H, H7), 6.85 (d, 3J = 8.4 Hz, 1H,
H1), 6.84 (d, 3J = 8 Hz, 1H, H9), 3.42 (s, 3H). 13C NMR
(75.4 MHz, CDCl3, ppm) d: 35.84 (CH3), 113.72 (CH, C1),
114.78 (CH, C9), 131.16 (CH, C3), 123.98 (Cquat, C4a),
122.53(Cquat, C5a), 130.48 (CH, C2), 127.96 (CH, C4),
123.64 (CH, C7), 127.31 (CH, C6), 127.78 (CH, C8), 144.09
(Cquat, C9a), 151.10 (Cquat, C10a). Anal. calcd. for C14H11NOS
(241.3): C 69.68, H 4.59, N 5.80; found: C 69.59, H 4.58, N
5.87.

10-(6-(10H-Phenothiazin-10-yl)hexyl)-10H-phenothiazine-
3-carbaldehyde (4)

Yellow precipitate recrystallized from toluene, mp
98 8C.28 1H NMR (300 MHz, CDCl3, ppm) d: 3.85 (t, 4H),
1.79 (m, 4H), 1.46 (m, 4H), 9.80 (s, 1H), 6.86 (m, 4H, H1,9),
6.92 (td, 2H, H7’), 6.97 (td, 1H, H7), 7.11 (dd, 1H, H6), 7.15
(m, 5H, H6’,8,8’), 7.58 (dd, 1H, H4), 7.62 (dd, 1H, H2). 13C
NMR (75.4 MHz, CDCl3) d: 26.73 (CH2), 26.77 (CH2),
26.99 (CH2), 27.07 (CH2), 47.41 (CH2), 48.10 (CH2),
115.29 (CH, C1), 115.90 (2CH, C1’,9’), 116.44 (CH, C9),
122.83 (2Cquat, C4a’), 124.01 (Cquat, C5a), 124.38 (CH, C7),
125.60 (Cquat, C4a), 127.60 (2CH, C2’,8’), 127.91 (2CH,
C4’,6’), 127.98 (CH, C6), 128.00 (CH, C4), 128.82 (CH, C8),
130.0 (CH, C2), 131.50 (CH, C3), 143.84 (2Cquat, C9a’),
145.70 (Cquat, C9a), 151.14 (Cquat, C10a), 190.40 (CH, CHO).
Anal. calcd. for C31H28N2OS2 (508.6) C 73.20, H 5.55, N
5.51, found: C 73.18, H 5.55, N 5.61.

8-Chloro-10H-phenothiazine-3-carbaldehyde (5a)
Yellow precipitate recrystallized from toluene, mp

195 8C. 1H NMR (300 MHz, CDCl3, ppm) d: 9.65 (s, 1H,
CHO), 7.51 (dd, 3J = 8.4 Hz 4, J = 1.6 Hz, 1H, H2), 7.37 (d,
4J = 1.6 Hz, 1H, H4), 6.92 (d, 3J = 8.4 Hz, 1H, H6),
6.84 (dd, 3J = 8.4 Hz 4, J =2 Hz, 1H, H7), 6.73 (d, 3J =
8.4 Hz, 1H, H1), 6.71 (d, 4J = 2 Hz, 1H, H9). 13C NMR
(75.4 MHz, CDCl3, ppm) d: 114.59 (CH, C1), 114.49 (CH,
C9), 122.76 (CH, C7), 127.63 (CH, C6), 124.74 (CH, C2),
130.78 (CH, C4), 190.39 (CH, CHO), 115.19 (Cquat, C5a),
116.82 (Cquat, C5a), 132.28 (Cquat, C8), 131.15 (Cquat, C3),

Fig. 3. The electrostatic potential surface (grayish envelope denotes
negative electrostatic potential at isovalue –10 kcal/mol); (a) 2-tri-
fluoromethyl-10H-phenothiazine, (b) 7-formyl-2-trifluoromethyl-
10H-phenothiazine, (c) 3-formyl-2-trifluoromethyl-10H-phenothia-
zine.
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141.24 (Cquat, C9a), 146.35 (Cquat, C10a). Anal. calcd. for
C13H8ClNOS (261.7): C 59.66, H 3.08, N 5.35; found: C
59.59, H 3.08, N 5.38.

2-Chloro-10H-phenothiazine-3-carbaldehyde (5b)
Brown precipitate recrystallized from toluene, mp 224 8C.

1H NMR (300 MHz, CDCl3, ppm) d: 9.42 (s, 1H, NH), 9.96
(s, 1H, CHO), 7.27 (s, 1H, H4), 7.01 (t, 3J = 7.2 Hz, 3J =
8 Hz, 1H, H8), 6.91 (d, 3J = 7.6 Hz, 1H, H6), 6.83 (t, 3J =
7.6 Hz, 3J = 7.2 Hz, 1H, H7), 6.66 (m, 2H, H1,9). 13C NMR
(75.4 MHz, CDCl3, ppm) d: 113.64 (CH, C9), 115.09 (Cquat,
C5a), 115.93 (CH, C1), 115.26 (Cquat, C4a), 123.29 (CH, C7),
125.18 (CH, C6), 126.03 (CH, C8), 126.28 (CH, C4), 127.69
(Cquat, C3), 136.35 (Cquat, C2), 138.01 (Cquat, C9a), 147.16
(Cquat, C10a), 186.27 (CH, CHO). Anal. calcd. for
C13H8ClNOS (261.7): C 59.66, H 3.08, N 5.35; found: C
59.59, H 3.08, N 5.38.

2-(Trifluoromethyl)-10H-phenothiazine-3,7-dicarbaldehyde
(6)

1H NMR (300MHz, CDCl3, ppm) d: 9.42 (s, 1H, NH),
9.96 (s, 1H, CHO), 10.35 (s, 1H, CHO), 7.39 (s, 1H, H4),
7.54 (dd, 3J = 7.2 Hz, 4J = 1.2 Hz 1H, H8), 7.46 (d, 2J =
1.2 Hz, 1H, H6), 7.06 (s, 1H, H1), 7,39 (d, 3J = 7.2 Hz, 1H,
H9). 13C NMR (75.4 MHz, CDCl3, ppm) d: 115.95 (CH, C1),
120.64 (CH, C9), 118.09 (Cquat, C5a), 122.26 (Cquat, C4a),
131.29 (Cquat, C7), 130.18 (CH, C6), 129.03 (CH, C8),
131.28 (CH, C4), 121.69 (Cquat, C3), 128.35 (Cquat, C2),
148.01 (Cquat, C9a), 148.16 (Cquat, C10a), 190.27 (CH, CHO),
191.34 (CH, CHO). Anal. calcd. for C15H8F3NO2S (323.2):
C 55.73, H 2.49, N 4.33; found: C 55.69, H 2.49, N 4.42.

General procedure for microwave-assisted acetylation
reaction of phenothiazine derivatives

The reaction mixture (phenothiazine derivative – acetic
anhydride ratio 1:10 and phosphoric acid in catalytic
amounts) was introduced into the quartz reaction vessel,
which was then sealed and subjected to microwave irradia-
tion in the resonance cavity of the microwave power system.
Prescribed sample temperatures were automatically moni-
tored during the irradiation (Table 2). TLC was used to
monitor the reaction progress. After irradiation, the reaction
mixture was poured on ice and neutralized. The precipitate
formed was filtered and thoroughly washed with water. The
product was purified by recrystallization in toluene.

1-(10H-Phenothiazine-10-yl)ethanone (10-acetyl-
10Hphenothiazine) (7)

White crystals recrystallized from toluene, mp 199 8C.29

1H NMR (300 MHz, CDCl3, ppm) d: 2.13 (s, 3H, CH3),
7.62 (d, 3J = 8 Hz, 2H, H1,9), 7.40 (t, 3J = 8 Hz, 2H, H2,8),
7.31 (t, 3J = 7.2 Hz, 3J = 7.6 Hz, 2H, H3,7), 7.56 (d, 3J =
7.6 Hz, 2H, H4,6). 13C NMR (CDCl3, ppm) d: 127.93 (CH,
C1), 126.95 (CH, C2), 126.67 (CH, C3), 127.17 (Cquat, C5a),
22.39 (CH3), 169.27 (Cquat, CO), 138.94 (Cquat, C10a). Anal.
calcd. for C14H11NOS (241.3): C 69.68, H 4.59, N 5.80;
found: C 69.56, H 4.59, N 5.85.

1-(2-Chloro-10H-phenothiazine-10-yl)ethanone (10-acetyl-
2-chloro-10Hphenothiazine) (8)

White precipitate recrystallized from toluene, mp
104 8C.30 1H NMR (300 MHz, CDCl3, ppm) d: 2.13 (s, 3H,

CH3), 7.47 (d, 1H, H1, 4J = 1.6 Hz), 7.36 (t, 1H, H8, 3J =
7.6 Hz), 7.35 (dd, 1H, H4, 3J = 7.6 Hz), 7.26 (m, 2H, H3,6),
7.17 (td, 1H, H7, 4J = 1.6 Hz, 3J = 7.6 Hz), 7.13 (dd, 1H,
H9, 4J = 2 Hz, 3J = 8.4 Hz). 13C NMR (CDCl3, ppm) d:
22.98 (CH3), 169.07 (C=O), 132.57 (CH,C2), 139.87 (Cquat,
C10a), 138.60 (Cquat, C9a), 127.54 (Cquat), 127.09 (2CH),
128.45 (CH), 128.06 (CH), 127.27 (CH, C), 127.96 (CH,
C). Anal. calcd. for C14H10ClNOS (275.7): C 69.98, H 3.66,
N 5.08; found: C 69.89, H 3.66, N 5.19.

1-(2-(Trifluoromethyl)-10H-phenothiazine-10-yl)ethanone
(9)

1H NMR (300 MHz, CDCl3, ppm) d: 2.21 (s, 3H, CH3),
7.81 (s, 1H, H1), 7,25 (td, 1H, H7, 3J = 7.6 Hz, 3J = 7.7 Hz,
4J = 1.6 Hz), 7.34 (td, 1H, H8, 3J = 8 Hz, 3J = 7.7 Hz, 4J =
1.6 Hz), 7.51 (d, 1H, H4, 3J = 8.4 Hz), 7.46 (m, 2H, H4,9).
13C NMR (CDCl3, ppm) d: 22.88 (CH3), 169.13 (C=O),
129.49 (CH, C2), 123.45 (Cquat, CF3), 124.46 (Cquat), 125.10
(Cquat), 139.05 (Cquat, C10a), 138.42 (Cquat, C9a), 127.09 (CH),
127.31 (2 CH), 127.57 (2 CH), 128.12 (CH), 128.17 (CH).
Anal. calcd. for C15H10F3NOS (309.3): C 58.25, H 3.26, N
4.53, found: C 58.14, H 3.26, N 4.61.

1-(10-Methyl-10H-phenothiazine-3yl)ethanone (10)
Recrystallized from toluene, mp 101 8C.21 1H NMR

(300 MHz, CDCl3, ppm) d: 2.51 (s, 3H, CH3), 3.39 (s, 3H,
H3C), 6.7 (d, 1H, H1), 7.76 (d, 3J = 8.4 Hz, 1H, H2), 7.69
(s, 1H, H4), 7.12 (d, 3J = 6.7 Hz, 1H, H6), 6.97 (t, 3J =
7.2 Hz, 3J = 7.6, 1H, H7), 7.17 (t, 3J = 7.6 Hz, 1H, H8),
6.82 (d, 3J = 7.6 Hz, 1H, H9). 13C NMR (CDCl3, ppm) d:
35.62 (CH3), 26.22 (CH3), 113.31 (CH, C1), 128.77 (CH,
C2), 131.58 (CH, C3), 123.19 (Cquat, C4a), 122.63 (Cquat,
C5a), 127.23 (CH, C6), 123.33 (CH, C7), 127.30 (CH, C8),
114.53 (CH, C9), 127.66 (CH, C4), 144.46(Cquat, C9a),
149.85 (Cquat, C10a). Anal. calcd. for C15H13NOS (255.3): C
70.56, H 5.13, N 5.49; found: C 70.46, H 5.13, N 5.55.

1,1’-(10-Methyl-10H-phenothiazine-3,7-diyl)diethanone
(11)

Yellow-green precipitate recrystallized from toluene
(64 % yield), mp 202 8C.31 1H NMR (300 MHz, CDCl3,
ppm) d: 2.54 (s, 6H, CH3), 3.46 (s, 3H, CH3), 6.84 (d, 2J =
10 Hz, 2H, H1,9), 7.70 (s, 2H, H4,6), 7.79 (d, 2J = 10 Hz, 2H,
H2,8). 13C NMR (CDCl3, ppm) d: 26.7 (CH3), 36.4 (CH3),
114.4 (CH, C1,9), 123.3 (Cquat, C4a), 127.8 (CH, C4,6), 129.1
(CH, C2,8), 132.9 (Cquat, C3,7), 148.9 (Cquat, C9a), 196.4
(Cquat, CO). Anal. calcd. for C17H15NO2S (297.3): C 68.66,
H 5.08, N 4.71; found: C 68.59, H 5.08, N 4.78.
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Phytochemical constituents of Cardamine diphylla

Sabine Montaut, René S. Bleeker, and Carine Jacques

Abstract: From the methanol extract of the Cardamine diphylla rhizome, methylethyl- (1), 2-methylbutyl- (2), 3-methyl-
pentyl- (4), 3-indolylmethyl- (5), 1-methoxy-3-indolylmethyl- (6), 4-methoxy-3-indolylmethyl- (7) glucosinolates, and de-
sulfo-2-methylbutylglucosinolate (3) were isolated. The structure elucidation of the compounds was performed by
spectroscopic methods. The toxicity on brine shrimp larvae of the methanol extract of the C. diphylla rhizome was eval-
uated. In addition, the free-radical-scavenging activity of the crude extract was carried out by the 1,1-diphenyl-2-picrylhy-
drazyl (DPPH) assay.

Key words: Brassicaceae, Cardamine diphylla, aliphatic glucosinolates, indole glucosinolates, desulfoglucosinolate, Arte-
mia salina, toxicity, free-radical-scavenging activity, 1,1-diphenyl-2-picrylhydrazyl (DPPH).

Résumé : À partir de l’extrait méthanolique du rhizome de Cardamine diphylla, le méthyléthyl- (1), le 2-méthylbutyl- (2),
le 3-méthylpentyl- (4), le 3-indolylméthyl- (5), le 1-méthoxy-3-indolylméthyl- (6), le 4-méthoxy-3-indolylméthyl- (7) glu-
cosinolates et le désulfo-2-méthylbutylglucosinolate (3) ont été isolés. L’élucidation de la structure des composés a été réa-
lisée au moyen de méthodes spectroscopiques. La toxicité sur les larves de crevettes Artémia, de l’extrait méthanolique du
rhizome de C. diphylla, a été évaluée. De plus, l’activité de piégeage de radicaux libres sur l’extrait brut a été réalisée
avec le test au 1,1-diphényl-2-picrylhydrazyl (DPPH).

Mots-clés : Brassicaceae, Cardamine diphylla, glucosinolates aliphatiques, glucosinolates indoliques, désulfoglucosinolate,
Artemia salina, toxicité, activité de piégeur de radicaux libres, 1,1-diphényl-2-picrylhydrazyl (DPPH).

Introduction
Cardamine diphylla (Michx.) A. Wood (Brassicaceae)

(syn. Dentaria diphylla Michx.) is a wild endemic perennial
plant found in Canada (New Brunswick, Nova Scotia, Que-
bec, and Ontario) and in the United States of America (from
Michigan to Kentucky, South Carolina to Wisconsin, Ten-
nessee, and Pennsylvania).1 This uncommon species grows
in fresh to dry and sandy to loamy tolerant hardwood stands.
It can also be found in moist, clayey, intolerant, mixed wood
stands.2 C. diphylla has a long root that is all in one piece
and often branched. A stem with two stalked and opposite
leaves grows from the root. The white flowers are followed
by long upright seed pods.2 This plant is commonly referred
to as toothwort, crinkleroot, and pepper-root, due to the
pleasant, pungent taste of the rhizome.2 The North American
aboriginal people ate the roots raw or cooked. The roots
were used for food and medicine, and in spring, the whole
plant was used for medicine.3 C. diphylla was of great me-
dicinal importance for several North American First Nations.
For example, the Algonquin gave an infusion of the plant to
children with fevers, the Cherokee gargled an infusion of the
root to aid sore throats, the Delaware used an infusion of the
root as a stomach remedy and as a venereal aid when com-
bined with other plants, and the Iroquois used an infusion of

the plant as a pulmonary aid for chest pains and also as a
remedy for the first stages of tuberculosis.3

Only one previous phytochemical study has been con-
ducted on C. diphylla.4 During this investigation, the gas
chromatography (GC) analysis of the hydrolyzed products of
the compounds extracted from the rhizome, shoot, and leaf
showed the presence of methylethyl-, 2-butyl-, and 2-methyl-
butyl isothiocyanates. These assignments were confirmed by
comparison with authentic standards. This information sug-
gested that the plant contained methylethyl- (1), 2-butyl-,
and 2-methylbutyl glucosinolates (GLs) (2) (Fig. 1).

GLs are plant secondary metabolites, whose general struc-
ture consists of a b-D-thioglucose group with a sulfonated
oxime moiety and a variable side chain derived from amino
acids.5 Aliphatic GLs are mainly derived from methionine,
alanine, leucine, or valine. Indolic GLs are derived from
tryptophan.6 GLs can be hydrolyzed, by the plant enzyme
myrosinase (thioglucoside glucohydrolase, EC 3.2.3.147),
during cell damage, to produce isothiocyanates, nitriles, epi-
thionitriles, oxazolidine-2-thiones, and thiocyanates.7 The
hydrolyzed products possess several different biological ac-
tivities and in particular health-promoting effects.8

As part of our continued interest in the chemistry of the
Brassicaceae, we initiated an investigation on the phyto-
chemical content of the C. diphylla rhizome, probing the
plant crude extract for some biological activities. This work
describes the isolation and elucidation of the structure of
two new intact GLs and one new desulfoGL together with
four known GLs from the methanol extract of the C. di-
phylla rhizome. Furthermore, we present the results of the
toxicity of the methanol extract on brine shrimp larvae and
the free-radical-scavenging activity on 1,1-diphenyl-2-picryl-
hydrazyl (DPPH).
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Results and discussion

The investigation of the methanol extract of the rhizome
of C. diphylla led to the isolation and identification of seven
compounds (See the Materials and methods section).

Compound 1 was attributed to methylethylGL or isopro-
pylGL or glucoputranjivin (1) (Fig. 1) by comparison of
spectroscopic data (Tables 1 and 2) with published data.9

The presence of compound 1 was expected because the
methylethylisothiocyanate has already been detected, in this
plant by GC, by Feeny and Rosenberry.4 In our study, we
have shown for the first time the presence of the intact GL.

Compound 2 displayed a UV spectrum characteristic of a
nonaromatic compound with a lmax at 225 nm. From the
high-resolution mass spectrum, the molecular formula
C12H22NO9S2 was established. FTIR absorption bands were
found at 3391 (OH), 2964 (CH), 1652 (CN), 1054 (CO),
877 (sulfonic acid), and 617 (CS) cm–1. The 1H NMR spec-
tral data were indicative of the presence of two methyl
groups (dH 0.85 and 0.91 ppm), two CH2 groups a to a ster-
eocenter, each giving an AB coupling system (dH A 2.47, B
2.18 and A 1.35, B 1.24 ppm) and one CH group (dH
1.86 ppm). These signals indicated that 2 possessed a
branched aliphatic chain. In addition, signals attributable to
a glucose unit were observed (Table 1). The doublet of the
anomeric proton, H-1’, at 4.57 ppm, with a coupling con-
stant of 10.2 Hz, was assigned to a b-linked glucopyranosyl
moiety.10 The assignment of carbons and protons, achieved

by HMBC and HMQC 2D shift correlations, led us to pro-
pose that compound 2 was 2-methylbutylGL (Fig. 1). The
presence of this GL was also expected because Feeny and
Rosenberry4 had already detected 2-methylbutylisothiocya-
nate, by GC, in this plant. This is the first time that the in-
tact GL has been isolated from C. diphylla. In addition, we
report for the first time the spectroscopic data of this intact
GL.

The UV and FTIR spectroscopic data obtained for com-
pound 3 were similar to that observed for compound 2,
which indicated that they had similar structures. The high-
resolution mass spectrum suggested that the molecular for-
mula was C12H22NO6S. The difference between the masses
of 2 and 3 was 80 amu, which was consistent with 3 being
the desulfo-2-methylbutylGL. As in the case of 2, the 1H
NMR spectrum exhibited the presence of two methyl groups
(dH 0.92 and 0.95 ppm), two CH2 groups a to a stereocenter,
each giving an AB coupling system (dH A 2.59, B 2.41 and
A 1.46, B 1.21 ppm), and one CH group (dH 1.87 ppm).
These signals indicated that 3 possessed a branched aliphatic
chain. In addition, signals attributable to a glucose unit were
observed (Table 1).10 The coupling constant of 9.8 Hz deter-
mined from the doublet of the anomeric proton, H-1’, at
4.98 ppm, was indicative of a b-linked glucopyranosyl moi-
ety.10 Support for 3 being a desulfoGL came from the 13C
NMR spectrum. The chemical shifts for the C-1 of desul-
foGLs reported in the literature have been found between
155.3 to 156.3 ppm.11 We observed a dC at 156.0 ppm
(Table 2), which was in this range. The assignment of car-
bons and protons, using HMBC and HMQC 2D shift corre-
lations confirmed that compound 3 was desulfo-2-
methylbutylGL (Fig. 1). It is the first time that this com-
pound has been isolated from C. diphylla and we report for
the first time the spectroscopic data of this desulfoGL.
Moreover, it is worth noting that desulfoGLs are not com-
mon naturally occurring products in plants.12 In addition,
this metabolite seems to be the biosynthetic precursor of 2-
methylbutylGL (2).6

The UV spectrum and IR data of 4 indicated that the me-
tabolite was also an aliphatic GL. From the high-resolution
mass spectrum, the molecular formula C13H24NO9S2 was es-
tablished. The difference between the masses of 2 and 4 was
14 amu, which corresponded to one CH2 group. The 1H
NMR spectrum exhibited the presence of two methyl groups
(dH 0.78 and 0.82 ppm), three CH2 groups, two of them each
giving an AB coupling system because they were a to a
stereocenter (dH A 1.61, B 1.46 and A 1.29, B 1.10 ppm),
and one CH group (dH 1.36 ppm). These signals indicated
that 4 possessed a branched aliphatic chain. In addition, sig-
nals attributable to a b-linked glucopyranosyl moiety
(Table 1) were observed.10 The assignment of carbons and
protons, using HMBC and HMQC 2D shift correlations,
suggested that compound 4 was 3-methylpentylGL (Fig. 1).
It is the first time that this intact GL has been isolated from
a plant in the Cardamine genus. The structure of this
branched-chain GL, previously found in Coiccya, Erucas-
trum, and Hirshefeldia genera, was inferred from the mass
and partial 1H NMR spectroscopic data of the desulfo-3-
methylpentylGL obtained by sulfatase treatment of native
GLs in extracts.11 We report for the first time all the spec-
troscopic data of this intact GL.

Fig. 1. Molecular structures of compounds 1 to 7 from C. diphylla.
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Despite the fact that Feeny and Rosenberry4 detected 2-
butylisothiocyanate in C. diphylla, which would indicate
that 2-butylGL was present in the plant, we were not able
to detect this GL in our extract. This may be attributed to
genetic, climatic, and soil differences.

Compounds 5–7 were identified as 3-indolylmethylGL or
glucobrassicin (5), 1-methoxy-3-indolylmethylGL or neoglu-
cobrassicin (6), and 4-methoxy-3-indolylmethylGL or 4-me-
thoxyglucobrassicin (7) (Fig. 1), respectively, by comparison
of spectroscopic data (Tables 1 and 2) with published data
for intact GLs13,14 and desulfoGLs.15 Desulfo 5 and 7 have
been detected previously in 10–15 day-old seedlings of C.
chenopodiifolia Pers. by HPLC analysis of desulfoGLs.16 In
addition, desulfo 7 has been detected in leaves of C. amara
L. by HPLC and LC–MS analysis of desulfoGLs.17 Never-
theless, it is the first time that the intact GLs 5–7 were iso-
lated from the Cardamine genus. We report for the first time
the 13C NMR, IR, and optical rotation data of intact 6 and
the 13C NMR and IR data of intact 7. The occurrence of 5–
7 in C. diphylla is very significant because 5 and the mix-
ture of 5–7 have been shown to induce an increase in the
CYP1A protein (phase I enzyme involved in detoxification
of chemical carcinogens) levels and activities in rats.18 How-
ever, no study has probed the potential of aliphatic GLs for
health benefits.

The brine shrimp lethality test showed that the crude ex-

tract of C. diphylla was inactive against Artemia salina lar-
vae at the tested concentrations (10, 100, and 1000 ppm).

The half-maximal scavenging concentration, SC50, of the
methanolic crude extract of C. diphylla, in the DPPH assay,
was 766 mg/mL (±3 mg/mL). The extract did not seem to
exhibit strong free-radical-scavenging capabilities compared
to ascorbic acid that showed a half-maximal scavenging
concentration, SC50, of 7 mg/mL (±2 mg/mL) under our ex-
perimental conditions.

Bioassays on the effects of C. diphylla crude extract on
phase I and phase II enzymes should be investigated to eval-
uate the potential effect of this wild crucifer in cancer che-
moprevention.

Materials and methods

General experimental procedures
All solvents were ACS (American Chemical Society)

grade and used as such, except for CHCl3, which was redis-
tilled. All deuterated solvents were purchased from Cam-
bridge Isotopes Laboratories, Inc. (Andover, MA). DMSO
(dimethyl sulfoxide), ascorbic acid (reagent grade), and
DPPH were purchased from Sigma-Aldrich (Oakville, ON).
Formic acid was purchased from BDH (Toronto, ON).
HPLC-grade MeOH, Et3N (reagent grade), and thymol were
purchased from Fisher Scientific (Whitby, ON). HPLC-

Table 1. 1H NMR spectroscopic data of compounds 1 to 7 from the rhizome of C. diphylla in D2O.

1a 2a 3b 4a 5a 6b 7b

Glucose
1’ 4.95 d (9.9) 4.57 d (10.2) 4.98 d (9.8) 4.90 d (9.5) 4.49 d (10.0) 4.76c 4.83c

2’ 3.35 t (9.3) 3.58 m 3.46 m 3.36 m 3.19 m 3.33 t (9.5) 3.37 m
3’ 3.47 m 3.49 m 3.56 m 3.45 m 3.10 m 3.23 t (9.4) 3.18 t (8.8)
4’ 3.38 t (9.3) 3.38 m 3.49 m 3.38 m 3.25 m 3.38 t (9.1) 3.40 m
5’ 3.45 m 3.52 m 3.57 m 3.44 m 2.87 m 3.02 m 2.98 m
6’ 3.79 d (12.8) 3.90 d (12.6) 3.91 dd (12.7, 1.5) 3.80 d (13.3) 3.47 d (3.4) 3.58 d (3.8) 3.47 d (12.4)

3.63 dd (12.8, 5.5) 3.72 dd (12.6, 5.7) 3.74 dd (12.7, 5.2) 3.62 dd (13.3, 5.5)

Aliphatic
2 2.91 sept (6.9) 2.47 m 2.59 dd (14.9, 7.1) 2.62 m — — —

2.18 dd (14.0, 6.3) 2.41 dd (14.9, 7.5)
3 1.20 d (6.6) 1.86 m 1.87 m 1.61 m — — —

1.46 m
4 1.19 d (6.4) 1.35 m 1.46 m 1.36 m — — —

1.24 m 1.21 m
5 — 0.85 t (6.9) 0.92 t (7.4) 1.29 m — — —

1.10 m
6 — 0.91 d (6.8) 0.95 d (6.7) 0.78 t (7.9) — — —
7 — — — 0.82 d (8.5) — — —

Indolic
2 — — — — 4.17 d (16.2) 4.27 d (16.7) 4.47 d (16.4)

4.08 d (16.2) 4.19 d (16.7) 4.40 d (16.4)
4 — — — — 7.25 s 7.56 s 7.19 s
6 — — — — 7.66 d (8.3) 7.79 d (8.2) —
7 — — — — 7.11 t (7.7) 7.26 t (7.4) 6.69 d (7.3)
8 — — — — 7.18 t (7.7) 7.39 t (7.6) 7.25 t (7.3)
9 — — — — 7.44 d (8.4) 7.60 d (8.2) 7.21 m
CH3O– — — — — — 4.13 s 3.98 s

a600 MHz. Coupling constant (J in Hz) in parentheses. s = singlet; d = doublet; t = triplet, sept = septet, dd = doublet of doublets; m = multiplet.
b500 MHz. Coupling constant (J in Hz) in parentheses. s = singlet; d = doublet; t = triplet, sept = septet, dd = doublet of doublets; m = multiplet.
cPartially under solvent peak.
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grade H2O was generated in the laboratory through a Nano-
pure Diamond Ultrapure water system by Barnstead (Du-
buque, IA). Kieselgel 60 F254 analytical TLC aluminum
sheets were purchased from EM Science (Gibbstown, NJ);
compounds were visualized under UV light and by dipping
the plates in sulfuric acid thymol solution containing 1%
(w/v) thymol, 10% (v/v) H2SO4, and EtOH (95%), followed
by heating. Preparative TLC was performed on precoated
20 cm � 20 cm silica gel 60 (0.5 mm thickness, Merck)
plates. Flash column chromatography (FCC) was carried out
using 70–230 mesh 60 Å normal phase silica gel (Sigma-Al-
drich). Sephadex1 LH-20 was purchased from Pharmacia
Fine Chemicals (Uppsala, Sweden). C-18 silica gel car-
tridges (Mega Bond Elut1 Flash, 10 g sorbent mass, 60 mL
volume) were obtained from Varian, Inc. (Mississauga, ON).
LC-MS analysis was performed by injecting a 20 mL aliquot
of the solution of crude extract or fraction into an Agilent
Technologies HP 1100 (New Castle, DE) high-performance
liquid chromatograph equipped with a quaternary pump, au-
tomatic injector, diode-array detector (wavelength range
190–600 nm), degasser, and a Hypersil ODS column
(5 mm, 4.6 mm � 200 mm). The two mobile phase solvents,
MeOH and H2O, were prepared with 0.15% Et3N and 0.18%
HCO2H, added as ion-pairing reagents. Both solutions were
filtered using 0.45 mm nylon membranes. The initial mobile
phase was 100% HPLC-grade H2O. At 10 min, the mobile

phase was switched to a linear gradient of 100% H2O to
100% MeOH over 60 min. After each run, the initial mobile
phase conditions were set and the system was allowed to
equilibrate. The flow rate was kept constant at 1 mL/min.
The column temperature was held at room temperature.19

The HPLC was interfaced to an Agilent model 6120 mass
spectrometer (Toronto, ON) with a Chemstation data system
LC-MSD B.03.01. The electrospray interface was a standard
ES source operating with a capillary voltage of 4 kV and
temperature of 350 8C. The system was operated in the neg-
ative and positive ion electrospray modes. Nitrogen was used
as nebulizing and drying gas at a flow rate of 10 L/min
(35 psig). The mass spectrometer was programmed to per-
form full scans between m/z 100 and 1 000 amu. Lyophili-
zation was done in a Labconco Freezone 12 freeze dryer
system. UV spectra were determined on a Biochrom Ultro-
spec 2100 pro UV–visible spectrophotometer (Cambridge,
England). The specific rotation [a]D was measured with a
Rudolph Research Corporation Autopol1 II automatic po-
larimeter (Flanders, NJ), at ambient temperature, using a
20 cm path length cell. The specific rotation is expressed
in units of 10–1 deg cm2 g–1 and the concentration (c) in
g/100 mL. Infrared spectra were recorded with a Perki-
nElmer Paragon 1000PC IR spectrometer (Waltham, Mas-
sachusetts, USA) using KBr (VWR, Mississauga, ON)
disks. NMR spectra were recorded on a Bruker Avance

Table 2. 13C NMR spectroscopic data of compounds 1 to 7 from the rhizome of C. diphylla in D2O.

1a 2a 3b 4a 5a 6b 7b

Glucose
1’ 81.9 89.3 81.8 81.9 81.4 81.5 81.9
2’ 72.0 69.5 72.2 71.8 71.7 71.8 74.3
3’ 77.0 76.9 77.1 77.1 76.9 76.9 75.8
4’ 69.1 69.1 69.1 69.0 68.6 68.6 68.3
5’ 80.0 80.2 80.2 80.2 80.2 79.9 79.9
6’ 60.4 60.7 60.6 60.5 60.1 60.2 60.8

1 168.6 173.0 156.0 165.3 163.1 162.6 164.0

Aliphatic
2 32.6 41.1 38.9 30.1 — — —
3 19.9 31.9 32.6 33.6c — — —
4 21.2 28.7 28.4 33.5c — — —
5 — 10.5 10.5 28.3 — — —
6 — 18.2 18.1 10.6 — — —
7 — — — 18.3 — — —

Indolic
2 — — — — 29.3 29.0 30.1
4 — — — — 124.1 122.8 122.9
5 — — — — 108.1 105.3 108.9
6 — — — — 118.4 119.0 153.8
7 — — — — 119.6 120.4 100.0
8 — — — — 122.2 123.1 123.1
9 — — — — 112.0 108.8 105.5
10 — — — — 126.1 122.7 118.7
11 — — — — 136.2 132.3 137.8
CH3O– — — — — — 66.0 55.2

a150 MHz.
b125 MHz.
cSuperimposable.

Montaut et al. 53

Published by NRC Research Press



spectrometer at 600 MHz (1H) and 150 MHz (13C) at the
Saskatchewan Structural Science Centre (Saskatoon, Can-
ada) or on a Bruker DRX 500 spectrometer at 500 MHz
(1H) and 125 MHz (13C) at Laurentian University (Sud-
bury, Canada); d values were referenced to D2O at
4.80 ppm. HR-ESI-MS measurements were recorded using
an API Qstar XL mass spectrometer at the Saskatchewan
Structural Science Centre (Saskatoon, Canada). The meas-
urements of free-radical-scavenging ability were done on a
Biotek Powerwave XS and the data was interpreted using
KC (Keneticalc. for Windows) 3.4 Rev. 21.

Plant material
Fresh rhizome of C. diphylla was obtained from Semen-

ces et plantes internationales (Cantley, QC). A voucher
specimen (number 21024) was deposited at the Department
of Biology Herbarium at Laurentian University (Sudbury,
Canada).

Extraction and isolation
Freeze-dried rhizomes (431 g) were frozen in liquid N2,

ground in a mortar, and immediately extracted three times
with MeOH (1.2 L for the first extraction, 0.8 L for the
other extractions) for 30 min. The methanolic solution was
filtered and concentrated to dryness (49.4 g). This extract
was dissolved in H2O (600 mL) and submitted to liquid–
liquid extractions with solvents of increasing polarity, i.e.,
CHCl3, EtOAc, and BuOH. Each organic layer was concen-
trated (CHCl3 fraction 2.3 g, EtOAc fraction 1.1 g, and
BuOH fraction 6.4 g), and the aqueous layer was lyophilized
(37.5 g). The BuOH was separated by FCC column 1
(normal phase, gradient CHCl3–MeOH, 8:2 and 7:3 v/v,
20 mL fractions). Fractions 27 to 130, obtained from the
FCC column 1, were combined (2.3 g) and fractionated on
a Sephadex LH-20 column 1 (H2O–MeOH, 100:0 and 0:100
v/v, 5 mL fractions). Fractions 3 to 5, obtained from the Se-
phadex LH-20 column 1, were combined (2.1 g) and submit-
ted to a FCC column 2 (normal phase, gradient acetone–
MeOH, 95:5 and 90:10, v/v, 15 mL fractions). Fractions 1
to 12, from the FCC column 2, were combined (80 mg) and
submitted to solid-phase separation 1 (C18 cartridge, H2O–
MeOH, 100:0 and 0:100 v/v, 3 mL fractions) yielding com-
pound 1 (3.7 mg, 8.6 � 10–4 % of dry weight) in fractions 6
and 7. The combined fractions 11 to 54 (30 mg) were sub-
mitted to preparative TLC (CHCl3–MeOH–H2O, 65:45:10,
two successive migrations) yielding compound 3 (3.7 mg,
8.6 � 10–4 % of dry weight). The combined fractions 25 to
102, obtained from FCC column 2, submitted to solid-phase
separation 2 (C18 cartridge, H2O–MeOH, 100:0 and 0:100
v/v, 3 mL fractions) yielded compound 2 (26.1 mg, 6.0 �
10–3 % of dry weight) in fractions 12 to 15. Fractions 6 and
7, obtained from the Sephadex LH-20 column 1, were com-
bined (110 mg) and submitted to solid-phase separation 3
(C18 cartridge, H2O–MeOH, 100:0 and 0:100 v/v, 5 mL
fractions). Fractions 33 to 58, obtained from the solid-phase
separation 3, were combined (48 mg) and submitted to prep-
arative TLC (CHCl3–MeOH–H2O, 65:45:10) yielding 5
(20.4 mg, 4.7 � 10–3 % of dry weight) after filtration. The
combined fractions 59 to 73, obtained from the solid-phase
separation 3, yielded compound 4 (5.5 mg, 1.3 � 10–3 % of
dry weight). The combined fractions 74 to 78 (28.1 mg), ob-

tained from the solid-phase separation 3, were submitted to
preparative TLC (CHCl3–MeOH–H2O, 65:45:10) and
yielded compound 6 (3.2 mg, 7.4 � 10–4 % of dry weight)
and compound 7 (5.3 mg, 1.2 � 10–3 % of dry weight).

1-Methylethylglucosinolate (1)
White, amorphous powder. HPLC tR = 17.5 min.

[a]D
22 –115.4 (c 0.052, MeOH). UV (MeOH) lmax (nm,

log 3): 225 (3.6). FTIR (KBr, cm–1) nmax: 3412, 2923,
1738, 1628, 1448, 1276, 1089, 1059, 869, 790, 630. For
1H NMR (D2O, 600 MHz) data see Table 1. For 13C
NMR (D2O, 150 MHz) data see Table 2. HR-ESI–-MS m/z
calcd. for C10H18NO9S2: 360.0423; found: 360.0427 [M]–.

2-Methylbutylglucosinolate (2)
Yellowish, amorphous powder. HPLC tR = 25.2 min.

[a]D
22 –20.1 (c 0.324, MeOH). UV (MeOH) lmax (nm, log

3): 225 (3.7). FTIR (KBr, cm–1) nmax: 3391, 2964, 1732,
1652, 1558, 1540, 1507, 1457, 1400, 1223, 1054, 877, 777,
617, 591. For 1H NMR (D2O, 600 MHz) data see Table 1.
For 13C NMR (D2O, 150 MHz) data see Table 2. HR-ESI–-
MS m/z calcd. for C12H22NO9S2: 388.0741; found: 388.0732
[M]–.

Desulfo-2-methylbutylglucosinolate (3)
Yellowish, amorphous powder. HPLC tR = 28.8 min.

[a]D
22 –19.2 (c 0.078, MeOH). UV (MeOH) lmax (nm, log

3): 223 (3.6). FTIR (KBr, cm–1) nmax: 3378, 3008, 2932,
1572, 1458, 1416, 1046, 1016, 926, 658, 616. For 1H NMR
(D2O, 500 MHz) data see Table 1. For 13C NMR (D2O,
125 MHz) data see Table 2. HR-ESI–-MS m/z calcd. for
C12H22NO6S: 308.1173; found: 308.1174 [M]–.

3-Methylpentylglucosinolate (4)
Yellowish, amorphous powder. HPLC tR = 30.2 min.

[a]D
22 –67.3 (c 0.052, MeOH). UV (MeOH) lmax (nm, log

3): 219 (3.3). FTIR (KBr, cm–1) nmax: 3393, 2929, 2858,
1725, 1648, 1467, 1089, 1042. For 1H NMR (D2O,
600 MHz) data see Table 1. For 13C NMR (D2O, 150 MHz)
data see Table 2. HR-ESI–-MS m/z calcd. for C13H24NO9S2:
402.0898; found: 402.0890 [M]–.

3-Indolylmethylglucosinolate (5)
Yellowish, amorphous powder. HPLC tR = 26.0 min.

[a]D
22 –36.8 (c 0.204, MeOH). UV (MeOH) lmax (nm, log 3):

221 (4.4), 274 (3.6). FTIR (KBr, cm–1) nmax: 3381, 2964,
2922, 1671, 1614, 1459, 1282, 1233, 1099, 1056, 802, 731,
604. For 1H NMR (D2O, 600 MHz) data see Table 1. For 13C
NMR (D2O, 150 MHz) data see Table 2. HR-ESI–-MS m/z
calcd. for C16H19N2O9S2: 447.0537; found: 447.0534 [M]–.

1-Methoxy-3-indolylmethylglucosinolate (6)
Yellowish, amorphous powder. HPLC tR = 32.6 min.

[a]D
22 –33.0 (c 0.106, MeOH). UV (MeOH) lmax (nm, log 3):

221 (4.4), 275 (3.6). FTIR (KBr, cm–1) nmax: 3369, 2952,
2927, 1710, 1509, 1456, 1270, 1058, 953, 876, 797, 743, 693,
633. For 1H NMR (D2O, 500 MHz) data see Table 1. For 13C
NMR (D2O, 125 MHz) data see Table 2. HR-ESI–-MS m/z
calcd. for C12H22NO9S2: 477.0643; found: 477.0629 [M]–.

4-Methoxy-3-indolylglucosinolate (7)
Yellowish, amorphous powder. HPLC tR = 30.0 min. UV
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(MeOH) lmax (nm): 221, 271. For 1H NMR (D2O,
500 MHz) data see Table 1. For 13C NMR (D2O, 125 MHz)
data see Table 2. HR-ESI–-MS m/z (calcd. for
C17H21N2O10S2: 477.0643; found: 477.0663 [M]–.

Brine shrimp lethality assay
Brine shrimp eggs were hatched, harvested, and the nau-

plii dispensed in a manner similar to that described by
McLaughlin et al.20 Several concentrations (10, 100, and
1000 ppm) of C. diphylla crude extract were prepared in
triplicate by serial dilution using artificial seawater contain-
ing 1% DMSO. These solutions were added to live nauplii
and following 24 h of drug treatment, at 22 8C, the brine
shrimp lethality was measured by counting the number of
dead (nonmotile) nauplii per vial. The results were obtained
from three independent experiments. Seawater with 1%
DMSO was used as the negative control. A positive assay
was the death of all brine shrimp with 100 mmol/L thymol.

DPPH assay
Radical-scavenging activity was determined spectrophoto-

metrically by reaction with DPPH radicals, as described by
Gerhäuser et al.21 Several concentrations (187.5, 375, 750,
and 1000 mg/mL) of C. diphylla crude extract in 100%
DMSO were treated with a solution of 100 mmol/L DPPH
in ethanol for 30 min at 37 8C. Scavenging activity was
compared with a solvent control (0% radical-scavenging ac-
tivity) and ascorbic acid (250 mmol/L final concentration,
100% radical-scavenging activity, used as a positive con-
trol). The results were obtained from experiments run in
triplicate and from three independent experiments. The half-
maximal scavenging concentration, SC50, was determined
using the following formula:

½1� % scavenging activity ¼ ðnegative control endpoint absorption

� trial endpoint absorptionÞ=ðnegative control endpoint absorption

� positive control endpoint absorptionÞ
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Hydration of acetone in the gas phase and in
water solvent

Kiyull Yang, Yih-Huang Hsieh, Chan-Kyung Kim, Hui Zhang, and Saul Wolfe

Abstract: In water solvent, the hydration of acetone proceeds by a cyclic (cooperative) process in which concurrent C–O
bond formation and proton transfer to oxygen take place through a solvent and (or) catalyst bridge. Reactivity is deter-
mined primarily by the concentration of a reactant complex and not the barrier from this complex. This situation is re-
versed in the gas phase; although the concentrations of reactive complexes are much higher than in solution, the barriers
are also higher and dominant in determining reactivity. Calculations of isotope effects suggest that multiple hydron trans-
fers are synchronous in the gas phase to avoid zwitterionic transition states. In solution, such transition states are stabilized
by solvation and hydron transfers can be asynchronous.

Key words: hydration of acetone, isotope effects, MP2/6-31+G(d)//B3LYP/6-31G(d).

Résumé : En solution dans l’eau, l’hydratation de l’acétone se produit par un processus cyclique (coopératif) dans lequel
la formation concurrente d’une liaison C–O et d’un transfert de proton vers l’oxygène se produit avec l’aide d’un pont
avec un solvant ou un catalyseur. La réactivité est déterminée principalement par la concentration d’un complexe du réac-
tant et non par une barrière à partir de ce complexe. Cette situation est inversée en phase gazeuse; même si les concentra-
tions des complexes réactifs sont beaucoup plus élevées que celles en solution, les barrières sont aussi plus élevées et elles
sont dominantes dans la détermination de la réactivité. Des calculs d’effets isotopiques suggèrent que de multiples trans-
ferts d’hydrons sont synchrones en phase gazeuse dans le but d’éviter les états de transitions zwitterioniques. En solution,
de tels états de transition sont stabilisés par la solvatation et les transferts d’hydrons peuvent être asynchrones.

Mots-clés : hydratation de l’acétone, effets isotopiques, MP2/6-31+G(d)//B3LYP/6-31G(d).

[Traduit par la Rédaction]

We have recently reported that the neutral,1 acetic acid cat-
alyzed,2 and 2-hydroxypyridine (2-pyridone)-catalyzed3 hy-
drations of acetone in water solvent do not proceed via ionic
intermediates. Instead, as seen in Fig. 1, the reactant com-
plexes of the principal channels of these aqueous reactions,
there is in each case a cyclic (cooperative) process4 in which
concurrent C–O bond formation and proton transfer to oxy-
gen take place through a solvent and (or) catalyst bridge. As
originally suggested by Eigen,4a this mechanism overcomes
the requirement that charged species undergo continuous sol-
vation and desolvation as they appear and disappear.

The realization that an ionic mechanism is not obligatory
in water solvent seems to have consequences. For example,2
‘‘it is necessary to reexamine the dogma5–10 that multistep
ionic mechanisms are operative in the low dielectric media
that exist at the active sites of hydrolytic enzymes.’’ It is

also necessary to reexamine the notion11 that hydrolytic
enzymes manifest their catalytic effect via cooperative
multiple-proton-transfer reactions coupled to tautomerism12

at nonpolar active sites.13 In water solvent, the availability
of a multiple-proton-transfer pathway and (or) the existence
of a low barrier do not seem to be necessary to catalyze the
hydration of acetone.

Although four protons are in flight in the neutral reaction
and three in the catalyzed reactions, the aqueous barrier of
the 2-pyridone-catalyzed reaction (11.97 kcal/mol) is calcu-
lated3 to be only slightly higher than that of the neutral reac-
tion (11.34 kcal/mol) and significantly higher than that of the
acetic acid catalyzed reaction (8.14 kcal/mol). Nonetheless,
2-hydroxypyridine, as its tautomer 2-pyridone dihydrate, ex-
hibits a catalytic effect (kcat/kneut) of 4 � 107, and acetic acid
exhibits a catalytic effect of 2 � 106.
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Fig. 1. Reactant complexes of the principal channels of neutral (left), acetic acid catalyzed (centre), and 2-hydroxypyridine-catalyzed
hydration of acetone in water solvent.

Table 1. Thermochemistry of gas-phase dimerization and tautomerization (theoretical and experimental).

DH (kcal mol–1) DS (cal mol–1 K–1) DGa (kcal mol–1) Keq
a

Experimentalb –3.59 –18.59 3.34 1.10 � 10–2 (T = 373 K)
B3LYP/6-31G(d) –5.85 –18.87 –0.22 1.45
B3LYP/6-31G(d) + BSSE –1.99 –18.87 3.64 2.14 � 10–3

MP2/6-31+G(d)//B3LYP/6-31G(d) –2.62 –18.87 3.00 6.31 � 10–3

MP2/6-31+G(d)//B3LYP/6-31G(d) + BSSE –1.02 –18.87 4.61 4.16 � 10–4

Experimentalc –15.00 –36.00 –4.00 8.58 � 102 (T = 298 K)
B3LYP/6-31G(d) –18.38 –37.47 –7.21 1.94 � 105

B3LYP/6-31G(d) + BSSE –14.11 –37.47 –2.94 1.43 � 102

MP2/6-31+G(d)//B3LYP/6-31G(d) –15.30 –37.47 –4.12 1.05 � 103

MP2/6-31+G(d)//B3LYP/6-31G(d) + BSSE –11.54 –37.47 –0.37 1.87

Experimentald 0.65 0.33 (T = 298 K)
B3LYP/6-31G(d) –1.09 0.45 –1.11 6.52
MP2/6-31+G(d)//B3LYP/6-31G(d) 1.89 0.45 0.75 0.28

aTheoretical values are calculated at 298 K.
bReference 19.
cReference 20.
dReference 21.

Fig. 2. Structures 1a–1d, the reactant complexes of the gas-phase hydration of acetone by one, two, three, or four water molecules. Values
in parentheses are the activation energies and Gibbs energies of activation at 298 K, respectively.
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The reason is that, in contrast to the conventional view of
the origin of enzymatic catalysis,14 reactivity in water sol-
vent is determined primarily by the concentration of the re-
actant complex not the reaction barrier.

These findings raise a number of questions, including the
following:

(i) Is the action of two or more functional groups an
important factor in catalysis?15

Fig. 3. Structures 2a–2j, the reactant complexes of the acetic acid catalyzed gas-phase hydration of acetone by one, two, or three water
molecules. Values in parentheses are the activation energies and Gibbs energies of activation at 298 K, respectively.
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Fig. 4. Structures 3a–3i, the reactant complexes of the 2-hydroxypyridine- and 2-pyridone-catalyzed gas-phase hydration of acetone by one
or two water molecules. Values in parentheses are the activation energies and Gibbs energies of activation at 298 K, respectively.

Table 2. Kinetic analysis for the neutral hydration of acetone at MP2/6–31+G(d)//B3LYP/6–31G(d).

Species Concentration (mol/L) Rate constant (s–1) Contribution (%)
H2O 4.058�10–1

(H2O)2 1.042�10–3

(H2O)3 5.132�10–5

(H2O)4 8.260�10–2

(H2O)8 6.783
(CH3)2CO 9.995�10–1

1a 4.292�10–4 1.799�10–20 0.00
1b 1.360�10–7 5.116�10–11 0.10
1c 2.907�10–8 6.067�10–9 2.44
1d 2.383�10–5 2.959�10–10 97.47

Note: Calculated rate (M s–1) = 7.23 � 10–15 (DG{ = 36.75 kcal/mol).
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(ii) Does the hydration of a carbonyl group in water
differ mechanistically from that in the gas phase?16

(iii) Does the enzymatic catalysis require a medium of
low dielectric constant?17

(iv) Do acetic acid and 2-hydroxypyridine catalyze the
hydration of acetone in the gas phase?

These questions have led to the present work, a Gaussian 03
examination18 of the gas-phase neutral, acetic acid catalyzed,
and 2-hydroxypyridine/2-pyridone-catalyzed hydration of
acetone. A necessary first objective was the selection of a
computational strategy that would reproduce experimental
gas-phase data such as the dimerization energy of water,19

the dimerization energy of acetic acid,20 and the tautomeriza-
tion energy of 2-hydroxypyridine21 (Table 1). As summar-
ized in Table 1, this has been achieved by B3LYP/6–31G(d)
optimization of geometries,22,23 followed by single-point
MP2/6–31+G(d) calculation of energies, which are converted
to Gibbs energies at 298 K using eq. [1],

½1� G ¼ H � TSvib

where H is the sum of the MP2 single-point energy and the
zero-point and thermal correction energies obtained from
the B3LYP/6–31G(d) frequency calculations, and Svib is the
vibrational entropy calculated at B3LYP/6–31G(d). With all
calculations carried out at MP2/6–31+G(d)//B3LYP/6–
31G(d), Fig. 2 shows the reactant complexes 1a–1d for the
neutral cooperative hydration of acetone by one, two, three
or four water molecules, Fig. 3 shows the reactant com-
plexes 2a–2j for the acetic acid catalyzed cooperative
hydration of acetone by one (2a), two (2b–2d), or three
(2e–2j) water molecules, and Fig. 4 shows the reactant com-

plexes 3a–3i for the 2-hydroxypyridine (3a–3f) and
2-pyridone (3g–3i) catalyzed cooperative hydration of acet-
one by one (3a, 3g) or two (3b–3f, 3h, and 3i) water mole-
cules.

On the basis of these data, Table 2 provides the kinetic
analysis of the gas-phase cooperative hydration of a 1 mol/L
acetone solution, and Tables 3 and 4 summarize the catalytic
effects of 1 mmol/L acetic acid or 0.2 mmol/L
2-hydroxypyridine/2-pyridone on the gas-phase hydration of
a 1 mol/L acetone solution.24 Table 5 summarizes what we
have found for the hydration of acetone in water solvent and
in the gas phase at the concentrations listed above. The sec-
ond column of the table lists the experimental Gibbs energies
of activation in solution at 298 K. The third column shows
the structures of the principal calculated reactant com-
plex(es) in solution, the concentrations of these complexes,
and the barriers from these complexes. The fourth column
provides the calculated gas-phase Gibbs energies of activa-
tion (from Tables 2–4), and the fifth column shows the struc-
tures of the principal reactant complexes, the concentrations
of these complexes, and the barriers from these complexes.

The principal findings of Table 5 are that all Gibbs ener-
gies of activation are much higher in the gas phase despite
the much higher gas-phase concentrations of the principal
reaction channels. In contrast to the situation in solution,
the gas-phase rates are determined by the barriers, not the
concentrations of the reactant complexes. The specific an-
swers to questions (i)–(iv) are therefore as follows:

(i) In the gas-phase, as well as in solution, the presence
of two or more functional groups contributes to cataly-
sis, but only one molecule of water is required for such
catalysis.

Table 4. Kinetic analysis for the 2-hydroxypyridine(2-pyridone)-
catalyzed hydration of acetone at MP2/6–31+G(d)// B3LYP/6–
31G(d).

Species Concentration
(mol/L)

Rate constant
(s–1)

Contribution
(%)

H2O 0.407
(H2O)2 1.049�10–3

(H2O)3 5.096�10–5

(H2O)4 8.228�10–2

(H2O)8 6.845
(CH3)2CO 0.999
1a 4.379�10–4 1.799�10–20 0.00
1b 1.392�10–7 5.116�10–11 0.00
1c 2.936�10–8 6.067�10–9 0.00
1d 2.373�10–5 2.959�10–10 0.00
3a 6.527�10–9 2.451�10–3 5.56
3b 1.661�10–11 7.742�10–10 0.00
3c 1.363�10–10 1.865�10–7 0.00
3d 2.111�10–12 1.704�10–4 0.00
3e 1.093�10–12 6.238�10–6 0.00
3f 4.107�10–13 1.688�10–5 0.00
3g 2.160�10–6 1.258�10–4 94.43
3h 2.695�10–9 8.742�10–6 0.00
3i 5.946�10–11 8.596�10–6 0.00

Note: Calculated rate (M s–1) = 2.876 � 10–10 (DG{ = 30.48 kcal/mol).
Calculated kHA (M–1s–1) = 1.438 � 10–6. Calculated k0 (s–1) = 7.204 � 10–15.

Table 3. Kinetic analysis for the acetic acid catalyzed hydration of
acetone at MP2/6–31+G(d)//B3LYP/6–31G(d).

Species
Concentration
(mol/L)

Rate constant
(s–1)

Contribution
(%)

H2O 0.407
(H2O)2 1.047�10–3

(H2O)3 5.078�10–5

(H2O)4 8.192�10–2

(H2O)8 6.783
(CH3)2CO 0.999
1a 4.375�10–4 4.497�10–21 0.00
1b 1.389�10–7 1.279�10–11 0.00
1c 2.926�10–8 1.517�10–9 0.00
1d 2.363�10–5 7.397�10–11 0.00
HOAc 4.111�10–4

(HOAc)2 2.537�10–4

2a 4.749�10–6 2.081�10–4 99.99
2b 7.596�10–13 2.230�10–2 0.00
2c 3.164�10–11 1.625�10–7 0.00
2d 1.386�10–9 7.188�10–5 0.01
2e 2.380�10–12 3.559�10–8 0.00
2f 1.152�10–12 1.132�10–6 0.00
2g 2.246�10–11 5.177�10–4 0.00
2h 2.406�10–9 2.455�10–8 0.00
2i 4.972�10–9 1.975�10–6 0.00
2j 9.251�10–13 2.768�10–6 0.00

Note: Calculated rate (M s–1) = 9.887 � 10–10 (DG{ = 28.92 kcal/mol).
Calculated kHA (M–1s–1) = 9.887 � 10–7. Calculated k0 (s–1) = 1.794 � 10–15.
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(ii) The neutral reaction is the same in the gas phase
and in solution, but the catalyzed reactions require less
water.
(iii) There is no evidence that enzymatic catalysis re-
quires a medium of low dielectric constant.
(iv) When compared to the neutral reaction, acetic acid
and 2-pyridone catalyze the hydration of acetone in the
gas phase.

Why are the gas-phase barriers so much higher? Fig. 5,
which examines the solvent isotope effects in the neutral re-
actions, suggests the explanation. Hydron movement is syn-
chronous in the gas-phase reaction to avoid a high-energy
zwitterionic transition state.

Table 5. Gibbs energies of activation (kcal/mol) in the gas phase and in solution.

Fig. 5. Calculated isotope effects in the gas phase (upper numbers)
and in water solvent (lower numbers). The imaginary frequencies
are 1328i cm–1in the gas phase and 504i cm–1in water.
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Such structures are stabilized in solution and the hydron
of the attacking water molecule makes the dominant contri-
bution to the transition state.

Supplementary data
Supplementary data (the coordinates of the calculated re-

actant complexes and transition structures) for this article
are available on the journal Web site (canjchem.nrc.ca) or
may be purchased from the Depository of Unpublished
Data, Document Delivery, CISTI, National Research Coun-
cil Canada, Ottawa, ON K1A 0R6, Canada. DUD 5298. For
more information on obtaining material, refer to cisti-icist.
nrc-cnrc.gc.ca/cms/unpub_e.shtml.
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(b) Asbóth, B.; Polgár, L. Biochemistry 1983, 22 (1), 117.
doi:10.1021/bi00270a017. PMID:6338911.; (c) Tonge, P. J.;

Carey, P. R. Biochemistry 1990, 29 (48), 10723. doi:10.
1021/bi00500a002. PMID:2271679.; (d) Daggett, V.; Schroe-
der, S.; Kollman, P. J. Am. Chem. Soc. 1991, 113 (23), 8926.
doi:10.1021/ja00023a047.; (e) Tonge, P. J.; Carey, P. R. Bio-
chemistry 1992, 31 (38), 9122. doi:10.1021/bi00153a002.
PMID:1390699.; (f) Whiting, A. K.; Peticolas, W. L. Bio-
chemistry 1994, 33 (2), 552. doi:10.1021/bi00168a021.
PMID:8286385.; (g) Chang, T. K.; Chiang, Y.; Guo, H.-X.;
Kresge, A. J.; Mathew, L.; Powell, M. F.; Wells, J. A. J.
Am. Chem. Soc. 1996, 118 (37), 8802. doi:10.1021/
ja9614326.; (h) Curley, K.; Pratt, R. F. J. Am. Chem. Soc.
1997, 119 (7), 1529. doi:10.1021/ja9634942.; (i) Wlad-
kowski, B. D.; Chenoweth, S. A.; Sanders, J. N.; Krauss,
M.; Stevens, W. J. J. Am. Chem. Soc. 1997, 119 (27), 6423.
doi:10.1021/ja963678g.; (j) O’connell, T. P.; Day, R. M.;
Torchilin, E. V.; Bachovchin, W. W.; Malthouse, J. G. Bio-
chem. J. 1997, 326 (Pt 3), 861. PMID:9307038.;

(7) (a) Ordentlich, A.; Barak, D.; Kronman, C.; Ariel, N.; Se-
gall, Y.; Velan, B.; Shafferman, A. J. Biol. Chem. 1998, 273
(31), 19509. doi:10.1074/jbc.273.31.19509. PMID:9677373.;
(b) Hu, C.-H.; Brinck, T.; Hult, K. Int. J. Quantum Chem.
1998, 69 (1), 89. doi:10.1002/(SICI)1097-461X(1998)
69:1<89::AID-QUA11>3.0.CO;2-0.; (c) Maveyraud, L.;
Pratt, R. F.; Samama, J.-P. Biochemistry 1998, 37 (8), 2622.
doi:10.1021/bi972501b. PMID:9485412.; (d) Presnell, S. R.;
Patil, G. S.; Mura, C.; Jude, K. M.; Conley, J. M.; Bertrand,
J. A.; Kam, C.-M.; Powers, J. C.; Williams, L. D. Biochem-
istry 1998, 37 (48), 17068. doi:10.1021/bi981636u. PMID:
9836602.; (e) Chittock, R. S.; Ward, S.; Wilkinson, A.-S.;
Caspers, P.; Mensch, B.; Page, M. G. P.; Wharton, C. W.
Biochem. J. 1999, 338 (Pt 1), 153. doi:10.1042/0264-
6021:3380153. PMID:9931311.; (f) Hokenson, M. J.; Cope,
G. A.; Lewis, E. R.; Oberg, K. A.; Fink, A. L. Biochemistry
2000, 39 (21), 6538. doi:10.1021/bi9928041. PMID:
10828970.; (g) Shokhen, M.; Albeck, A. Proteins 2000, 40
(1), 154. doi:10.1002/(SICI)1097-0134(20000701)
40:1<154::AID-PROT170>3.0.CO;2-V. PMID:10813840.;
(h) Chen, C. C. H.; Herzberg, O. Biochemistry 2001, 40 (8),
2351. doi:10.1021/bi002277h. PMID:11327855.; (i) Kursula,
P.; Ojala, J.; Lambeir, A.-M.; Wierenga, R. K. Biochemistry
2002, 41 (52), 15543. doi:10.1021/bi0266232. PMID:
12501183.; (j) Zhang, Y.; Kua, J.; McCammon, J. A. J. Am.
Chem. Soc. 2002, 124 (35), 10572. doi:10.1021/ja020243m.
PMID:12197759.;

(8) (a) Topf, M.; Várnai, P.; Richards, W. G. J. Am. Chem. Soc.
2002, 124 (49), 14780. doi:10.1021/ja026219q. PMID:
12465991.; (b) Ishida, T.; Kato, S. J. Am. Chem. Soc. 2003,
125 (39), 12035. doi:10.1021/ja021369m. PMID:14505425.;
(c) Nemukhin, A. V.; Topol, I. A.; Burt, S. K. Int. J. Quan-
tum Chem. 2002, 88 (1), 34. doi:10.1002/qua.10076.; (d)
Shimamura, T.; Ibuka, A.; Fushinobu, S.; Wakagi, T.; Ishi-
guro, M.; Ishii, Y.; Matsuzawa, H. J. Biol. Chem. 2002,
277 (48), 46601. doi:10.1074/jbc.M207884200.; (e) Zhang,
Y.; Kua, J.; McCammon, J. A. J. Phys. Chem. B 2003, 107
(18), 4459. doi:10.1021/jp022525e.; (f) Fujii, Y.; Okimoto,
N.; Hata, M.; Narumi, T.; Yasuoka, K.; Susukita, R.; Sue-
naga, A.; Futatsugi, N.; Koishi, T.; Furusawa, H.; Kawai,
A.; Ebisuzaki, T.; Neya, S.; Hoshino, T. J. Phys. Chem. B
2003, 107 (37), 10274. doi:10.1021/jp034536t.; (g) Silvaggi,
N. R.; Anderson, J. W.; Brinsmade, S. R.; Pratt, R. F.; Kelly,
J. A. Biochemistry 2003, 42 (5), 1199. doi:10.1021/
bi0268955. PMID:12564922.; (h) Fisher, J.; Belasco, J. G.;
Khosla, S.; Knowles, J. R. Biochemistry 1980, 19 (13),
2895. doi:10.1021/bi00554a012. PMID:6994800.; (i) Chris-

62 Can. J. Chem. Vol. 88, 2010

Published by NRC Research Press



tensen, H.; Martin, M. T.; Waley, S. G. Biochem. J. 1990,
266 (3), 853. PMID:2158301.; (j) Page, M. I.; Vilanova, B.;
Layland, N. J. J. Am. Chem. Soc. 1995, 117 (49), 12092.
doi:10.1021/ja00154a009.;

(9) (a) Brown, R. P. A.; Aplin, R. T.; Schofield, C. J. Biochem-
istry 1996, 35 (38), 12421. doi:10.1021/bi961044g. PMID:
8823177.; (b) Coll, M.; Frau, J.; Vilanova, B.; Donoso, J.;
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(24) Kinetic analyses for the neutral and 2HP/2PD-catalyzed hy-
dration reactions were performed using the strategies of refs.
1b and 3. For acetic-acid catalysis, the kinetic analysis was

performed using the strategy of ref. 2, including considera-
tion of the dimerization of acetic acid.

64 Can. J. Chem. Vol. 88, 2010

Published by NRC Research Press



Trends in the frequencies of n(AsOxHx–1) [x = 2–4]
in selected As(V)-containing compounds
investigated using quantum chemical calculations

Adrian Adamescu, Holly Gray, Katherine M.E. Stewart, I.P. Hamilton, and
Hind A. Al-Abadleh

Abstract: The application of computational chemistry to studies in geochemistry is increasingly becoming invaluable in
explaining experimentally observed trends for surface interactions of pollutants with sorbents ubiquitous in the environ-
ment. We report computational results on factors that affect the force constant of AsOx bonds in As(V)-containing com-
pounds relevant to geochemical environments. Geometries, atomic charges, and stretching frequencies of –AsOxHx–1 (x =
2– 4) moieties in these molecules were calculated using semi-empirical methods (PM3) and density functional theory
(B3LYP) for both isolated (gas phase) molecules and hydrated complexes in which the molecules are surrounded by four
water molecules. We found that the number of organic substituents has a relatively smaller effect on the force constant of
AsOx bonds than protonation. The increase in resonance effect with deprotonation causes As–O bond lengths to increase,
and the decrease in resonance in fully deprotonated species with increasing organic substitution causes As–O bond lengths
to decrease. In the absence of the resonance effect in fully protonated species, As–O bond lengths increase with more or-
ganic substituents. Also, increasing organic substitution causes the charge on the central arsenic atom to decrease. Charges
on oxygen atoms in As–OH bonds are more sensitive to deprotonation than to resonance relative to other oxygen atoms in
As–O bonds. As expected, frequencies of n(AsOx) show an inverse relationship with As–O bond lengths upon deprotona-
tion and organic substitution. Our results have implication for the interpretation of infrared and X-ray absorption spectra
of adsorbed As(V)-containing compounds.

Key words: organoarsenicals, arsenate, organic oxyanions, computational chemistry, optimized geometries, infrared fre-
quencies, AsO stretching vibration, DFT/B3LYP

Résumé : L’application de la chimie théorique aux études de la géochimie devient de plus en plus indispensable pour expli-
quer les tendances observées expérimentalement les interactions superficielles de polluants avec des sorbants omniprésents
de l’environnement. Dans ce travail, on rapporte les résultats de calculs sur les facteurs qui affectent la constante de force
des liaisons AsOx dans des composés contenant de l’arsenic pentavalent, As(V), intéressant pour les environnements géochi-
miques. On a calculé les géométries, les charges atomiques et les fréquences d’élongation des portions –AsOxHx–1 (x = 2–4)
de ces molécules en faisant appel à des méthodes semi-empiriques (PM3) et à la théorie de la fonctionnelle de la densité
(B3LYP) tant pour des molécules isolées (phase gazeuse) que pour des complexes hydratés dans lesquels les molécules sont
entourées de quatre molécules d’eau. On a trouvé que, comparativement à la protonation, le nombre de substituants organi-
ques n’a que peu d’effet sur la constante de force des liaisons AsOx. L’augmentation de l’effet de résonance avec la déproto-
nation provoque une augmentation de la longueur de la liaison As–O alors que la diminution de résonance dans les espèces
totalement déprotonées par une augmentation de la substitution organique cause une diminution dans les longueurs des liai-
sons As–O. En l’absence d’effet de résonance dans les espèces totalement protonées, les longueurs des liaisons As–O aug-
mentent avec une augmentation du nombre de substituants organiques. De plus, une augmentation de la substitution
organique provoque une diminution de la charge sur l’atome d’arsenic central. Par comparaison aux autres atomes
d’oxygène dans les liaisons As–O, les charges sur les atomes d’oxygène des liaisons As–OH sont plus sensibles à la déproto-
nation qu’à la résonance. Tel que prévu, les fréquences n(AsOx) présentent une relation inverse avec les longueurs des liai-
sons As–O lors d’une déprotonation ou une substitution organique. Les résultats obtenus dans ce travail ont des implications
pour l’interprétation des spectres d’absorption infrarouge ou de rayons-X des composés adsorbés contenant du As(V).

Mots-clés : composés organoarséniés, arséniate, oxyanions organiques, chimie théorique, géométries optimisées, fréquences
infrarouges, vibration d’élongation AsO, théorie de la fonctionnelle de la densité (TFD/B3LYP)
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Introduction
The application of computational chemistry to studies in

geochemistry has been the subject of a number of excellent
reviews,1–3 which highlight the usefulness of quantum chem-
ical calculations in explaining trends observed experimen-
tally. In general, studies in geochemistry focus on pollutant
origins and impacts, and are motivated by regulations de-
signed to lower levels of contaminants in water and soil.
Hence, the fate of contaminants, whether introduced to the
environment naturally or anthropomorphically, needs to be
quantified through properties such as transport and bioavail-
ability. It is well-established that the interaction of pollutants
with soil particles controls these properties.4 This interaction
is a surface phenomenon occurring at the water/solid inter-
face, which necessitates the utilization of surface-sensitive
techniques for quantifying thermodynamics and kinetics of
binding, and for obtaining structural data on geometries of
surface complexes. The most commonly used techniques
are attenuated total internal reflectance Fourier transform in-
frared (ATR-FTIR)5 and extended X-ray absorption fine
structure (EXAFS)6 spectroscopies, which have proven to
be powerful in studying surface complexes under environ-
mentally relevant conditions. For spectroscopic results to be
useful in building models for predicting transport and bioa-
vailability of pollutants in the environment, experimental
data need to be complemented with computational results.
Computational results can verify the interpretation of exper-
imental data and minimize the parameterization of fits used
to extract structural information. As an example, Kubicki et
al. calculated frequencies, structures, and Gibbs free energy
of adsorption (DGads) of oxyanion complexes of carbon,
phosphorus, sulfur, and arsenic on iron and aluminum oxide
clusters.7 Computational results agreed with spectral data
from infrared, X-ray absorption, and binding thermodynam-
ics experiments, suggesting that model clusters of surface
complexes are useful theoretical models of real systems.

There are, however, fewer theoretical studies on the sur-
face chemistry of organic oxyanions in general, and organo-
arsenicals in particular. Kubicki and co-workers pioneered
the use of hybrid molecular orbital/density functional theory
(MO/DFT) for calculating the surface structure of glypho-
sate (an organophosphorus compound) on FeOOH.8 For me-
thylated organoarsenicals, the effect of methyl substituents
on the AsO force constant (and bond order) was calculated
by Gründler et al.,9 who found that, for the fully deproto-
nated anions, the force constant (as well as the bond order)
increases in this order: AsO4

3– < CH3AsO3
2–< (CH3)2AsO2

–.
They attributed the increase in force constant to increasing
As–O bond polarity and decreasing degree of multiple bond-
ing upon oxygen substitution with carbon. Vansant et al.10

calculated the As–O bond lengths for CH3AsO3H– and
CH3AsO3

2– species to be 1.65 and 1.69 Å, respectively, and
1.71 Å for As–OH in the former species. It is important to
note here that these calculations were done for isolated mol-
ecules, which do not accurately reflect the geometry of sol-
vated molecules. Myneni et al.11 have shown, using quantum
chemical calculations, that increasing the number of water
molecules from one to four, to simulate solvated arsenate
ions, results in decreasing the As–O bond lengths. Similar
results were obtained from ab initio calculations by Pye and
Rudolph on the geometries of hydrated phosphate ions,

where it was observed that increasing water molecules from
one to six to simulate hydration causes an overall decrease
in the P–O distances.12 Such changes to bond distances
have consequences for the stretching frequency of the As–O
and P–O bonds, n(AsO4) and n(PO4).

To accurately interpret the ATR-FTIR spectra of organo-
arsenicals surface complexes, factors that affect the IR-active
vibrational modes of the AsOx moiety in the bulk aqueous
phases of these molecules must be understood. This is be-
cause binding of organoarsenicals to metal (oxyhydr)oxides
occurs via a ligand-exchange mechanism between the AsOx
moiety in these molecules and metal cations, and factors
such as protonation, hydrogen bonding, and the presence of
organic substituents impact the number of infrared bands ob-
served experimentally. We recently reported the ATR-FTIR
and Raman spectra of a number of As(V)-containing organo-
arsenicals of importance in geochemical environments in
bulk solid and aqueous phases, and compared these results
with those for arsenic acid (iAs(V), H3AsO4).13 These
compounds include monomethylarsonic acid (MMA(V),
CH3AsO3H2), p-arsanilic acid (p-AsA(V), H2NC6H4AsO3H2),
and dimethylarsinic acid (DMA(V), (CH3)2AsO2H). We ob-
served, from the analysis of the aqueous phase infrared spec-
tra that increasing the number of organic substituents on the
AsOx moiety (where x = 2–3) results in increasing the fre-
quency of n(AsOx) for completely deprotonated anions,
whereas the opposite trend is observed for completely proto-
nated molecules. We also observed that for a given As(V)-
containing compound, the decrease in the protonation state
with increasing pH results in red shifting the frequency of
n(AsOx). These observations were explained in light of the
aforementioned studies9–11 on the extent of the resonance ef-
fect as a result of replacing oxygen with carbon and the de-
crease in the number of hydrogen atoms bonded to oxygen.

In the present study, we report results from semi-empiri-
cal PM3 and DFT calculations on the equilibrium geome-
tries, atomic charges, and vibrational frequencies of
hydrated iAs(V), MMA(V), p-AsA(V), and DMA(V) in or-
der of increasing organic substitution. Due to the acidic na-
ture of the –AsOxHx–1 (x = 2–4) moiety, each of these
compounds can exist in multiple protonation states governed
by their pKa values.13,14 Calculations were performed for
these compounds in the isolated (gas phase) and hydrated
(surrounded with four water molecules to simulate the first
hydration sphere) clusters. The results are discussed in light
of the resonance effect on calculated As–O bond lengths,
atomic charges on arsenic and oxygen atoms, and frequen-
cies of vibrations assigned to n(AsOx).

Computational methods
Quantum chemical calculations were performed using

Spartan 04 (v. 1.0.3)15 for As(V)-containing compounds that
include iAs(V), MMA(V), p-AsA(V), and DMA(V). These
calculations were done on isolated and hydrated clusters. Hy-
dration of As(V)-containing compounds was modeled by ex-
plicitly adding four water molecules. Calculations were also
performed using Spartan 08 on fully protonated and deproto-
nated clusters to implicitly solvate them through a polariz-
able continuum model that simulates an aqueous
environment. The water molecules were added one at a time,
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and the geometry of the complex was optimized at each addi-
tion. All nuclear coordinates in the complex were relaxed to
minimum potential-energy positions with no constraints on
symmetry or structural parameters. Semi-empirical calcula-
tions using the PM3 method16 were performed first to calcu-
late the equilibrium geometry and vibrational frequencies.
This method was used by Myneni et al.11 for modeling
iAs(V) clusters. We show below that this method overesti-
mates vibrational frequencies when compared with experi-
mental values. Hence, coordinates from these calculations
were used as input for DFT calculations, which (as noted ear-
lier) produced accurate results for oxyanion surface com-
plexes. These calculations were performed with the B3LYP
functional17,18 using the 6–31G* basis set,19 and were fol-
lowed by calculations using the larger 6–311+G** basis
set.20 The latter basis set has diffuse functions on heavy
atoms but not hydrogen. Throughout this paper, results re-
ported are those for the larger basis set unless noted other-
wise. After ensuring that all vibrational frequencies were
real, adjustments to the optimized structure were made (typi-
cally by rotating one or more water molecules), and the re-
sulting structure was re-optimized. This process was
repeated until we were reasonably sure that we had found
the minimum-energy equilibrium geometry.

Many methods have been proposed for calculating atomic
charges, of which the best known is probably Mulliken popu-
lation analysis.19 However, it is well-known that Mulliken
atomic charges are strongly basis-set-dependent. For greater
consistency between the 6–31G* and 6–311+G** basis sets,
we therefore use natural population analysis (QNPA),21 which
has been shown to resolve largely the basis-set-dependence
problem. As expected, results for QNPA from DFT calculations
are similar with the two basis sets, 6–31G* and 6–311+G**,
and values reported are those for the larger basis set.

Calculated vibrational frequencies are usually scaled by a
factor, F, to correct for anharmonicity.21 While a single scal-
ing factor can typically be used for hydrocarbon vibrations,
several authors have concluded that for metal systems, inde-
pendent scaling factors should be used for each vibration in-
volving the metal atom.22–24 Scaling factors used here to
correct harmonic frequencies corresponding to n(AsOx) are
F = 1.0199 in iAs(V), and F = 0.9787 in organoarsenicals
MMA(V), p-AsA(V), and DMA(V). The former factor was
used by Jensen et al.23 to correct n(As–O–As) in tetraarsenic

hexoxide (As4O6), and the latter factor was used to correct
n(As=O) in trimethylarsine oxide [(CH3)3AsO].24 Kubicki et
al.7 used a factor of 0.96 to scale calculated frequencies for
hydrated iAs(V) and iAs(III) and their surface complexes on
iron and aluminum oxide clusters. These scaling factors for
As(V)-containing compounds change frequency values
by ±2%–4%. According to Stewart and Seiler,16,25 vibra-
tional frequencies were not used in developing the PM3
method, and hence no scaling factors were used to correct
frequencies from PM3 calculations.

Results and discussion

Equilibrium geometries of isolated and hydrated As(V)-
containing compounds

Table 1 summarizes the As–O bond lengths from
DFT(B3LYP) calculations on isolated As(V)-containing
compounds along with values reported previously for
iAs(V).10,11 Analyzing trends in structural parameters for
isolated species is important when discussing the effect of
hydration and hydrogen bonding on these parameters for the
same compounds (vide infra). Minimum-energy geometries
of all protonation states of the –AsOxHx–1 (x = 2–4) moiety
in each compound were calculated so that correlations could
be drawn between the extent of charge delocalization (i.e.,
resonance) and As–O bond lengths. Bond lengths calculated
for fully protonated and deprotonated species using
DFT(B3LYP/6–31G*) and a polarizable continuum model
are within 0% to ±2% of those calculated for the gas-phase
species. Fully protonated As(V)-containing compounds have
no resonance effect among the As–O bonds. For these mole-
cules, increasing the number of organic substituents on
the –AsOxHx–1 (x = 2–4) moiety slightly increased the length
of the As=O1 bond from 1.62 Å in H3AsO4 to 1.64 Å in
(CH3)2AsO2H, and caused a more dramatic increase in the
As–OH bond length from 1.76 Å in H3AsO4 to 1.81 Å in
(CH3)2AsO2H. This trend may be attributed to the electron-
donating abilities (to the central As atom) from methyl (in
MMA and DMA) and phenyl groups (in p-AsA) causing a
relative increase in electrostatic repulsion with the –OH
group, hence increasing its distance from the central As
atom.

Moreover, for a given isolated As(V)-containing com-
pound, the increase in charge delocalization upon deprotona-

Table 1. Bond lengths (Å) in isolated As(V)-containing compounds calculated using DFT (B3LYP).

Isolated species

6–31G* 6–311+G** Previous theoretical studies

As=O1 As–O2 As–O3 As–O4 As=O1 As–O2 As–O3 As–O4 As–O As–OH References
HO–AsO3H2 1.61 1.74 1.75 1.76 1.62 1.75 1.76 1.77
HO–AsO3H– 1.66 1.64 1.83 1.83 1.66 1.64 1.83 1.83 1.64 1.81 11
HO–AsO3

2– 1.69 1.67 1.67 1.92 1.71 1.69 1.69 1.94 1.68 1.88 11
AsO4

3– 1.74 1.74 1.74 1.74 1.76 1.76 1.76 1.76 1.74 — 11
CH3–AsO3H2 1.63 1.78 1.78 — 1.63 1.78 1.78 —
CH3–AsO3H– 1.66 1.65 1.85 — 1.67 1.66 1.86 — 1.65 1.71 10
CH3–AsO3

2– 1.69 1.69 1.69 — 1.71 1.71 1.71 — 1.69 — 10
H2NC6H4–AsO3H2 1.63 1.78 1.79 — 1.63 1.79 1.79 —
H2NC6H4–AsO3H– 1.66 1.65 1.84 — 1.67 1.66 1.85 —
H2NC6H4–AsO3

2– 1.69 1.69 1.69 — 1.70 1.70 1.70 —
(CH3)2AsO2H 1.64 1.80 — — 1.64 1.81 — —
(CH3)2AsO2

– 1.67 1.67 — — 1.68 1.68 — —
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tion has a pronounced effect on the As–O bond lengths, i.e.,
As=O1 and As–OH bonds increase in length until all bond
lengths become equal for the fully deprotonated species.
For example, the lengths of the As=O1 and As–OH bonds
in CH3AsO3H2 are 1.63 and 1.78 Å, which increase to 1.67
and 1.86 Å in CH3AsO3H–. For CH3AsO3

2–, all As–O bonds
are 1.71 Å in length. Also, bond lengths of the fully depro-
tonated species in each of the As(V)-containing compounds
studied decrease in the following order: AsO4

3– >
CH3AsO3

2– & H2NC6H4AsO3
2– > (CH3)2AsO2

–. This trend
can be explained by the fact that charge delocalization oc-
curs over four bonds in AsO4

3– compared with three and
two in CH3AsO3

2–, H2NC6H4AsO3
2–, and (CH3)2AsO2

–, re-
spectively. Hence, lower degree of resonance shortens the
As–O bonds with increasing organic substitution.

Since the goal of this study is to model the experimental
infrared spectra of aqueous As(V)-containing compounds,
explicit addition of water molecules to the isolated com-
pounds is necessary to simulate an aqueous environment.
Semi-empirical (PM3) and DFT(B3LYP) calculations were
completed for all possible protonation states of
the –AsOxHx–1 (x = 2–4) moiety in each As(V)-containing
compound surrounded by four water molecules. Figure 1
shows energy-minimized geometries of these hydrated
As(V)-containing clusters using DFT(B3LYP/6–311+G**)
from fully protonated (left side) to fully deprotonated (right
side), and in order of increasing the number of organic sub-
stituents (top to bottom). Calculated values of the As–O
bond lengths are summarized in Table 2, and also plotted as
a function of the protonation state for each As(V)-containing
compound in Fig. 2. Semi-empirical PM3 calculations were
performed with eight water molecules for fully protonated
and fully deprotonated species of each As(V)-containing
compound, and results are listed in Table 2 and shown as
empty circles in the left panel of Fig. 2. Bond-length values
from our calculations on clusters of four H2O molecules are
close to those reported previously.11 Kubicki et al.7 calcu-
lated the optimized geometries of H2AsO4

– and HAsO4
2–

molecules surrounded by eight water molecules using a hy-
brid molecular orbital (MO/DFT) method and basis sets sim-
ilar to those in our study, but the results of their calculations
were not shown in the paper for comparison. Trends ob-
served for these arsenic molecules are similar to those ob-
served by Pye and Michels for the corresponding
phosphorus molecules.26,27

Our results indicate that the four water molecules can be
regarded as the first ‘‘hydration shell’’ through forming di-
rect hydrogen bonds with the –AsOxHx–1 (x = 2–4) moiety
in each As(V)-containing compound with OH���O distances
varying from 1.67 to 2.09 Å as in clusters XI and IV
(Fig. 1), respectively. These hydrogen-bonding values are
indicative of moderate-strength hydrogen bonds.28 Table 3
lists the calculated hydrogen-bond distances in hydrated
As(V)-containing clusters. Additional water molecules inter-
act more strongly with each other and with the first ‘‘hy-
dration shell’’, with no direct interaction with the –
AsOxHx–1 (x = 2–4) moiety. This might explain the insignif-
icant change in the As–O bond lengths for clusters contain-
ing eight relative to four waters. Solid lines are shown in
Fig. 2 to highlight trends in the As–O bond lengths in hy-
drated As(V)-containing clusters as a function of protonation

state and organic substitution, and their slopes are nearly
similar using PM3 and DFT methods. These trends are also
similar to those observed for isolated As(V)-containing com-
pounds listed in Table 1 and explained earlier, namely, the
increase in resonance effect with deprotonation causing As–
O bonds to increase in length, and the decrease in resonance
in fully deprotonated species with increasing the number of
organic substituents causing As–O bonds to be shorter. The
most obvious difference among As–O bond lengths for iso-
lated and hydrated As(V)-containing compounds is the in-
equality observed for fully deprotonated and hydrated
species. This is clearly due to the influence of hydrogen
bonding between water molecules in the first hydration shell
and the –AsOx

x–1 (x = 2–4) moieties on charge delocaliza-
tion among As–O bonds. The section below analyzes in de-
tail the effect of protonation state and organic substitution
on atomic charges in hydrated As(V)-containing compounds.

Charge distribution in hydrated As(V)-containing
compounds

To quantify the charge distribution as a function of proto-
nation state and organic substitution, calculated charges de-
rived from natural population analysis (QNPA) on central
arsenic atoms, oxygen atoms in As=O, and As–OH bonds,
respectively, are shown in Fig. 3 for each hydrated As(V)-
containing compound. The values of atomic QNPA were ob-
tained from semi-empirical PM3 and DFT calculations, and
the results are summarized in Table 4. It may be seen that,
as expected, the PM3 calculations underestimate the magni-
tude of the charges on the arsenic and oxygen atoms relative
to the DFT calculations. We note that, at least for oxygen
atoms, an accurate procedure for correcting PM3 charges
has been developed,29 but for our systems, it was unneces-
sary to consider this procedure because DFT calculations
are feasible and more accurate.

Values of atomic QNPA reveal that, for a given hydrated
As(V)-containing compound, the partial positive charge on
As changes little with decreasing protonation. The strongest
effect on Q(As)NPA is the number of organic substituents,
which as noted earlier, are electron-donating groups. For a
given protonation state of the hydrated As(V)-containing
compound, positive values of Q(As)NPA decrease in this or-
der: iAs(V) > MMA(V) & p-AsA(V) > DMA(V), consistent
with the increase in electron donation from organic substitu-
ents to the central As atom, which is proportional to the
number of substituents. In addition, Fig. 3b shows that the
negative charge on O1, which is double bonded to the cen-
tral As atom, becomes more negative with decreasing proto-
nation, suggesting relatively more electron density on O1 in
fully deprotonated species compared with the fully proto-
nated species. This trend can be explained by the fact that
the loss of protons from neighboring As–OH pumps electron
density into As–O bonds. Oxygen atoms involved in reso-
nance will experience additional negative charge on top of
their own non-bonding lone pairs of electrons. It is interest-
ing to note that the degree of organic substitution has mini-
mal effect on Q(O1)NPA, compared with that on Q(As)NPA,
which is likely due to the minimum orbital overlap between
O1 and carbon atoms. The above interpretation explains why
the value of Q(O1)NPA is the same for the first deprotonation
state of all the hydrated As(V)-containing compound:
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H2AsO4
–, CH3–AsO3H–, Ar–AsO3H–, and (CH3)2AsO2

–. The
degree of resonance and charge delocalization between
As=O1 and As–O– are relatively similar and independent of

the number of organic substituents. For the second protona-
tion state of iAs(V), MMA(V), and p-AsA(V) (HAsO4

2–,
CH3–AsO3

2–, Ar–AsO3
2–), values of Q(O1)NPA in CH3–

Fig. 1. Minimum-energy equilibrium geometries of hydrated As(V)-containing clusters using DFT(B3LYP/6–311+G**) from fully proto-
nated (left side) to fully deprotonated (right side). Atoms of different elements are shown in different colors: arsenic, blue; oxygen, red;
hydrogen, light gray; carbon, dark gray; and nitrogen, light purple. The chemical formula of each cluster is listed in Table 2.
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Table 2. Calculated As–O bond lengths (Å) in hydrated As(V)-containing compounds.

No.a
Hydrated species:
M(H2O)4; M =

PM3 DFT(B3LYP/6–31G*) DFT(B3LYP/6–311+G**) Previous theoretical studies

As=O1 As–O2 As–O3 As–O4 As=O1 As–O2 As–O3 As–O4 As=O1 As–O2 As–O3 As–O4 As–O As–OH References

I HO–AsO3H2 1.63 1.75 1.74 1.76 1.66 1.75 1.73 1.74 1.65 1.75 1.73 1.75 1.60 1.76 11
������(H2O)8 1.66 1.77 1.75 1.76

II HO–AsO3H
– 1.65 1.68 1.77 1.78 1.67 1.69 1.76 1.77 1.67 1.69 1.77 1.78 1.63 1.81 11

III HO–AsO3
2– 1.67 1.71 1.69 1.83 1.67 1.73 1.71 1.82 1.67 1.73 1.70 1.84 1.68 1.87 11

IV AsO4
3– 1.70 1.75 1.73 1.75 1.69 1.76 1.74 1.76 1.72 1.76 1.74 1.74 1.73 — 11

���(H2O)8 1.72 1.73 1.72 1.72
V CH3–AsO3H2 1.63 1.78 1.76 — 1.65 1.76 1.79 — 1.64 1.79 1.77 —

���(H2O)8 1.63 1.78 1.77 —
VI CH3–AsO3H

– 1.67 1.66 1.80 — 1.69 1.67 1.81 — 1.67 1.68 1.82 —
VII CH3–AsO3

2– 1.70 1.71 1.68 — 1.71 1.68 1.73 — 1.71 1.72 1.70 —
���(H2O)8 1.70 1.70 1.71

VIII H2NC6H4–AsO3H2 1.64 1.76 1.76 — 1.66 1.75 1.78 — 1.66 1.76 1.78 —
���(H2O)8 1.64 1.76 1.77 —

IX H2NC6H4–AsO3H
– 1.63 1.69 1.79 — 1.64 1.71 1.80 — 1.66 1.69 1.81 —

X H2NC6H4–As3
2– 1.71 1.69 1.67 — 1.72 1.71 1.68 — 1.72 1.71 1.69 —

���(H2O)8 1.70 1.68 1.68
XI (CH3)2AsO2H 1.64 1.78 — — 1.66 1.78 — — 1.66 1.78 — —

���(H2O)8 1.65 1.78 — —
XII (CH3)2AsO2

– 1.66 1.69 — — 1.67 1.71 — — 1.68 1.70 — —
���(H2O)8 1.68 1.71 — —

aThese numbers match those in Fig. 1. The reader is referred to Fig. 1 for numbers of oxygen atoms.
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AsO3
2– & Ar–AsO3

2– and are more negative than that in
HAsO4

2–. While the degree of resonance among As–O
bonds is the same in these species, it is likely that this trend
in Q(O1)NPA is due to the electron-donating abilities of

methyl and aromatic substituents compared with the elec-
tron-withdrawing abilities of the OH group in HAsO4

2–. It
is interesting to note that Q(O1)NPA in fully deprotonated
iAs(V), AsO4

3–, is the same as that in CH3–AsO3
2– and Ar–

Fig. 2. Calculated As–O bond lengths in hydrated As(V)-containing clusters surrounded by four H2O molecules (filled circles) using PM3
(left), DFT(B3LYP/6–31G*) (centre), and DFT(B3LYP/6–311+G**) (right), respectively. The x-axis represents the possible protonation
states of the –AsOxHx–1 (x = 2–4) moiety in iAs(V), MMA(V), p-AsA(V), and DMA(V) (from top). Me = CH3 and Ar = H2NC6H4. The
empty circles in the left panel are the As–O bond lengths in hydrated As(V)-containing clusters surrounded by eight H2O molecules. Trend
lines are shown to guide the eye.
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AsO3
2–, suggesting that the loss of the last proton caused a

relative increase in electron density in a manner similar to
electron donation by organic substituents.

Moreover, Fig. 3c shows trends in the atomic Q(Ox)NPA
(x = 2–4) in hydrated disubstituted (x = 2), monosubstituted
(x = 3), and unsubstituted (x = 4) As(V)-containing com-
pounds, respectively. These oxygen atoms are bonded to hy-
drogen (i.e., As–OH) and are the last ones to deprotonate.
Values of Q(Ox)NPA (x = 2–4) are clearly sensitive to depro-
tonation, and relatively insensitive to resonance among other
As–O bonds. These atomic charge values become ~25%
higher (i.e., more negative) in fully deprotonated and hy-
drated As(V)-containing compounds relative to the fully
protonated species, compared with ~6% increase due to de-
protonation of other As–OH bonds and the enhancement in
resonance as a result. Judging from the relative values of
Q(Ox)NPA (x = 2–4) in fully protonated and deprotonated
species, we conclude that the effect of the degree of organic
substitution on these atomic charges is insignificant. It is in-
teresting to note that when comparing values of Q(O1)NPA
and Q(Ox)NPA (x = 2–4) for fully deprotonated species, one
would expect relative agreement due to resonance (i.e., same

charge values on O1 and Ox). This is indeed the case for
AsO4

3–, CH3–AsO3
2–, and Ar–AsO3

2–. For (CH3)2AsO2
–,

Q(O2)NPA is larger (i.e., more negative) than Q(O1)NPA by a
factor of 1.2, suggesting that the charge gained due to de-
protonation is more localized. This observation might be ex-
plained by the lesser degree of resonance among the two
As–O bonds in (CH3)2AsO2

– compared with other fully de-
protonated species, and also by the fact that O2 is involved
in two hydrogen bonds with water in the first hydration shell
compared with one hydrogen bond by O1 (Table 3). The in-
volvement of oxygen atoms in hydrogen bonding makes
their electron density less available for delocalization among
other bonds. This interpretation can also explain the rela-
tively small decrease in Q(O1)NPA for (CH3)2AsO2

– com-
pared with (CH3)2AsO2H (Fig. 3b). Calculations performed
using a polarizable continuum model on hydrated fully pro-
tonated and deprotonated clusters resulted in QNPA values
that are in close agreement with those shown in Fig. 3. As
illustrated in the next section, these trends in charge delocal-
ization with its impact on bond lengths (and order) change
the force constant of As–O bonds and consequently frequen-
cies of n(AsOx).

Table 3. Calculated hydrogen-bond lengths in hydrated As(V)-containing compounds between water molecules and –AsOxHx–1

(x = 2– 4) moiety.

Hydrated species
M(H2O)4; M =

H-bond lengths
(Å) – PM3 level

H-bond lengths
(Å) – 6–31G* level

H-bond lengths
(Å) – 6–311+G** level

HO–AsO3H2 O1H7: 1.80 O1H7: 1.86 O1H7: 1.93
O4H8: 1.83 O4H8: 2.01 O4H8: 2.03

HO–AsO3H– O1H10: 1.81 O1H10: 1.93 O1H10: 2.03
O2H6: 1.78, O2H8: 1.84 O2H6: 1.88, O2H8: 1.95 O2H6: 1.95
H1O5: 1.86 H1O5: 1.95 H1O5: 1.98

HO–AsO3
2– O2H4: 1.77 O2H4: 1.76 O2H4: 1.77

O3H5: 1.80 O3H5: 1.87 O3H5: 1.99
AsO4

3– O2H6: 1.79, O2H7: 1.79 O2H6: 1.89, O2H7: 1.90 O2H5: 1.68, O2H7: 1.84
O3H2: 1.76, O3H4: 1.76 O3H2: 1.82, O3H4: 1.82 O3H4: 2.09, O3H9: 1.94
O4H1: 1.77, O4H8: 1.79 O4H1: 1.87, O4H8: 1.90 O4H6: 1.84, O4H8: 1.76

CH3–AsO3H2 O1H6: 1.79 O1H6: 1.80 O1H6: 1.81
O2H9: 1.82 O2H9: 1.90 O2H9: 1.93
H1O7: 1.82 H1O7: 1.70 H1O7: 1.81
H2O7: 1.84 H2O7: 1.89 H2O7: 2.04

CH3–AsO3H– O1H3: 1.78, O1H5: 1.78 O1H3: 1.81, O1H5: 1.94 O1H3: 1.98, O1H5: 1.86
O2H10: 1.83, O2H12: 1.84 O2H10: 1.98, O2H12: 2.09 O2H10: 1.75, O2H12: 1.84

CH3–AsO3
2– O1H5: 1.79, O1H11: 1.73 O1H5: 1.80, O1H11: 1.84 O1H5: 1.85, O1H11: 1.96

O2H7: 1.78, O2H8: 1.80 O2H7: 1.81, O2H8: 1.97 O2H7: 1.76, O2H8: 1.99
O3H9: 1.80 O3H9: 1.89 O3H9: 1.93, O3H10: 1.96

H2NC6H4–AsO3H2 O1H13: 1.78, O1H16: 1.80 O1H9: 2.05, O1H13: 1.87 O1H9: 2.03, O1H13: 1.88
H5O7: 1.82 H5O7: 1.74 H5O7: 1.82

H2NC6H4–AsO3H– O2H8: 1.76, O2H11: 1.80 O2H8: 1.69, O2H11: 1.95, O1H5: 1.94, O1H13: 1.95
H1O7: 1.88 H1O7: 1.95 O2H9: 1.68, O2H12: 1.73,

H15O5: 1.99
H2NC6H4–AsO3

2– O1H5: 1.79, O1H11: 1.80 O1H5: 1.83, O1H11: 1.95 O1H5: 1.75, O1H11: 2.08
O2H9: 1.74, O2H12: 1.79 O2H9: 1.72, O2H12: 1.81 O2H9: 1.67, O2H12: 1.84
O3H14: 1.81 O3H14: 1.90 O3H14: 1.93

(CH3)2AsO2H O1H8: 1.77 O1H8: 1.67 O1H8: 1.67
O2H11: 1.83 O2H11: 1.99 O2H11: 2.08
H5O5: 1.78 H5O5: 1.68 H5O5: 1.73

(CH3)2AsO2
– O1H12: 1.81 O1H12: 1.85 O1H12: 1.92

O2H3: 1.79, O2H11: 1.80 O2H3: 1.81, O2H11: 1.89 O2H3: 1.84, O2H11: 1.94

Note: The reader is referred to Fig. 1 for numbers of oxygen atoms.
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Effect of protonation state and organic substitution on
n(AsOx) in hydrated As(V)-containing compounds

Frequency calculations were performed on the optimized
geometries of each hydrated As(V)-containing compound
shown in Fig. 1 to identify vibrations in the spectral range
600–1100 cm–1 containing n(AsOx). These frequencies were
calculated using semi-empirical (PM3) and DFT(B3LYP),
and the results are presented in Table 5. Filled circles in
Fig. 4 show trends in the calculated and scaled frequencies
of n(AsOx) as a function of the protonation state of a given
As(V)-containing compound and degree of organic substitu-
tion. Scaling factors, F, were used to correct calculated
frequencies for anharmonicity as described in the Computa-
tional methods section. The most-intense spectral component
assigned to n(AsOx) in a given cluster is labeled by a super-
script and was used to normalize the intensities of all spec-
tral components assigned to the same vibration. Only
spectral components with intensities greater than 11% of the
most-intense n(AsOx) component are reported in Table 5.
Some of these components are found to be coupled to other
vibrational modes such as frustrated rotation (i.e., librational
mode) of water molecules in the first hydration shell;30

Fig. 3. Calculated atomic charges, QNPA, for (a) As, (b) O1, and
(c) Ox (x = 2–4), in hydrated As(V)-containing compounds. The x-
axis shows the chemical formula of the clusters with increasing or-
ganic substitution (top to bottom) and deprotonation state (left to
right); Ar = H2NC6H4.
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Table 5. Calculated frequencies (cm–1) of n(AsOx) for hydrated As(V)-containing compounds.

Hydrated species:
M(H2O)4; M = PM3 level 6–31G* level 6–311+G** level

HO–AsO3H2 969 841a 830 937 790 769a,b 729 919a 710
���(H2O)8 938 837a 830 819
Reference 11 998 812 805
HO–AsO3H– 932a 788b 755b 909 889a,b 870 837 726b 887 826b 681a

Reference 11 1041 937 781 758
HO–AsO3

2– 929a 910b 860b 851 904 831a 814 764 865a 797b 782 739
Reference 11 944 895 697 684
AsO4

3– 877a,b 822 796 864 752a 750a 709 702
���(H2O)8 958a,b 905b 898b 885b

Reference 11 878 849
CH3–AsO3H2 964a 869c 804 773b 925a 702 917 888 768a,b,g

���(H2O)8 982a 876 841 801 773
CH3–AsO3H– 977a 941 905 869c 852a,b 833b 628b 880c 851c 845c 832a 803b 594h

CH3–AsO3
2– 944 888a,b 855b 857a,b,c 828c 801c 772c 731b 832 769a 751 730

���(H2O)8 952a 919b 882
H2NC6H4–

AsO3H2

969e 808 791a 893b 882a,b 722b 711b 871a 682 680

���(H2O)8 974 811 790a

H2NC6H4–AsO3H– 924 767a 951 935d 929 807 784a,d 910 774 716a,b

H2NC6H4–AsO3
2– 902a 888f 882b 852f 861a,e 856e 829b 787b 778b 756b 825d 813 745a 733

���(H2O)8 993b 922b 904b 891bb,f 871b 843b,d

(CH3)2AsO2H 958a 863c 860c 733b 912 892c 693a,b 892a,c 873 668a,c

���(H2O)8 957a 940 847 820 805b 737
(CH3)2AsO2

– 948a 889 913c 881a,b,c 830a 762b,c

���(H2O)8 952b 940a,b 892b 800b

Note: Scaling factors, F, are as following: for organoarsenicals, F = 0.9787 for n(As=O), which was used to correct calculated frequencies of trimethylarsine oxide using DFT-B3LYP.24 For inorganic
As(V), F = 1.0199 for n(As–O), which was used to correct calculated frequencies of tetraarsenic hexoxide.23

aMost intense spectral component. Intensities of other components are >11% of most intense component.
bCoupled with librational mode (i.e., frustrated rotation) of water molecules.30

cCoupled with r(CH3).
dCoupled with aromatic d(CH).
eCoupled with aromatic d(NH2).
fCoupled with aromatic n(C–C).
gCoupled with d(AsOH).
hCoupled with n(As–C).
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bending vibration of AsOH, d(AsOH); rocking vibration of
methyl group, r(CH3); bending vibration of aromatic –CH
groups, d(CH); bending vibration of aromatic amine sub-
stituent, d(NH2); and stretching vibration of aromatic C–C
bonds, n(C–C). Vibrations coupled to n(AsOx) were identi-
fied using the visualization tool in Spartan, and only those
having similar intensities to that of n(AsOx) were labeled in
Table 5.

For a given hydrated As(V)-containing compound, calcu-
lated frequencies in Table 5 were compared with the exper-
imental frequencies (empty circles in Fig. 4) of aqueous
phase As(V)-containing compounds reported as a function
of pH using ATR-FTIR.13 The differences between the
scaled frequencies from DFT(B3LYP/6–31G*) calculations
(filled circles) and the spectral components identified exper-
imentally are within 10–80 cm–1, depending on the cluster.
These differences between experimental and calculated fre-
quencies are mainly due to the limitations and assumptions
inherent in any computational method including DFT.31 For
hydrated iAs(V) compounds, Table 5 also shows that the
frequencies of n(AsOx) from our PM3 calculations are in
close agreement with those reported by Myneni et al.11 for

these systems. However, it is clear from Table 5 and Fig. 4
that the PM3 method overestimated the frequencies of
n(AsOx) when compared with the experimental values.
Overall, the calculated frequencies show trends similar to
those observed experimentally,13 namely, inverse relation-
ships of n(AsOx) with deprotonation. These results are con-
sistent with the explanation provided above on the effect of
deprotonation on the degree of resonance among As–O
bonds, i.e., increasing resonance among As–O bonds causes
an overall increase in As–O bond lengths (Fig. 2) and a de-
crease in the force constant of these bonds with deprotona-
tion. For PM3 frequency calculations completed on As(V)-
containing compounds surrounded by eight water molecules,
results shown in Table 5 agree fairly well with calculations
on compounds surrounded by four water molecules. For
some clusters with eight water molecules, there are extra
spectral components with appreciable intensity compared
with the four-water case, which most likely arise from a re-
duction in the symmetry of the cluster with additional water
molecules. The number of spectral components becomes im-
portant when spectral fitting is done on the experimental
spectra of a given As(V)-containing compound.32 An in-

Fig. 4. Calculated vibrational frequencies of As–O bonds in hydrated As(V)-containing clusters calculated using DFT(B3LYP/6–31G*)
(filled circles) compared with the experimental values (empty circles) taken from ref. 13. The x-axis represents the possible protonation
states of the AsOx group in iAs(V), MMA(V), p-AsA(V), and DMA(V) (from left). Trend lines are shown to guide the eye.
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creased number of spectral components assigned to n(AsOx)
was also observed for hydrated fully protonated and depro-
tonated As(V)-containing compounds when calculated using
DFT(B3LYP/6–31G*) and a polarizable continuum model.
Frequency values are in very close proximity to those shown
in Fig. 4. Hence, we conclude that the number of compo-
nents shown in the filled circles in Fig. 4 is the minimum
number needed to fit the experimentally observed data.

Figure 5 also shows frequencies of n(AsOx) in hydrated
As(V)-containing compounds calculated using DFT(B3LYP/
6–31G*) and compared with the experimental values (empty
circles) taken from ref.13 for fully protonated (a) and fully
deprotonated (b) states. The data in Fig. 5 are the same as
those in Fig. 4, but plotted so as to show the effect of or-
ganic substitution on calculated n(AsOx). For fully proto-
nated clusters, the resonance effect does not play a role in
explaining trends in n(AsOx), and arsenic–oxygen interac-
tions exist as well-defined As=O and As–OH bonds, giving
rise to high frequency (>850 cm–1) and low frequency
(<800 cm–1) spectral components. The slight decrease in cal-
culated n(AsOx) among fully protonated compounds with in-
creasing number of organic substituents might be due to the
increase in electrostatic repulsion with –OH groups that
causes an increase in As=O1 and As–OH bond lengths
(vide supra). Frequency trends shown in Fig. 3b for fully de-

protonated species can be explained by the relative degree
of resonance among As–O bonds with increasing number of
organic substituents. In this case, As–O– bonds in AsO4

3–

are replaced by one As–C bond in CH3AsO3
2– and

ArAsO3
2–, and two As–C bonds in (CH3)2AsO3

2–. The ex-
perimental and calculated frequencies show relatively higher
n(AsOx) for the latter hydrated compound, which is indica-
tive of more charge localization and minimum resonance in
this case. Overall, these results suggest that the number of
organic substituents has a lesser effect on the values of
n(AsOx) compared with the number of –OH groups. This
conclusion is consistent with that from the analysis of
atomic charges on oxygens of the AsOxHx–1 moiety in hy-
drated As(V)-containing compounds (Fig. 3). The implica-
tions of these results are presented in the following section.

Conclusions and geochemical implications
In this paper, we reported results from theoretical calcula-

tions on the geometries, atomic charges, and vibrational fre-
quencies of a number of As(V)-containing compounds
relevant to geochemical environments. Results from quan-
tum chemical calculations aid in the interpretation of the ex-
perimental data obtained using ATR-FTIR for
characterization of surface complexes. As noted earlier, sur-
face-sensitive measurements from infrared experiments are
important for a molecular-level understanding of surface
complexation of these compounds, which affects their trans-
port and bioavailability properties. The compounds studied
herein were surrounded by four water molecules, which we
found to be reasonable for simulating an aqueous environ-
ment. These results have important implications for under-
standing the factors that affect the force constant of AsOx
bonds in these compounds, which include bonding to pro-
tons and carbon atoms. Protonation (i.e., binding to H+) of
AsOx bonds occurs in neutral and acidic environments and
has a strong effect on charge distribution for O– atoms in
the AsOx moiety, and the overall symmetry of compounds
containing this group. This results in increasing the number
of IR-active spectral components. We found that the number
of organic substituents has a relatively smaller effect on the
force constant of AsOx bonds than protonation. Additionally,
binding of the AsOx moiety to metal centres in minerals
such as Fe3+ and Mg2+ instead of protons will also impact
the force constant of AsO bonds depending on the nature of
the metal cation. Myneni et al.11 calculated (using the PM3
method) n(AsOx) to be 750–830 cm–1 for As–OM (M =
complexing cation), which is blue-shifted relative to that in
AsO4

3–. We recently reported similar results from the ad-
sorption of p-AsA(V) on iron (oxyhydr)oxides.33,34

We found, from the comparison of bond lengths and vi-
brational frequencies, using PM3 and DFT(B3LYP/6–31G*)
methods, that the latter method produces results that agree
reasonably better with experimental data and trends ex-
pected from chemical intuition. Hence, the number of spec-
tral components assigned to n(AsOx) obtained from
DFT(B3LYP/6–31G*) calculations on hydrated As(V)-con-
taining compounds can be used in spectral fitting routines
of experimental infrared spectra of aqueous-phase As(V)-
containing compounds. This way, the choice of the number
of components has a physical basis and is not arbitrarily

Fig. 5. Calculated vibrational frequencies of AsO bonds in hydrated
As(V)-containing clusters calculated using DFT(B3LYP/6–31G*)
compared with the experimental values (empty circles) taken from
ref.13 for (a) fully protonated and (b) fully deprotonated states
showing the effect of organic substitution on n(AsOx).
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chosen. Fitting experimental data is also done routinely
when analyzing EXAFS spectra of adsorbed oxyanions on
metal cations.6,35 Spectra collected from standard com-
pounds containing the element of interest in a given oxida-
tion state are needed to obtain a good fit, so that
information on the bond lengths in surface complexes and
the number of nearest neighbors can be extracted. In the ab-
sence of spectra from standards (compounds in bulk aqueous
and solid phases), it becomes challenging to fit EXAFS
spectra of adsorbed complexes. Results from quantum chem-
ical calculations are invaluable in these cases because they
yield structural information on model adsorbed clusters.
DFT calculations on the binding of organoarsenicals to
metal oxide complexes are currently ongoing in our labora-
tory to simulate inner-sphere binding configurations similar
to those used as model clusters for inorganic oxyanions.7
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AWARD LECTURE / CONFÉRENCE D’HONNEUR

Rate constants for decarboxylation reactions
calculated using no barrier theory

J. Peter Guthrie, Sriyawathie Peiris, Margaret Simkin, and Yun Wang

Abstract: No barrier theory (NBT) provides both a qualitative way of thinking about what makes a reaction fast or slow
and a quantitative way of calculating the rate constant (free energy of activation) corresponding to a particular mechanism.
The origin and development of this idea are reviewed and examples of its use for qualitative understanding are presented
before applying it to a set of decarboxylations. From the literature, a set of best values for rate constants for decarboxyla-
tion was picked. Detailed mechanistic models were developed for reactions leading to delocalized ‘‘anions’’ or to localized
anions. It was necessary to have pKa values for ionizaion of the carbon acids corresponding to all of these species and
these were selected from the literature or estimated by linear free energy relations (or occasionally calculated from proton
exchange data). Over the entire range of measured decarboxylation rate constants, a range of 1025 in rate constant, the cal-
culated values were in good agreement with experiment, with two exceptions: malonate dianion, which has been reported
but probably not measured, and glycine, where it is possible that a different mechanism is being followed, unfortunately,
one which we do not yet know how to treat by NBT. NBT is both a qualitatively and quantitatively useful tool for under-
standing chemistry.

Key words: decarboxylation, no barrier theory, reaction mechanism, intrinsic barrier.

Résumé : La théorie sans barrière fournit d’une part une façon qualitative de réfléchir sur ce qui fait qu’une réaction est
rapide ou lente et d’autre part une façon quantitative de calculer la constante de vitesse (énergie libre d’activation) corres-
pondant à un mécanisme particulier. On passe en revue l’origine et le développement de cette idée et on présente des
exemples de son utilisation dans la compréhension qualitative avant de l’appliquer à un ensemble de décarboxylations. On
a tiré de la littérature un ensemble des meilleures valeurs pour les constantes de vitesse de décarboxylation. Des modèles
de mécanismes réactionnels détaillés ont été développés pour des réactions conduisant à des anions délocalisés ou locali-
sés. Il était nécessaire d’avoir les valeurs de pKa pour l’ionisation des acides carboniques correspondants à chacune des es-
pèces et celles-ci ont été sélectionnées à partir de la littérature ou elles ont été évaluées par des relations d’énergie
linéaires ou elles ont été occasionnellement calculées à partir de données d’échange de proton. Sur l’ensemble complet des
constantes de vitesse de décarboxylation, une plage de constantes de vitesse relatives s’étalant de 1 à 1025, les valeurs cal-
culées ont en bon accord avec les valeurs expérimentales, à deux exceptions près: le dianion de l’acide malonique a été
rapporté, mais qui n’a probablement pas été mesuré et la glycine pour laquelle il est possible qu’un mécanisme différent
soit impliqué, un mécanisme qu’on ne peut malheureusement pas encore traiter par la théorie sans barrière. La théorie
sans barrière (TSB) est un outil qualitativement et quantitativement utile pour la compréhension de la chimie.

Mots-clés : décarboxylation, théorie sans barrière, mécanisme réactionnel, barrière intrinsèque.

[Traduit par la Rédaction]

Introduction
Over the past ten years, we have been developing an

approach to calculating rate constants for chemical reac-
tions, which also provides a useful way to think about why

a particular reaction is inherently fast or slow. Because the
essential idea is that for any process in which only one thing
happens there is no barrier, the approach is called ‘‘no
barrier theory’’, NBT. We will first review how this idea
arose, and then look at how it can be applied to a well-
known, but inherently difficult reaction, decarboxylation.

Our approach to thinking about reactions developed from
Marcus theory1–7 and uses the same model, focusing on the
actual transformation, which begins with an encounter com-
plex of starting materials, with all atoms in position for the
bond transformation to come, but with none of this transfor-
mation yet occurred, and ends with an encounter complex of
products, with all atoms in the positions corresponding to
the just completed bond transformation; this is illustrated in
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Fig. 1. The Marcus ‘‘work terms’’, wR and wP represent all
the costs in free energy to bring the starting materials and
products from their equilibrium state in dilute solution to
the encounter complexes. These work terms may include
the entropic cost of bringing species together: conforma-
tional changes if the reactive conformation of starting mate-
rial or product is not the equilibrium conformation, partial
desolvation if one reactant must lose a solvent molecule to
come into contact, proton transfer if the reactive species is
not the tautomer favored at equilibrium, and so on. The
Marcus equation, eq. [2],8 allows prediction of rate from
equilibrium if one knows the ‘‘intrinsic barrier’’, ~G. One
way of achieving this is the assumption of transferable in-
trinsic barriers, approximately the same for a set of similar
reactions. This approach proved quite useful5,9–39 but did re-
quire an empirical intrinsic barrier for each family of reac-
tions. Furthermore, it is known that this approximation
breaks down for wide enough ranges of equilibrium con-
stants.31,32,40,41

½1� DGz ¼ wr þ ~G 1þDG� � wr þ wp

4 ~G

� �2

½2� DGzcorr ¼ ~G
1þDG

�
corr

4 ~G

� �2

As a first step towards lessening the number of empirical
values that had to be evaluated to extend this approach to
more complicated reactions, multidimensional Marcus
theory was developed.42 In this approach a concerted reac-
tion was regarded as the resultant of two simpler reactions
each with its own intrinsic barrier, and the postulate that
each section through the multidimensional reaction energy
surface would obey the Marcus equation (eq. [2]). This ap-
proach was applied to the E2 elimination43 (with the simpler
reactions being the E1/SN1 ionization to an ion triple, and
the E1cb deprotonation to a carbanion; see Fig. 2), and con-
certed acyl transfer44 (with the simpler reactions being nu-
cleophilic addition to give a tetrahedral intermediate and
ionization to give an acylium ion; see Fig. 3).

An interesting conjecture arising from the multidimen-
sional Marcus theory approach is that other things being
equal, the more reaction dimensions required to describe a
chemical transformation the higher will be the kinetic bar-
rier for that transformation.42 This can be proven in a very
simple case42 but a more general proof is more difficult and
has not yet been achieved. This idea leads to the general
proposition (with apologies to William Lyon McKenzie
King) that reactions are ‘‘Concerted if necessary, but not
necessarily concerted’’. A reaction will be concerted if nec-
essary to avoid high energy intermediates, but will not be
concerted without necessity because the more elaborate path
for the concerted reaction is inherently more difficult than a
simpler reaction path where fewer things must happen in a
concerted fashion.

A reaction is concerted if all the stepwise intermediates are
bad, but comparably bad, so that the only way to avoid any
bad intermediate is to avoid all. If one intermediate is very
bad the reaction will be stepwise or a lower dimensional con-
certed process, avoiding the bad intermediate, but not con-
strained to be fully concerted. If one intermediate is
relatively unbad, then reaction will be stepwise by way of
that intermediate. This principle is a generalization of ideas
that have been around for some time, such as the Libido
Rule of Jencks:45 Concerted general acid base catalysis of a
reaction occurs when the reaction converts a proton transfer
from unfavorable to favorable with respect to the catalyst. If
a stepwise process, involving either preliminary proton trans-
fer or proton transfer only after the heavy atom bond forma-
tion, would require having an unstable intermediate on the
reaction path, then the reaction will proceed with concerted
proton transfer.

In Figs. 2 and 3, the behavior of energy along the diago-
nal linking the two stepwise intermediates controls what will
happen. If the energy at some point along the diagonal is
lower than either stepwise intermediate then the reaction
will be concerted; if the reaction is concerted then the en-
ergy at some point along the diagonal must be lower than
either intermediate. Things are a bit more complicated be-
cause of the intrinsic barriers for the edge reactions, but if
the corner species are high energy intermediates, then the ki-
netic barrier to break down to starting materials or products
must be small and the above must be approximately correct.
The idea is that if a corner intermediate is bad then moving

Fig. 1. General model of a reaction used for Marcus theory and no
barrier theory. The reactants, A and B, must come together to form
an encounter complex, (A, B), with all atoms in position and ready
to begin the bond transformation, which constitutes the chemical
reaction. The cost in free energy of bringing A and B together is
the work term, wR. The reaction passes over a barrier with height
DGcorr

{ and leads to the encounter complex of the products, (C, D).
These then dissociate to give the products in their standard state.
The cost in free energy of bringing C and D together in this com-
plex is another work term, wP. The free energy change for the re-
action, beginning and ending with all species in their standard
states, DG8, is generally different from the free energy change for
reaction within the encounter complex, DG8corr, just as the directly
measurable free energy of activation, DG{, is generally different
from the free energy of activation within the encounter complex,
DGcorr

{ .
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away from it towards the center of the diagram will make
things better but proceeding too far along the diagonal leads
to the other bad corner and raises the energy again. If one
corner intermediate becomes increasingly worse than the
other then a point will be reached where any motion away
from the less bad intermediate towards the more bad inter-
mediate leads to an increase in energy. In such a case, the
reaction is constrained to be stepwise by way of the less
bad intermediate. These ideas are illustrated in Fig. 4. This
argument implies that anyone proposing a concerted reaction
mechanism needs to present arguments that the stepwise in-
termediates being avoided are comparably bad; this is not
always done. Arguments of this sort have been applied to
potentially concerted phosphoryl and sulfonyl transfers.46

The next step was to do away with the need for an empir-
ical intrinsic barrier by extending the approach of multidi-
mensional Marcus theory and considering all reactions as
the resultant of a set of ‘‘simple’’ reaction dimensions,
where a simple reaction dimension is one for which with a

suitable progress variable the energy is a quadratic function
of that progress variable. Thus, for such a simple process,
‘‘if only one thing happens then there is no barrier to that
process’’ and the energy simply rises following a quadratic
law for some suitable progress variable. This can be illus-
trated for the ionization of tert-butyl chloride, a two dimen-
sional process, as shown in Fig. 5. The reaction dimensions
are bond breaking and geometry change. The assumptions
that all one dimensional processes follow quadratic laws al-
lows us to draw in the four edges of the energy surface for a
two dimensional reaction, as shown in Fig. 6. The additional
assumption that all such parabolas have their minimum at
the low energy end, allows us to fill in the entire energy sur-
face. One needs then to find the minimum energy saddle
point connecting the initial and final corners and this will
be the transition state.

This new approach, no barrier theory, avoids the need for
empirical intrinsic barriers, which constrained the applica-
tion of Marcus theory or multidimensional Marcus theory to

Fig. 2. E2 elimination as an example of a potentially concerted reaction. The two stepwise alternatives are the E1/SN1 ionization to an ion
triple, and the E1cb deprotonation to a carbanion.

Fig. 3. Concerted acyl transfer as an example of a potentially concerted reaction. The two stepwise alternatives are nucleophilic addition to
give a tetrahedral intermediate and ionization to give an acylium ion.
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organic reactions, and also, in effect, provides a procedure
to calculate the intrinsic barrier for any reaction. This also
provides an interpretation of the intrinsic barrier, and allows
a useful qualitative analysis since a reaction that requires
more reaction dimensions will be inherently slow, and can
only be fast with a large thermodynamic driving force.

This can be illustrated for a set of reactions using data
from the literature. In each case the qualitative facts are sur-
prising based on usual ways of thinking but seem quite pre-
dictable using no barrier theory. The reactions to be
compared are shown in Table 1. The naı̈ve expectation (if
intrinsic barriers were similar for both reactions in each
pair) is that for K & 1, Dlog(k) & 0.5Dlog(K); if K >> 1,
then Dlog(k) << 0.5Dlog(K); if K << 1, then Dlog(k) &
Dlog(K) >> 0.5Dlog(K). These expectations are not met for
any of the examples. Clearly the intrinsic barriers are not
comparable, and the challenge is to explain why this is so.

Hydrogen atom transfer is inherently faster (for similar
equilibrium constants) from phenol than from ethyl benzene.
The difference is that there is an additional reaction dimen-
sion needed for ethyl benzene: the geometry change at car-
bon. Other reaction dimensions should be comparable: the
actual hydrogen atom transfer and the bond length changes
accompanying delocalization.

The addition of hydroxide to a carboxylate ester (to form
an anionic tetrahedral intermediate) is inherently faster than
the addition of hydroxide to a phosphate ester (to form an
anionic trigonal bipyramidal intermediate). The reason can
be seen by examining the angular distortions involved in
the NBT analysis of this reaction; see Fig. 7. For the carbox-
ylate ester, the distorted ester has three angles that would
like to be 1208 but are forced to be 1098, for 118 of distor-
tion for each. For the phosphate ester, there are three angles
that would like to be 1098 but are forced to be 1208, for 118
of distortion for each, and three that would like to be 1098
but are forced to be 908, for 198 of distortion for each. For
the carboxylate adduct, there are three angles that would like
to be 1098 but are forced to be 1208 for 118 of distortion for
each, and three that would like to be 1098 but are forced to
be 908, for 198 of distortion for each. For the phosphate ad-
duct, there are three angles that would like to be 1208 but
are forced to be 1098, for 118 of distortion for each, three
that would like to be 908 but are forced to be 1098, for 198
of distortion for each, and three that would like to be 908
but are forced to be 718, for 198 of distortion for each. For
both the distorted ester and distorted adduct, the angular dis-
tortion is greater for the phosphate than for the carboxylate.
Using the approximation that all bending force constants are
the same (the basis for the principle of least motion), the
pure distortion corners must be higher in energy for the
phosphate reaction and thus the intrinsic barrier must be
higher.

Acid-catalyzed addition of water to an amide, though it-
self a slow reaction, is inherently faster than acid-catalyzed
addition of water to a nitrile, even though the equilibrium
constant for the latter reaction is much less unfavorable.
This is again a result of the difference in angular distortion;
see Fig. 8. For the amide reaction, the distortions are the
same as for the ester example above: three times 118 for
each angle for the amide itself, and three times 118 plus
three times 198for each angle for the adduct. For the nitrile,
the distorted form has an angle that would like to be 1808
but is forced to be 1208 for a distortion of 608; for the ad-
duct there is one angle that wants to be 1208 and is forced
to be 1808 and two that want to be 1208 and are forced to
be 908, leading to one distortion of 608 and two of 308.
Since the energetic cost of an angular distortion depends on

Fig. 4. A series of parabolas of constant length passing through two
points with different relative heights. This illustrates the behavior
expected when there are two alternative, relatively high energy, in-
termediates through which a reaction could pass. If both are com-
parably high then the preferred path is a concerted avoidance of
both. If one is much higher than the other then the reaction pro-
ceeds by way of the lower energy intermediate. This can also be
illustrated by holding a short piece of rope and changing the rela-
tive heights of the ends.
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the square of the distortion, the distortion energies for the
nitrile reaction are quite large and thus the intrinsic barrier
is high.

The preceding discussion emphasized the qualitative util-
ity of the ideas behind no barrier theory, but even more im-
portant is its ability to predict free energies of activation
(rate constants) for a wide range of reactions.47–53

The goal of our research program is to develop a set of
detailed mechanistic models for reactions that permit the
rates of these reactions to be calculated from the equilibrium
constants. These models must be internally consistent for a
particular family of reactions, and consistent over the whole
range of chemistry, which can be treated by the no barrier
theory approach.

This paper will examine decarboxylation reactions over a
wide range of reactivity as an illustration of the application
of no barrier theory. This reaction is inherently slow, as
shown by the experimental rate constants from the literature
gathered in Table 2. Decarboxylation can be compared with
an analogous retroaldol reaction11,70 using two reactions of
fairly similar thermodynamic driving force; the decarboxyla-
tion is much slower; see Table 1. Qualitatively, the differ-
ence lies in the much greater angular distortion for a
change from sp2 to sp geometry than for a change from sp3

to sp2 geometry; see Fig. 9. For the retroaldol reaction, dis-
tortion of the starting material at the carbon, which is to be-
come a carbonyl, forces three angles that want to be 1098 to
be 1208, for a distortion of 118. In the product, three angles
wanting to be 1208 would be forced to be 1098, again for a
distortion of 118. In the decarboxylation reaction, distortion
of the starting material at the carbon, which is to leave as
CO2, forces one angle that wants to be 1208 to be 1808 and
two that want to be 1208 to be 908, giving one distortion of
608 and two of 308. The energy cost of the distortions re-

Fig. 5. Ionization of tert-butyl chloride in water, a two dimensional process. The reaction dimensions are bond formation (with no geometry
change) and geometry change (with no bond formation).

Fig. 6. Energy surface for the ionization of tert-butyl chloride,
based on the assumption that at the edges (where one coordinate
varies and the other is zero or one) the energy has a parabolic de-
pendence on reaction coordinate (—) and further, for every section
through the diagram where only one coordinate changes the energy
is a parabola with its minimum at the lower energy end (—). This
defines the energy surface, and the energy of the saddle point rela-
tive to the starting point is the free energy of activation. The curve
from starting material to product traces a reaction path through the
transition state
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quired for the decarboxylation is higher and thus the intrin-
sic barrier is higher than for the retroaldol.

Results and discussion

The no barrier theory approach calculates the rate corre-
sponding to a particular model for the mechanism of the re-
action. This model includes not only the detailed reaction
path as specified in the ‘‘curly arrow mechanism’’ but also
issues of whether partial desolvation is postulated for certain
corners, and how one deals with the structure of ionic inter-
mediates, which are often unstable in the gas phase, even
though they have a lifetime (perhaps short) in solution. This
latter problem is a consequence of the current not fully sat-
isfactory state of computational chemistry. We have at-
tempted to find ways of dealing with this problem with
manageably small computational demands. In particular, for
anions which decarboxylate readily, we add water molecules
(one per lone pair) and minimize this structure. For zwitter-
ions we also add a water solvating the acidic hydrogen, and,

where possible, arrange to have this water also form a hy-
drogen bond to one of the waters solvating an anionic oxy-
gen. Then we remove the waters from the structure, and
carry out a single point calculation to serve as the reference
energy for distortion calculations, in all of which the geo-
metrical features defining the reaction centers will be locked
at either the initial or final values. Where the equilibrium
structure with explicit waters did not correspond to one
where the C–CO2

– bond was orthogonal to the plane of the
delocalized ‘‘carbanion’’ (for those reactions where the loss
of CO2 left a delocalized lone pair) we carried out calcula-
tions with explicit waters and with this orthogonality en-
forced. To avoid needless crowding in some of the
distortion structures, we also locked the conformation of the
CO2

– so that this group was orthogonal to the electron with-
drawing group in compounds where there was a delocalized
carbanion product. These two constraints gave the ‘‘reactive
conformation’’ and the unconstrained calculation gave the
‘‘equilibrium conformation’’. The carbanions left behind
when CO2 departed differed in whether solvation might oc-

Table 1. Reactions where the relation between equilibrium and rate is puzzling by traditional viewpoints but is readily given a qualitative
explanation by no barrier theory.
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cur at the carbon from which CO2 departed (phenyl anion,
uracil anion, methide, trichloromethide, trifluoromethide,
ammoniomethide, water) or not (acetone enol or its enolate,
acetic acid enol or its mono- or di-anionic forms, nitrome-
thide ion, cyanomethide ion, 1-H-2-methylenedihydropyri-
dine, 1-H-4-methylenedihydropyridine). The carbanions of
the second class are extensively delocalized and solvation is
expected to take place predominantly at the heteroatoms,
which bear the charge or lone pair. (The carbanion may be
an enolate or an enol or an enamine, for all of which carban-
ion resonance forms can be written.) For carbanions of the
first class, if the measured or estimated pKa refers to aque-
ous solution then it presumably refers to the species with
hydrogen bonding solvation to the carbanion center, and in
the immediate product of decarboxylation this solvation will
be missing. In these cases, a correction for the cost of desol-
vation must be included. This is done following a model
previously described, 43 and is summarized in Appendix A.
If the measured or estimated pKa refers to a nonaqueous,

nonhydrogen bonding solvent such as DMSO then the im-
mediate product of decarboxylation in water corresponds to
the conjugate base used in the definition of pKa used and no
correction for desolvation is needed. The pKa values used
here, which refer to DMSO as solvent, are for benzene and
methane.

We have already reported two studies of decarboxylation
reactions, of acetoacetic acid49 and carbonic acid.51 For the
reaction of acetoacetic acid no barrier theory could be used
as a mechanistic criterion: reaction by the textbook mecha-
nism, eq. [3], did not lead to a free energy of activation con-
sistent with experiment, but to a much higher value, and
reaction by way of the zwitterion led to a free energy of ac-
tivation that was consistent with experiment. The same re-
sult was obtained either for a cyclic model with two
bridging waters or with the zwitterion; for the cyclic mecha-
nism the proton transfers were complete at the transition
state, and the mechanism was actually the zwitterion mecha-
nism. For the decarboxylation of bicarbonate the opposite

Fig. 7. Why phosphate esters are inherently slower to add hydroxide than carboxylate esters despite a smaller thermodynamic barrier. The
distortions in starting material and product are compared for methyl acetate and trimethyl phosphate. There are more angles distorted in the
phosphate case, and the total angular distortion is greater for addition to phosphate.
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situation was obtained; the zwitterion mechanism gave a
free energy of activation higher than experiment, while the
cyclic mechanism led to good agreement, and corresponded
to a concerted mechanism with only partial proton transfer

at the transition state. This difference in behavior is presum-
ably the result of the relative stabilities of zwitterionic and
neutral forms of the starting materials: pKz = 9.57 (from val-
ues in Table 3) for acetoacetic acid and 13.09 (from values

Fig. 8. Why acid hydrolyses of nitriles are inherently slower than for analogous amides despite a smaller thermodynamic barrier. The dis-
tortions in starting material and product are compared for acetonitrile and N,N-dimethylacetamide. The total angular distortion is greater for
the nitrile.
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in ref. 51) for carbonic acid. For a not too bad intermediate
(acetoacetic acid case), the lowest energy path can go by
this species and avoid the high intrinsic barrier concerted
path. When the intermediate becomes less stable, the con-
certed path becomes preferable despite its higher intrinsic
barrier and the bad intermediate can be avoided.

Table 2. Rate constants for decarboxylation reactions.

Starting material Rate constant at 25 8C Selected rate constant

Nitroacetate anion 2.02 � 10–3 a 2.50 � 10–3 b

2.50 � 10–3 c

Acetoacetic acid 2.88 � 10–5 d

Acetoacetate anion 4.47 � 10–7 d

Pyridine-2-acetic acid 1.58 � 10–8 e 1.58 � 10–8

Pyridine-4-acetic acid 1.58 � 10–8 e 1.58 � 10–8

Trichloroacetate anion 5.53 � 10–9 f 5.53 � 10–9

2 � 10–5 g

Malonic acid 6.39 � 10–10 h 6.39 � 10–10

1.3 � 10–8 i

2 � 10–7 j

3.9 � 10–9 k

Malonate monoanion 1.68 � 10–10 h 1.68 � 10–10

4.4 � 10–9 i

1 � 10–8 l

6.0 � 10–9 m

Malonate dianion 6.7 � 10–11 i

Cyanoacetate anion 5.62 � 10–12 n 5.62 � 10–12

1 � 10–9 o

Trifluoroacetate anion 1.04 � 10–17 p 1.04 � 10–17

4.77 � 10–13 q

1 � 10–11 r

1-Methylorotate anion 2.8 � 10–16 s 2.8 � 10–16

Glycine zwitterion 2 � 10–17 t 2 � 10–17

5.7 � 10–14 u

C6H5–COO– 1.36 � 10–28 v 1.36 � 10–28

CH3–COO– <4 � 10–32 w <4 � 10–32

Note: All in aqueous solution, at 25 8C unless otherwise noted. Dimension for rate constants is s–1. Arranged in order of
decreasing rate except that different protonation states of a compound are kept together.

aAt 23.5 8C; ref. 54.
bBased on extrapolation of data from Finkbeiner54 and Pedersen.55

cAt 25 8C, extrapolated from data at 17.8 and 9.8 8C from ref. 55.
dReference 56.
eExtrapolated to water from rate data for 4-pyridiylacetic acid in 75%, 50%, and 25% dioxane; empirically a plot of ln(k) vs.

%dioxane is linear. Data from ref. 57. In water at 90 8C 2- and 4-pyridylacetic acids have very similar rates: 55.
fExtrapolated from data at 90, 80, 70, 60, and 50 8C; ref. 58.
gCalculated from activation parameters; ref. 59; the uncertainties are substantial: trichloroacetate, ln k = –10 ± 5.
hExtrapolated from data at 90 and 80 8C; ref. 60.
iCalculated from activation parameters; ref. 61; the uncertainties are substantial: malonic acid, ln k = –18.14 ± 1.37; malonate

monoanion, ln k = –19.23 ± 5.16; malonate dianion, ln k = –23.43 ± 1.78.
jCalculated from activation parameters; ref. 59; the uncertainties are substantial: malonic acid, ln k = –15.4 ± 3.4.
kCalculated from activation parameters; ref. 62; the uncertainties are substantial: malonic acid, ln k = –19.4 ± 1.3.
lCalculated from activation parameters; ref. 59; the uncertainties are substantial: malonate monoanion, ln k = –18.4 ± 1.3.
mCalculated from activation parameters; ref. 62; the uncertainties are substantial: malonate monoanion, ln k = –18.9 ± 1.3.
nExtrapolated from data at 210, 200, 190, 180, 170, and 160 8C; ref. 63.
oCalculated from activation parameters; ref. 59; the uncertainties are substantial: cyanoacetate, ln k = –19.0 ± 2.1.
pCalculated as described in the text from data in refs. 64, 65, and 58.
qExtrapolted from data at 270, 260, 250, 240, 230, and 220 8C; ref. 63.
rCalculated from activation parameters; ref. 59; the uncertainties are substantial: trifluoroacetate, ln k = –25.3 ± 7.3.
sReference 66.
tReference 67.
uCalculated from activation parameters; ref. 68; the uncertainties are substantial: ln k = –30.50 ± 2.57
vCalculated from a rate constant at 344 8C and an estimated entropy of activation, both from ref. 69.
wEstimated, assuming 10% reaction could have been observed, from the absence of detectable reaction for 15 d at 344 8C; ref. 69.
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Rate constants for the decarboxylation reactions consid-
ered are collected in Table 2. Where there were multiple
values we either averaged the values (taking account of the
uncertainty in the reported values) or selected the value
based on the shortest extrapolation from higher temperature.

Although decarboxylation of the pyridyl acetic acids has
been studied several times, there seem to be no rate con-
stants at 25 8C in water, nor rate constants at a set of higher
temperatures allowing extrapolation to 25 8C. Values have
been reported for decarboxylation of both acids at 90 8C in
water; the two were very similar at each of three pH val-
ues.82 From kinetics data in aqueous dioxane at 25 8C we
can extrapolate to aqueous solution by plotting ln(k) versus
%dioxane. Empirically, this gives a reasonable line (r2 =
0.976); there is slight curvature, which suggests that the
true value in water may be somewhat slower than the value
given by linear interpolation. We will take the rate for both
2- and 4-pyridylacetic acids to be the same.

For trifluoroacetate decarboxylation, the rate constant at
25 8C was obtained (following an approach used by Zhang
and Minear64) by extrapolation of an Arrhenius plot of data
at elevated temperatures in ethylene glycol.65 A small cor-
rection for the solvent effect was taken from the correspond-
ing extrapolation of data for decarboxylation of
trichloroacetate in ethylene glycol65 and the value for water
from Table 2.58

Where possible, we used experimental thermodynamic
quantities to calculate equilibrium free energy changes.
Table 4 gives the thermodynamic quantities, experimental
and computational, for all compounds involved in the reac-
tions considered. For each reaction (except for glycine where
the problem of calculating solvation energies is extreme), we
calculated heats of formation of carboxylic acids and neutral
decarboxylation products using the G3MP2B3 method, en-
tropies at the B3LYP/6-31+G** level with the hindered-rotor
option where possible (this does not always succeed) and
solvation energies by our parameterized IPCM method.100

There were problems with computed solvation energies of
ketoacids and ketoesters. The values calculated were very
sensitive to conformation, and there was very little barrier to
rotation about the C–CO bonds. In one case, the IPCM cal-
culation failed to converge with the normal isodensity pa-
rameter. For the keto tautomer of ethyl acetoacetate and for
dimethyl malonate the computational solvation energies are
much more negative than values derived from experiment
(by correcting to the keto tautomer for ethyl acetoacetate,
and from diethyl to dimethyl malonate). The previously
reported value for acetoacetic acid is given in Table 4. For
malonic acid we used the enthalpy of formation and standard
entropy of the solid acid, and activity coefficients calculated
from an equation reported by Clegg and Seinfeld.94 From the
activity coefficient we calculated the free energy change for

Fig. 9. Why decarboxylation is inherently slower than an analogous retroaldol reaction (itself a slow reaction). The angular distortion for sp2

to sp geometry is much larger than for sp3 to sp2 geometry, and the energy cost is proportional to the square of the angular distortion.
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diluting a saturated solution (which by definition has the
same free energy as the solid) to 0.01 mol/L solution, which
was taken as dilute enough to be treated as ideal. We then
calculated the free energy change for increasing the concen-
tration from 0.01 mol/L to 1 mol/L ideal solution. These two
combined gave the desired free energy change for the trans-
formation from solid to 1 mol/L aqueous solution.

For the four cases where computational and experimental
free energies of decarboxylation can both be calculated, the
values agreed with an rms error of 1.92 kcal/mol, and a
maximum absolute error of 2.87 kcal/mol for CF3COOH;
see Table 5. In these calculations the experimental value for
CO2 was used in all cases. Based on this agreement, we con-
clude that the computational values are adequate for the
present purposes. To assume, as was implicitly done above,
that all the error is in the computed values, is of course un-
realistic; the experimental values are also subject to signifi-
cant uncertainty.

pKa values used in this work are collected in Table 3.
Various pKa values, for which there are not experimental
values, had to be estimated as described in what follows.

pKa for CH3NH3
+ as a carbon acid

We can estimate this pKa using a linear free energy rela-
tion. For fluoroform72 and chloroform,71 rate constants for
exchange have been measured and thus a pKa can be calcu-
lated; a pKa value for methane has been estimated.74a For
methylammonium ion acting as a carbon acid, there is no di-
rect evidence. Richard et al.74a reported an upper limit on
the rate constant for exchange of (CH3)4N+, 4 � 10–8 (mol/
L)–1 s–1. Doering,74b working at higher temperatures, re-
ported rate constants from which a value, extrapolated to
25 8C, of 1 � 10–14 (mol/L)–1 s–1 can be derived. For ethane,
a pKa based on a computational approach has been reported.
Taking the available data for pKa values and s* values for
the substituents (see Table 6) we get the plot shown in
Fig. 10. Not surprisingly, CHCl3 deviates: heavy atoms are
known to have special carbanion stabilizing power when di-
rectly attached.102 From the line defined by three points we
can estimate a pKa for methylammonium of 43. The slope of
the line is in reasonable agreement with expectation based
on the generalization proposed by Perrin et al.;101 predicted
3.2, observed 2.52.

pKa values for malonic acid
For protonated malonic acid to neutral, we start with acetic

acid for which pKBH
+ = –6.56103 and correct for the effect of

the neighboring COOH as was done for acetoacetic acid.49

This leads to a pKBH
+ = –8.84 for protonated malonic acid.

For protonated malonic acid to zwitterion, start with the first
pKa of malonic acid = 2.83,73 which after correcting for the
number of ionizable protons, gives the per proton value,
2.53. The effect of a neighboring positive charge was esti-
mated as was done for acetoacetic acid.49 This leads to a
pKa = 0.90 for ionization of protonated malonic acid to the
zwitterion, and consequently to a pKZ (neutral to zwitterion) =
9.74. The pKa for zwitterion to anion is easily calculated to
be –6.91.

pKa values for acetoacetic acid
pKa values for acetoacetic acid were taken from previous

work,49 except for the pKa for zwitterion to anion, which can
be calculated from the other pKa values.

pKa values for acetic acid enol
We have previously reported a value estimated from that

for mandelic acid enol by an argument based on substitutent
effects; the value was 6.6.104 An alternative estimation starts

Table 3. pKa values used in this work.

Acid pKa

CHCl3 24.1a

CHF3 31.3b

CH3NO2 10.21c

CH4 49.0d

CH3NH3
+, cation to neutral 10.62c

CH3NH3
+, cation to zwitterion 42.9e

CCl3COOH 0.26f

CF3COOH 0.47g

CH3CN 28.9d

O2NCH2COOH 1.68c

CH3COOH 4.76c

CH2=C(OH)2, neutral to anion 6.65h

CH2=C(OH)2, anion to dianion 12.6h

NCCH2COOH 2.43c

CH2(COOH)2, cation to neutral –8.84h

CH2(COOH)2, cation to zwitterion 0.90h

CH2(COOH)2, neutral to anion 2.83c

CH2(COOH)2, zwitterion to anion –6.91h

CH2(COOH)2, anion to dianion 5.69c

CH2=C(OH)(CH3) 10.94i

1-Methyluracil 34±2j

CH3COCH2COOH, cation to neutral –7.65k

CH3COCH2COOH, cation to zwitterion 1.95k

CH3COCH2COOH, neutral to anion 3.58c

CH3COCH2COOH, zwitterion to anion –6.02h

1-Methylorotic acid 2.07l

C6H6 43m

C6H5COOH 4.20c

1-H-2-methylene-dihydropyridine, N-protonated to neutral 5h

1-H-4-methylene-dihydropyridine, N-protonated to neutral 5h

Pyridine-2-acetic acid, cation to neutral 4.15n

Pyridine-2-acetic acid, cation to zwitterion 2.63n

Pyridine-2-acetic acid, neutral to anion 4.26n

Pyridine-2-acetic acid, zwitterion to anion 5.78n

Pyridine-4-acetic acid, cation to neutral 5.00n

Pyridine-4-acetic acid, cation to zwitterion 3.00n

Pyridine-4-acetic acid, neutral to anion 3.87n

Pyridine-4-acetic acid, zwitterion to anion 5.87n

aReference 71.
bReference 72.
cReference 73.
dReference 74a.
eEstimated from linear free energy relations and the pKa of methane, as

described in the text.
fReference 75.
gReference 76.
hCalculated as described in the text.
iReference 77.
jActually for 1,3-dimethyuracil, but the effect of the extra methyl is

expected to be very small; ref. 78.
kReference 49.
lActually for orotic acid, but the effect of a methyl should be very small;

ref. 79.
mReference 80.
nReference 81.
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Table 4. Thermodynamic quantities for compounds discussed in this paper, plus a few included to test the quality of com-
puted DGequil.

Compound DHf(g) S8(g) DGf(g)a DGt DGf(aq)

(a) Compounds for which DGf(aq) has not previously been reported, and computed values for some of these
Chloroform –24.65b 70.68b –16.83b 0.83c –16.00d

–24.63e 72.93f –17.49g 0.56h –16.93d

Fluroform –166.60i,j 62.06i,j –158.31d 2.71c –155.60d

–166.67e 62.11f –158.40d 2.38 –156.02d

Nitromethane –17.86±0.10b 65.72b –1.63±0.10b –2.30k –3.93d

–16.78e 70.42f,l –1.98b –2.36h –4.34b

Methylamine –5.49±0.10b 58.18b 7.69±0.10b –2.73m 4.96±0.10b

–4.22e 57.84f,l 9.03b –4.54h 4.49b

Trichloroacetic acid –103.65j,n 88.42f –86.11d –3.65o –89.76d

–104.62e –87.24d –4.54h –91.78d

Trifluoroacetic acid –246.52j,p 81.27f –229.02d –5.40q –234.42d

–245.76e –228.33d –4.10h –237.96d

Nitroacetic acid –98.96e 84.51f –73.34d –12.51h –85.85d

Cyanoacetic acid –63.86e 78.18f –50.57d –7.98h –58.55d

Malonic acid –212.97r,s 35.61s,t –174.54d,s –1.60u –176.14d

1-H-2-methylene-dihydropyridine 45.77e 76.26f 64.86d –3.50h 61.36d

1-H-4-methylene-dihydropyridine 45.37e 77.15f 64.19d –4.77h 59.42d

1-Methyluracil –72.40e 88.49f –40.59d –16.56h –57.15d

Pyridine-2-acetic acid –63.06e 95.93f –34.42d –7.57h –41.99d

Pyridine-4-acetic acid –61.35e 96.37f –32.84d –10.43h –43.27d

1-Methylorotic acid –154.19e 102.10f –111.41d –18.50h –129.91d

(b) Computational values for compounds for which DGf(aq) has previously been reported
Methane –17.55e 44.48f –11.79d 3.08h –8.71d

Acetic acid –102.52e 69.19,l –89.12d –4.79h –93.91d

Benzene 18.85e 64.07f 30.09d 1.73h 31.82d

Benzoic acid –71.84e 84.01f –51.53d –7.83h –59.36d

(c) Compounds for which DGf(aq) has previously been reported
Carbon dioxide –92.25±0.06v

Methane –8.14±0.16w

Acetonitrile 17.61+1.73x

Acetic acid –94.35±0.38w

Acetic acid enol –67.90±1.67y

Glycine –88.59±0.01b

Benzene 31.94±0.21w

Benzoic acid –57.02±0.55w

Acetoacetic acid –120.04v

Acetone –38.48±0.21w

Acetone enol –27.02±0.22v

(d) Compounds for which only DGf(aq) has been calculated in this workz

Trichloromethide 16.91
Trifluoromethide –112.80
Nitromethide 10.02
Methide 58.79
Ammonium methide 49.07
Trichloroacetate –88.87
Trifluoroacetate –234.11
Cyanomethide 57.09
Nitroacetate –84.29
Acetic acid dienolate –41.60
Acetic acid enolate –58.82
Cyanoacetate –55.23
Malonate dianon –164.50
Malonate monoanion –172.28
Malonic acid zwitterion –162.84
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from the pKa for acetone enol, 10.94.77 Using the general es-
timation procedure for r* proposed by Perrin et al.,101 we
take r* = 3.2; s* for CH3 is 0.0 and s* for OH is 1.34.
With these values the estimated pKa for acetic acid enol is
10.94 – 3.2 � 1.34 = 6.65. The second pKa can be approxi-
mately estimated by invoking Pauling’s rule,105 that succes-
sive pKa values for Z(OH)n increase by 5 pKa units; this
leads to a value of 12.

pKa value for CHF3

We used the rate constant for hydroxide-catalyzed
hydrogen exchange reported by Symons and Clermont;72

they measured the rate of reaction at higher temperatures
and determined Ea = 32.0 ± 1.6 kcal/mol, DH{ =
31.4 ± 1.6 kcal/mol, and DS{ = 18 ± 5 cal/mol/K. From
these values DG{ = 26.04 ± 2.19 kcal/mol at 25 8C, or k =
5.15 � 10–7 (mol/L–1) s–1. For the reverse reaction, expected
to be very fast, we use the rate constant for the relaxation of
water, 1 � 1011 s–1.106,107 These two rate constants lead to a
pKa of 31.3.

pKa values for benzene
Streitwieser et al.80 have made various attempts to deter-

mine the pKa of benzene, generally by extrapolation techni-
ques. In 1972,80 a value based on cesium cyclohexylamide
in cyclohexylamine and referenced to 9-phenylfluorene of
43.0 ± 0.2 was reported. The use of 9-phenylfluorene is sig-
nificant because the conjugate base of this acid is highly de-
localized and thus unlikely to be hydrogen bonded even in a
protic solvent. In 1996,108 values based on ion pair equili-
bration in THF were reported. The values were cesium ion
pairs, benzene pKa = 44.8 at 25 8C; lithium ion pairs, ben-
zene pKa = 39.5. These experiments used highly delocalized
indicator acids of known pKa. Thus, experimental values
lead to values of 44 ± 1 as the pKa of benzene in aprotic
solvents. Shen et al.,109 in a careful computational study of
hydrocarbon and heterocycle pKa values in DMSO reported
the pKa of benzene as 44.7.

pKa values for methane
Bordwell110 estimated a value for methane in DMSO by

Table 4 (concluded).

Compound DHf(g) S8(g) DGf(g)a DGt DGf(aq)

Malonic acid –176.14
Phenyl anion 90.68
Benzoate –51.28
1-Methyluracil-6-anion –10.61
Pyridine-2-acetic acid zwitterion –44.06
Pyridine-4-acetic acid zwitterion –45.99
1-Methylorotate anion –127.06

Note: All at 25 8C; enthalpies and free energies are in kcal/mol, entropies are in cal/8/mol, standard states are the ideal gas at 1 atm and 1
mol/L aqueous solution with an infinitely dilute reference state. Unless otherwise noted, enthalpies of formation are from ref. 98, entropies
are from ref. 99, free energies of formation in the gas phase are calculated from the corresponding enthalpies of formation and the standard
entropies, and free energies of formation in aqueous solution are calculated from the corresponding free energies of formation in the gas and
free energies of transfer.

aFree energy of transfer from the gas at 1 atm to 1 mol/L aqueous solution.
bReference 83.
cReference 84.
dCalculated from other values in this table.
eCalculated, G3MP2B3.
fCalculated using the rigid rotor harmonic oscillator approximation as justified in ref. 85.
gCalculated from other values in this table.
hCalculated using IPCM/B3LYP/6-31+G**//B3LYP/6-31+G**, corrected by parameterization as described in ref. 86.
iReference 87.
jFrom the NIST WebBook, http://webbook.nist.gov/chemistry/form-ser.html.
kReference 88.
lUsing the hindered rotor procedure in Gaussian03.
mCalculated from DGf(g) and DGf(aq) taken from ref. 83.
nReference 89.
oReference 90.
pReference 91.
qReference 76.
rReference 92.
sProperties of the solid acid.
tReference 93.
uCalculated using activity coefficient data from ref. 94, as described in the text.
vReference 49.
wReference 95.
xReference 96.
yReference 97.
zCalculated from free energies of formation from parts (a) or (b) of this table and pKa values from Table 2.
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an extrapolation procedure and obtained a pKaof 56. Richard
et al.74a estimated a value in water of pKa = 49 based on a
computational value for ethane74a,111 corrected for the num-
ber of hydrogens. These values are roughly consistent: the
expected desolvation energy for the anion (see below) is
13 pK units, leading to a pKa in DMSO of 62. Bearing in
mind that the independent pKa estimates in water and
DMSO have uncertainties of at least 2 kcal, and that the
desolvation energy represents a considerable extrapolation
and must also have a substantial uncertainty, this is about
as good as one is entitled to hope for.

pKa values for N-protonation of 1-H-2-methylene-
dihydropyridine and 1-H-4-methylene-dihydropyridine

Given the absence of any other information, we assume
that an enol (e.g., pKa for CH2=CH(OH) = 10.50,77 pKa for
CH2=C(CH3)(OH) = 10.9477) is similar in pKa to a phenol
(pKa for C6H5(OH) = 9.9573), so an N-protonated enamine
should be similar to a protonated aniline (pKa for
C6H5(NH3

+) = 4.5873), and use pKa values of 5 for N-proto-
nated forms of both 1-H-2-methylene-dihydropyridine and
1-H-4-methylene-dihydropyridine.

The set of decarboxylation reactions to be considered in-
volves several different types of compounds, which will be
treated separately. The first set of reactions involves com-
pounds where decarboxylation produces a delocalized car-
banion, which may in fact be neutral if the starting material
was a zwitterion. The reactions are the decarboxylations of
acetoacetic acid (as the zwitterion), acetoacetate anion, ma-
lonic acid (as the zwitterion), malonate monoanion, malo-
nate dianion, nitroacetate anion, cyanoacetate anion,
pyridine-2-acetic acid, and pyridine-4-acetic acid, both of
the last two as the zwitterions. The model for these reactions
is discussed below. The results, Table 7 and Fig. 11, show
that agreement is quite good except for malonate dianion.
Examination of the origins of this number61 shows that
although it has been reported it has probably not been meas-
ured. It was assumed61 that for a solution in which the dia-
nion was the major species it was also the kinetically
significant species. Since the monoanion can reasonably be
expected to be much more reactive, this is not a safe as-
sumption and only a demonstration that the rate is pH inde-
pendent for a pH range where the dianion is the major
species would allow the assignment of the observed rate to
the dianion reaction.

The detailed model of the reaction is that the overall
transformation involves two or three dimensions: geometry
change at the carboxylate, geometry change at the carbanion
carbon if there is a delocalized carbanion, and bond break-
ing. For some classes of reaction, bond length is a dimen-
sion but for other reactions it leads to excessively high

Table 5. Comparison of experimental and equilibrium free energies of decarboxylation.

Reaction Computational Experimental Difference
CCl3COOHÐ CCl3H þ CO2 –17.21 –18.49 –1.28
CF3COOHÐ CF3H þ CO2 –16.31 –13.43 2.87
C6H5COOHÐ C6H6 þ CO2 –1.06 –3.29 –2.23
CH3COOHÐ CH4 þ CO2 –7.05 –6.04 1.01
rms error 1.92

Note: In aqueous solution at 25 8C. For the computational values, the experimental DGf(aq) for CO2 was used.

Table 6. pKa values for weak carbon acids.

Compound
Ss* (for X, Y,
Z in CH–XYZ) pKa per H pKa calcd.

CH3CH3 0.98 52.78 52.39
(CH3)4N+ 5.53 40.08 40.91
F3CH 9.63 31 30.56
Cl3CH 8.88 25 32.46
CH3NH3

+ 4.74 42.90

Note: At 25 8C in water; s* values from ref. 101, and pKa va-
lues from Table 3.

Fig. 10. Estimation of a pKa for CH in methylammonium ion.
Known pKa values (see text) for ethane, tetramethylammonium,
fluoroform, and chloroform are plotted against s* values (Table 6).
The line was fitted by least squares with the point for chloroform
(&) omitted: chlorine is expected to stabilize an anion by mechan-
isms not captured by s*. (~) Experimental pKa values; (~) pKa

for H-CH2-NH3
+ estimated using this correlation.
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intrinsic barriers. The key feature seems to be whether both
ends of a bond are tied to the solvent structure by hydrogen
bonding. Thus, simple carbonyl additions require bond
length as a coordinate but decarboxylations or aldol addi-
tions do not. In a simple carbonyl addition both the nucleo-
phile and the carbonyl oxygen are hydrogen bonded and
linked to the solvent structure. In decarboxylation, both the
C–O bonds of the carboxylate and (for delocalized carban-
ions) the bond to the electron withdrawing group change
length, but only the termini of the entire reacting system are
hydrogen bonded, and the carbons of the scissile bond
(which are also the termini of the bonds that change length)
are not tied to solvent. Desolvation must be allowed for
when a localized carbanion is formed and is missing hydro-
gen bonding assumed to be present in the definition of the
pKa used to calculate the corner energy.

Normally, we would try for an equilibrium conformation
as contrasted with the reactive conformation defined by the
stereoelectronic demands of the mechanism. However, in the
case of zwitterions there are additional problems. There is a
strong anomeric effect, which favors the reactive conforma-
tion, tending to alter the geometry in the direction of prod-
uct and lengthen the scissile bond. In the absence of explicit
solvation or constraints this goes to completion. Conversely,
there is a tendency, in the absence of explicit waters, for the
conformation to change to one with an intramolecular hy-
drogen bond, or even to undergo a proton transfer. Such an
intramolecular hydrogen bond is strongly stabilizing in the
gas phase but this is spurious, because the estimated pKa

values on which the zwitterion content was based do not in-
clude this hydrogen bond even in its much weaker solution
form. Such hydrogen bonds are much weaker in solution and
are not even present in the reactive conformation. In most
cases, there will not be a meaningful alternative conforma-
tion, nor should there be much difference in conformational
energy (less electrostatic interactions, which are difficult to
account for computationally).

As an attempt to resolve these difficulties, the fully hy-
drated zwitterion was allowed to optimize without con-
straints and the result of these calculations was taken as the
equilibrium form. These optimizations with multiple waters
are very slow, so we normally stopped when the length of
the scissile bond stabilized. The waters were then removed
and a single point calculation was carried out to give the
equilibrium energy.

Geometries and bond lengths for zwittionic species were
determined by optimization with enough waters to form hy-
drogen bonds to each acidic hydrogen and basic lone pair,
with cyclic chains of hydrogen bonds wherever possible.
This amount of explicit solvation allowed the zwitterions to
stay together with modest C–C bond lengthening.

Desolvation energies for anions were estimated based on
the change in pKa from DMSO to water per hydrogen bond
in the conjugate base for a series of alcohols with increasing
numbers of fluorines, as described in Appendix A.

The next set of decarboxylation reactions to be considered
involves arenecarboxylates, specifically benzoate and
1-methylorotate; see Fig. 12. For these reactions, the product

Table 7. Observed and calculated free energies of activation.

Reactant DG8obs

DGpre or
DGdesolv DGrds DGobs

=
DGrds

= ~Ga DGcalc
=

Acetate anion 54.39 13.40b 67.79 ‡60.30 ‡60.30 ‡25.99 70.91
38.97c

Acetoacetic zwitterion 0.77 13.07d –12.30 23.65 11.31 16.91 9.90
Acetoacetate anion 10.82 10.82 26.11 26.11 20.34 26.13
Benzoate anion 49.71 49.71 55.51 55.51 24.31 55.20
Cyanoacetate anion 20.06 20.06 30.80 30.80 15.92 31.55
Glycine zwitterion 45.41 11.80 b 57.21 40.26 40.26 —e 60.06

22.09c

Glycine cyclic mechanism 1.30 1.30 40.26 40.26 39.60
Malonate dianion 29.33 29.33 31.35 31.35 12.32f 40.00

22.99c

Malonate monoanion 21.26 21.26 30.80 30.80 18.66 32.67
Malonate zwitterion 15.99 13.30d 2.68 30.00 16.70 15.33 18.13
1-Methylorotate anion 24.20 9.21b 33.91 38.36 38.36 19.05 39.18
Nitroacetate –2.25 –2.25 21.13 21.13 23.80 21.36
Pyridine-2-acetic acid 13.17 13.17 28.11 21.03 26.37
Pyridine-4-acetic acid 13.16 13.16 28.11 21.01 27.52
Trichloroacetate anion 13.54 7.00 c 20.54 28.44 28.44 16.57 29.03
Trifluoroacetate anion 29.01 8.60 c 37.61 40.65 40.65 19.55 42.88

Note: In aqueous solution at 25 8C.
aIntrinsic barrier calculated from DGrds and DGrds

= .
bDGdesolv; see text.
cCalculated from DGrds and DGcalc

= .
dDGpre for zwitterion formation.
eThese data are impossible; the free energy of activation is less than the free energy change for product formation. This

suggests that the mechanism is different and leads to a different product than is assumed here.
fAs discussed in the text, it seems likely that the rate of this reaction has not yet been measured.
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is a localized areneanion. The pKa values of such ions can
be determined, albeit indirectly, by measuring rates of ex-
change. Data are available for two reactions, the decarboxy-
lations of benzoate and 1-methylorotate. In the case of 1-
methylorotate, the pKa for the product is actually available
for 1,3-dimethyluridine but the extra methyl should make
only a small difference to the pKa. The calculated rate con-
stants are in good agreement with experiment; benzoate is in
fact the lower limit of reactivity for which the rate has been
experimentally measurable to date.

Finally, we examined a number of cases where decarbox-
ylation leads to an sp3 hybridized carbanion with a localized
charge. There are experimental data for trifluoro- and tri-
chloro-acetate, and for glycine, and an upper limit for the
rate constant for acetate.

The calculated free energies of activation are in good
agreement with experiment for trifluoro- and trichloro-ace-
tate, and consistent with the reported upper limit for acetate.
For glycine, the predicted free energy of activation is signif-
icantly too high; this may mean that the mechanism is not
the simple decarboxylation assumed. It may be possible for

decarboxylation to be accompanied by a water mediated
proton switch from nitrogen to carbon, leading directly to
neutral methylamine as product. The intrinsic barrier calcu-
lated, assuming this is the process (zwitterion of glycine
going directly to neutral methylamine), is much higher than
that calculated assuming that the zwitterion of glycine leads
to the zwitterion of methylamine. At present, we do not
know how to treat the concerted electrophilic substitution at
sp3 carbon, which would be involved in such a process, so
this can only be a speculation.

Equilibrium free energy changes and free energies of acti-
vation for the reactions to be considered are gathered in Ta-
ble 7. The corresponding empirical intrinsic barriers implied
by the Marcus equation (eq. [2]) are also given in Table 7.
Comparison of related reactions show that acetoacetate zwit-
terion has a lower intrinsic barrier than acetoacetate anion,
and malonate zwitterion has a lower barrier than malonate
monoanion. This can be explained in terms of an enhanced
anomeric effect in the zwitterion, with lone pair electrons
from the carboxylate ion feeding into the antibonding s* or-
bital for the C–C bond which is to break and from this to
the p* antibonding orbital for the protonated carbonyl, lead-
ing to a shift in bond lengths and geometry closer to those
of the product. In the corresponding anion there is a poorer
electron sink and consequently less hyperconjugation and
less shift in bond lengths and geometry; see Fig. 13. To the
extent that the geometry shifts towards the product, the dis-
tortion energies for the one thing at a time corners will be
smaller and consequently the intrinsic barrier will be lower.
To calculate these hyperconjugation induced geometry
changes by molecular orbital (MO) theory requires explicit
solvation because zwitterions are so unstable in gas that
they would inevitably fall apart. The addition of five water
molecules proved sufficient, with four solvating the carbox-
ylate and one solvating the protonated carbonyl and also
forming a bridging hydrogen bond to a water solvating the
carboxylate; see Fig. 14.

The estimated values of DG8 and the NBT values of
DG= for acetate and glycine lead to intrinsic barriers of
24.15 and 24.79 kcal/mol, respectively, which is in good
agreement with the values observed for other decarboxyla-
tions leading to localized carbanions (benzoate, orotate, tri-
chloroacetate), though the value for trifluoroacetate is
surprisingly low. This supports the idea that glycine reacts
by a different mechanism, leading to a faster reaction than
the one assumed for the NBT calculation. This cyclic path
has a much lower thermodynamic barrier so it is faster de-
spite the very high intrinsic barrier.

In summary, the NBT method has successfully predicted
rate constants over the entire range reported to date, and
can call attention to places (malonate dianion) where the lit-
erature may be incorrect. It also allows a choice to be made
when literature values lead to strikingly different rate con-
stants at 25 8C, as for trichloroacetate and trifluoroacetate
where values based on the literature differ by four orders of
magnitude. The faster rate constants are based on high tem-
perature studies in metal cells (stainless steel or tita-
nium),59,63 and may be subject to transition metal catalysis.

NBT represents both a useful qualitative way to think
about why some reactions are fast and some are slow, but
also a quantitative way of calculating rates of reactions,

Fig. 11. Comparison of observed and calculated values of DG{ for
decarboxylation reactions. (&) Reactions that generate a deloca-
lized ‘‘anion’’. (+) Reactions of arenecarboxylates. (~) Reactions
that generate a localized sp3 anion. Filled symbols represent points
that deviate significantly; arrows indicate points where the experi-
mental value is a lower limit.
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which is much less computationally demanding than the tra-
ditional ‘‘brute force’’ approach of calculating the energy of
the solvated transition state directly. We are now engaged in
extending the range of reactions to which the method can be
applied and also improving the computer programs used to

carry out the calculations in hopes of making the whole
process easier and more accessible.

Computational methods

All molecular orbital calculations were carried out using
Gaussian03.112 Heats of formation were calculated using the
G3MP2B3 keyword, and the G3MP2 enthalpy was con-
verted to heat of formation by way of the heat of atomiza-
tion, using calculated G3MP2 enthalpies for the atoms and
experimental heats of formation of the atoms. Entropies
were calculated using B3LYP/6-31+G**/freq// B3LYP/6-
31+G** or where possible B3LYP/6-31+G**/freq=hindrot//
B3LYP/6-31+G**. Solvation energies were calculated using
B3LYP/6-31+G**/scrf=ipcm// B3LYP/6-31+G** and then
corrected using the set of parameters we have reported.100

The Supplementary data contains optimized geometries
for all G3MP2B3 calculations, optimized geometries for all
entropy calculations (the same geometries were used for sol-
vation calculations), initial and final corner structures used
for NBT calculations, and tables containing all the energy
contributions to the final corner energies used to find the
free energy of activation.

Supplementary data

Supplementary data for this article are available on the
journal Web site (canjchem.nrc.ca) or may be purchased

Fig. 12. Decarboxylation of aromatic carboxylic acids: benzoic acid and 1-methylorotic acid.

Fig. 13. Hyperconjugation as an explanation for the lower intrinsic barrier in zwitterions of b-keto acids. This is illustrated using both hy-
perconjugation and bond–no-bond resonance.

Fig. 14. Explicit solvation of the zwitterion of acetoacetic acid by
five water molecules, four solvating the carboxylate and one the
protonated carbonyl. The optimized structure (b3lyp/6-31+G**) is
shown.
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ery, CISTI, National Research Council Canada, Ottawa, ON
K1A 0R6, Canada. DUD 5326. For more information on ob-
taining material, refer to cisti-icist.nrc-cnrc.gc.ca/cms/
unpub_e.shtml.
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Appendix A Calculation of desolvation
energies for anions

The desolvation cost of an anion was taken as the differ-
ence in pKa per hydrogen bond between water, where it is
assumed that there are three hydrogen bonds per lone pair of
an alkoxide, and DMSO, where there are no hydrogen bonds.
The pH dependence of the desolvation energy was estimated
based on the pH dependence of the desolvation energy, using
a set of alcohols, which should have no confounding interac-
tions. The data used are summarized in Table A1. These data

lead to a linear relationship, DpKa/nHB = 0.333 ± 0.099 +
0.266 ± 0.008 pKH2O

a .
This relation can then be used to estimate the desolvation

cost for loss of a hydrogen bond from any localized anion.
This has been done for the anions of interest in this work.
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Table A1. Correlation of DpKa per hydrogen bond (HB)
with the pKa of the conjugate acid.

Acid pKH2O
a pKDMSO

a DpKa/nHB
H2O 15.7 31.4 5.22a

CH3OH 15.5b 29.0 4.50a

CH3CH2OH 16.0b 29.8 4.60a

CF3CH2OH 12.4b 23.0 3.53c

(CF3)2CHOH 9.3b 17.9 2.87c

(CF3)3COH 5.4b 10.7 1.77c

Cl3C–H 25 (7.0)
F3C–H 31 (8.6)
H3N+–CH2–H 43 (11.8)
CH3–H 49 (13.4)

Note: At 25 8C.
aReference A1.
bReference A2.
cReference A3.
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Synthesis, characterization, and application
of palladium complexes containing
8-quinolylphosphinite ligands

Earl Cook, Jason D. Masuda, and Aibing Xia

Abstract: Palladium complexes containing 8-quinolylphosphinite ligands have been synthesized and characterized. Their
solid state structures were determined by single-crystal X-ray diffraction. They were found to be active catalysts for Su-
zuki coupling reactions of phenylboronic acid and various aryl halides.

Key words: palladium complexes, unsymmetrical ligands, quinoline, the Suzuki reaction.

Résumé : On a effectué la synthèse et caractérisé des complexes du palladium avec des ligands 8-quinolylphosphiniques.
On a déterminé leur structures à l’état solide par diffraction des rayons X par un cristal unique. On a trouvé qu’ils sont ac-
tifs comme catalyseurs dans les réactions de couplage de Suzuki entre l’acide phénylboronique et divers halogénures
d’aryle.

Mots-clés : complexes du palladium, ligands non symétriques, réaction de Suzuki.

[Traduit par la Rédaction]

Introduction
Unsymmetrical ligands with two or more different donors

have attracted increasing attention due to their bonding ver-
satility and catalytic applications. The combination of a soft
donor and a hard donor induces different interactions be-
tween the metal centers and the unsymmetrical donors,
which may lead to hemilabile properties.1–3 The weak do-
nors in the hemilabile ligands can dissociate from the metal
center to facilitate substrate interaction, and rebind to the
metal center to stabilize the reactive intermediates during
catalytic cycles.

P,N-type ligands, containing strong donors such as phos-
phines and weak donors such as amines,4–9 pyrazoles,10,11

and pyridines12–19 have been investigated in a variety of cat-
alytic transformations. Recently Walther and co-workers20

reported nickel complexes containing phosphinite ligands
based on 8-hydroxyquinoline (Fig. 1, R = Ph, iPr). The
nickel diisopropylphosphinite complex was isolated, yet the
diphenyl analogue was unstable and a tetrameric nickel
complex was obtained instead. Very recently Crociani et
al.21 reported the synthesis of quinolylphosphinite palladium
complexes containing di-tert-butyl groups (R = tBu) and
their catalytic applications. Here, we wish to report the syn-
thesis, characterization, and catalytic applications of three
new palladium complexes containing 8-quinolylphosphinites
(R = Ph, iPr, Cy).

Experimental

General
All experiments were performed under an argon atmos-

phere unless otherwise specified. All anhydrous solvents
were purchased from Sigma-Aldrich Canada Ltd. and stored
over 4 Å molecular sieves prior to use. 8-Hydroxyquinoline,
chlorodiphenylphosphine, chlorodiisopropylphosphine, po-
tassium hydride, and 4-N,N-dimethylaminopyridine (DMAP)
were purchased from Sigma-Aldrich Canada Ltd. Bis(benzo-
nitrile)dichloropalladium(II) and chlorodicyclohexylphos-
phine were purchased from Strem Chemicals, Inc. 1H and
31P NMR spectra were recorded on a Bruker Avance 500
spectrometer and referenced to SiMe4 and 85% H3PO4, re-
spectively. Infrared spectra were collected on a Nicolet Ava-
tar 330 FT-IR spectrometer. Elemental analyses were carried
out by Guelph Chemical Laboratories in Guelph, Ontario.
Melting points were recorded on a Mel-Temp (Electro-
thermal) Apparatus and were uncorrected.

Complex 1
8-Hydroxyquinoline (0.145 g, 1.00 mmol) and DMAP

(0.122 g, 1.00 mmol) were dissolved in THF (10 mL).
Chlorodiphenylphosphine (0.221 g, 1.00 mmol) in THF
(5 mL) was added dropwise. The mixture was stirred over-
night and filtered. A solution of bis(benzonitrile)dichloropal-
ladium(II) (0.384 g, 1.00 mmol) in CH2Cl2 (5 mL) was
added to the filtrate. Yellow solids were formed after com-
pletion of the addition. The mixture was stirred overnight
and filtered. The yellow solids were washed with hexane
(2 � 5 mL). Yield 0.470 g (93%), mp 209 8C (dec). IR
(KBr, cm–1) n: 2924 (m), 1655 (w), 1560 (w), 1508 (s),
1464 (m), 1437 (m), 1310 (m), 1253 (m), 1105 (s), 927 (w),
828 (m), 762 (w), 694 (w), 539 (w), 492 (w). 1H NMR
(500.13 MHz, CDCl3, ppm) d: 10.59 (dd, J = 1.5, 5.4 Hz,
1H, quinolyl), 8.44 (dd, J = 1.6, 8.3 Hz, 1H, quinolyl),
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7.97–7.93 (m, 4H, Ph), 7.74 (dd, J = 2.2, 7.6 Hz, 1H, qui-
nolyl), 7.62–7.56 (m, 5H, overlapping quinolyl and Ph),
7.51–7.47 (m, 4H, overlapping quinolyl and Ph). 31P NMR
(202.47 MHz, CDCl3, ppm) d: 115.24. Anal. Calcd. for
C21H16Cl2NOPPd: C 49.78, H 3.18, N 2.76; found: C 50.16,
H 3.38, N 2.77.

Complex 2
8-Hydroxyquinoline (0.145 g, 1.00 mmol) was dissolved in

THF (10 mL). Potassium hydride (KH, 0.080 g, 2.00 mmol)

was added slowly. The mixture was stirred for 10 min and
filtered to afford a fluorescent green solution. Chlorodiiso-
propylphosphine (0.155 g, 1.00 mmol) in THF (5 mL) was
added dropwise. The mixture was stirred for 1 h. Bis(benzo-
nitrile)dichloropalladium(II) (0.384 g, 1.00 mmol) in CH2Cl2
(5 mL) was added. The mixture was stirred overnight and fil-
tered through celite. The volatiles were removed under vac-
uum to afford yellow solids. Yield 0.400 g (91%), mp 204–
206 8C. IR (KBr, cm–1) n: 3448 (w), 2921 (m), 1590 (w),
1508 (s), 1465 (s), 1385 (m), 1310 (w), 1252 (m), 1104 (s),
932 (m), 842 (s), 825 (s), 758 (m), 667 (m). 1H NMR
(500.13 MHz, CDCl3, ppm) d: 10.49 (dd, J = 1.5, 5.4 Hz,
1H, quinolyl), 8.45 (dd, J = 1.4, 8.2 Hz, 1H, quinolyl), 7.75–
7.72 (dd, J = 1.4, 8.2 Hz, 1H, quinolyl), 7.64 (t, J = 7.9 Hz,
1H, quinolyl), 7.58–7.55 (m, 2H, quinolyl), 2.87 (sept, J =
6.7 Hz, 2H, CH(CH3)2), 1.56 (d, J = 6.7 Hz, 6H,
CH(CH3)’(CH3)@), 1.33 (d, J = 6.7 Hz, 6H, CH(CH3)’(CH3)@).

Fig. 1. 8-Quinolylphosphinites.

Scheme 1. Synthesis of palladium 8-quinolylphosphinite com-
plexes.

Fig. 2. Molecular structure of 1.

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

Formula C21H16Cl2NOPPd
Formula weight 506.62
Crystal size (mm3) 0.368�0.242�0.216
Space group P2(1)/n
a (Å) 10.5513(4)
b (Å) 11.3256(4)
c (Å) 17.0524(6)
b (8) 99.2349(4)
V (Å3) 2011.35(13)
Z 4
Dcalcd. (g/cm3) 1.673
m (mm–1) 1.279
F(000) 1008
q for data collection (8) 2.17–25.50
No. of total reflns. 13594
No. of unique reflns. 3731
R1 (I > 2s(I))a 0.0234
Rw (all data)b 0.0636

aR = S|(|Fo| – |Fc|)| / S|Fo|.
bRw = [Sw(Fo

2 – Fc
2)2/S(Fo)

4]1/2 where w = 1/[s2(Fo
2) + (0.0324

� P)2 + (0.6790 � P)] where P = (Fo
2 + 2Fc

2)/3.

Table 2. Selected bond lengths (Å) and angles (8) for 1.

Bond lengths (Å)
Pd(1)—N(1) 2.0803(18)
Pd(1)—P(1) 2.1765(6)
Pd(1)—Cl(1) 2.2880(7)
Pd(1)—Cl(2) 2.3809(6)
Pd(1)—N(1) 2.0803(18)

Bond angles (8)
N(1)–Pd(1)–P(1) 86.28(5)
N(1)–Pd(1)–Cl(1) 175.48(5)
P(1)–Pd(1)–Cl(1) 91.65(2)
N(1)–Pd(1)–Cl(2) 93.00(5)
P(1)–Pd(1)–Cl(2) 170.84(2)
Cl(1)–Pd(1)–Cl(2) 89.68(2)
N(1)–Pd(1)–P(1) 86.28(5)
N(1)–Pd(1)–Cl(1) 175.48(5)
P(1)–Pd(1)–Cl(1) 91.65(2)
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31P NMR (202.47 MHz, CDCl3, ppm) d: 162.13. Anal. Calcd.
for C15H20Cl2NOPPd: C 41.07, H 4.60 N 3.19; found: C
41.16, H 4.88, N 3.13.

Complex 3
In a procedure similar to the preparation of 2, complex 3

was obtained as yellow solids. Yield 0.490 g (94%), mp
235 8C (dec). IR (KBr, cm–1) n: 2931 (s), 2850 (m), 1593
(w), 1510 (m), 1465 (w), 1448 (w), 1388 (w), 1311 (w),
1258 (m), 1170 (w), 1101 (m), 1043 (w), 1002 (w), 933
(w), 886 (w), 856 (w), 831 (m), 762 (w), 726 (w), 696 (w),
571 (w), 560 (w), 531 (w). 1H NMR (500.13 MHz, CDCl3,
ppm) d: 10.48 (dd, J = 1.5, 5.4 Hz, 1H, quinolyl), 8.44 (dd,
J = 1.4, 8.3 Hz, 1H, quinolyl), 7.72 (dd, J = 1.4, 8.2 Hz, 1H,
quinolyl), 7.64 (t, J = 7.9 Hz, 1H, quinolyl), 7.58–7.55 (m,
2H, quinolyl), 2.69–2.61 (m, 2H, Cy), 1.91–1.72 (m, 12H,
Cy), 1.41–1.25 (m, 6H, Cy). 31P NMR (202.47 MHz,
CDCl3, ppm) d: 155.82. Anal. Calcd. for C21H28Cl2NOPPd:
C 48.62, H 5.44, N 2.70; found: C 48.35, H 5.22, N 2.35.

X-ray crystallography
Crystals of 1–3 were grown by slow evaporation of solu-

tions in CH2Cl2/hexane at room temperature. Single crystals
were mounted in thin-walled capillaries. The data were col-
lected using the Bruker APEX2 software package22 on a
Siemens diffractometer equipped with an APEXII CCD de-
tector, a graphite monochromator, and MoKa radiation (l =
0.71073 Å). A hemisphere of data was collected in 1664
frames with 10 s exposure times. Data processing and ab-
sorption corrections were applied using the APEX2 software
package.22 The structure was solved (direct methods) and all

nonhydrogen atoms were refined anisotropically. Hydrogen
atoms were placed in calculated positions using an appropri-
ate riding model and coupled isotropic temperature factors.
Thermal ellipsoid diagrams (50% probability level) were
produced using Ortep-3 for Windows.23

Suzuki coupling reaction
General procedures for Suzuki reactions: a 20 mL reac-

tion tube was charged with an aryl halide, phenylboronic
acid, the palladium complex, and a base in 3 mL of solvent
under argon and heated to 100 8C for 18 h. The mixture was
then cooled to room temperature. The volatiles were re-
moved under a reduced pressure. The organic product was
extracted with ether and analyzed on an Agilent 6890 GC-
FID instrument. The GC yield was calculated based on un-
reacted aryl halide and calibrated relative to standards con-
taining aryl halide starting material and biphenyl product.

Results and discussion

Synthesis
The syntheses of 8-quinolylphosphinite ligands and their

palladium complexes were outlined in Scheme 1. Deproto-
nation of 8-hydroxyquinoline with DMAP or potassium hy-
dride, followed by reactions with chlorophosphines, gave the
phosphinites. Due to their air-sensitive nature,21 the phos-
phinites were used directly without further purification to re-
act with bis(benzonitrile)dichloropalladium(II) to afford the
corresponding palladium quinolylphosphinite complexes (1–
3). All the complexes are air stable and can be stored and
handled in air. They were also thermally robust, showing no

Table 3. Suzuki–Miyaura couplings using palladium complexes 1–3.

Entry Pd complex Solvent Base R X Yield (%)a

1 1 1,4-Dioxane K3PO4 CH3O Br 77
2 1 1,4-Dioxane K2CO3 CH3O Br 57
3 1 1,4-Dioxane Cs2CO3 CH3O Br 88
4 1 Toluene Cs2CO3 CH3O Br 65
5 1 THF Cs2CO3 CH3O Br 50
6 1 DMF Cs2CO3 CH3O Br 96
7 1 DMF Cs2CO3 NO2 Cl 47
8 3 DMF Cs2CO3 NO2 Cl 44
9 1 DMF Cs2CO3 NO2 Cl 97b

10 2 DMF Cs2CO3 NO2 Cl 92b

11 3 DMF Cs2CO3 NO2 Cl 88b

12 1 DMF Cs2CO3 CH3 Cl Trace
13 2 DMF Cs2CO3 CH3 Cl Trace
14 3 DMF Cs2CO3 CH3 Cl Trace
15 1 Toluene K2CO3 COCH3 Cl 5c

16 2 Toluene K2CO3 COCH3 Cl 61c

17 3 Toluene K2CO3 COCH3 Cl 60c

Note: Reaction conditions: 1.0 mmol aryl halide, 1.5 mmol phenyl boronic acid, 2.0 mmol base, 1 mol% palladium complex, 3 mL solvent, 100 8C,
18 h.

aGC yields based on aryl halides.
b2 mol% palladium complex used.
c110 8C, 2 h.
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sign of decomposition under 200 8C in air. They were char-
acterized by 1H and 31P NMR spectroscopy and infrared
(IR) spectroscopy. The solid state structures of the palladium
complexes (1–3) were determined through X-ray diffraction
studies. The elemental analysis results matched well with
the expected values.

Characterization
The 1H NMR spectra of the three palladium complexes

contained chemical shifts for the quinolyl hydrogen around
10.5 ppm. This reflected a downfield shift of 1.5 ppm from
the signal in the reported free ligands.20,21 Other quinolyl
hydrogens showed smaller shifts. The methyl groups in the
isopropyl moieties in complex 2 became nonequivalent, re-
flecting the restriction of rotation of the isopropyl in the pal-
ladium complexes. The 31P signals ranged from 115 to
162 ppm.

Suitable crystals of 1–3 for X-ray analysis were grown
from slow evaporation of solutions of dichloromethane and
hexane. The molecular structures of the complexes were al-
most identical. A representative structure of 1 is shown in
Fig. 2. The structural data of 2 and 3 were included in the
Supplementary data. Selected bond lengths and angles are
listed in Table 1. Crystal data and structure refinement data
are listed in Table 2. The structure of 1 showed a distorted
square-planar geometry around the palladium ion, which
bonded to the quinolylphosphinite P and N atoms as well as
two Cl atoms. The bond angles of N–Pd–Cl(1) and P–Pd–
Cl(2) are 175.58 and 170.88, respectively. The bond lengths
for Pd–P (2.177 Å), Pd–N (2.080 Å), and Pd–Cl (2.288 and
2.381 Å) are comparable to the reported values in related di-
tert-butyl quinolylphosphinite palladium complexes.21 The
Pd–Cl(2) distance trans to the phosphorus is slightly longer
than the Pd–Cl(1) distance trans to the nitrogen atom, sug-
gesting a stronger trans effect of the phosphinite donor.

Catalytic studies
We evaluated the efficiency of the palladium phosphinite

complexes in the Suzuki coupling reaction, one of the most
important palladium-catalyzed cross-coupling carbon–carbon
bond forming reactions in organic synthesis.24–26 The results
are listed in Table 3. For screening purposes, we used 1 as
the palladium catalyst and chose 4-bromoanisole, a rather
inert aryl bromide, as the organic substrate. We screened a
few commonly used solvents and bases and found that
Cs2CO3 and DMF led to the best yield (96%, Table 3, entry
6).

Under similar conditions, the palladium complexes gave
moderate yields for the coupling of 4-chloronitrobenzene,
an activated aryl chloride (Table 3, entries 7 and 8). When
the palladium loading was increased to 2 mol%, excellent
yields were obtained with all three complexes (Table 3, en-
tries 9–11). However, the complexes were ineffective toward
4-chlorotoluene, a neutral aryl chloride (Table 3, entries 12–
14). In comparison, the recently reported tert-butyl analogue
gave complete conversion of both activated and nonacti-
vated aryl chlorides in toluene.21 When toluene was used as
the solvent and K2CO3 as the base, 1–3 gave only low to
modest yields for the coupling of 4’-chloroacetophenone
(Table 3, entries 15–17). The higher efficiency of the tert-
butyl analogue is likely due to its stronger donating ability

and larger steric hindrance, which are beneficial factors for
the Suzuki reactions of more challenging aryl chlorides.25,26

Conclusion
In summary, we have synthesized and characterized three

palladium complexes containing 8-quinolylphosphinite li-
gands. The palladium complexes were easy to synthesize
and stable in air. They were investigated in the Suzuki cou-
pling reaction and showed excellent activity towards a deac-
tivated aryl bromide but lower activity towards aryl
chlorides.

Supplementary data
Supplementary data for this article are available on the

journal Web site (canjchem.nrc.ca) or may be purchased
from the Depository of Unpublished Data, Document Deliv-
ery, CISTI, National Research Council Canada, Ottawa, ON
K1A 0R6, Canada. DUD 5317. For more information on ob-
taining material, refer to cisti-icist.nrc-cnrc.gc.ca/cms/
unpub_e.shtml. CCDC 743458–743460 contain the X-ray
data in CIF format for seven complexes for this manuscript.
These data can be obtained, free of charge, via www.ccdc.
cam.ac.uk/conts/retrieving.html (or from the Cambridge
Crystallographic Data Centre, 12 Union Road, Cambridge
CB2 1EZ, UK; fax +44 1223 336033; or deposit@ccdc.
cam.ac.uk).
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Cytotoxic phenolic compounds in leaf buds of
Populus tremuloides

André Pichette, Azadeh Eftekhari, Patricia Georges, Serge Lavoie,
Vakhtang Mshvildadze, and Jean Legault

Abstract: Phytochemical investigations of the EtOH extract of Populus tremuloides leaf buds led to the isolation of 19
phenolic compounds. Among them, (1S,2S)-1-[4-O-E-coumaroyl-b-D-glucopyranosyloxy]cyclohexanediol was reported for
the first time, and its structure was determined by spectroscopic (NMR and MS) and chemical methods. Seventeen of the
isolated compounds were tested for their cytotoxicity against lung carcinoma (A549) and colorectal adenocarcinoma
(DLD-1) human cell lines. Antibacterial activity was also evaluated against Escherichia coli and Staphylococcus aureus.

Key words: quaking aspen, coumarate, flavonoids, NMR.

Résumé : Une étude phytochimique d’un extrait éthanolique des bourgeons de feuilles du Populus tremuloides a permis
d’isoler 19 composés phénoliques, dont le (1S,2S)-1-[4-O-E-coumaroyl-b-D-glucopyranosyloxy]cyclohexanediol, un produit
qui n’a jamais été rapporté antérieurement et dont la structure a été déterminée par des méthodes chimiques et spectrosco-
piques (RMN et spectrométrie de masse). Les propriétés cytotoxiques de 17 de ces produits on été évalué contre des li-
gnées de cellules humaines de carcinome du poumon (A549) et d’adénocarcinome (DLD-1). Leur activité antibactérienne
a aussi été évalué contre l’Escherichia coli et le Staphylococcus aureus.

Mots-clés : peuplier faux-tremble, coumarate, flavonoı̈des, RMN.

Introduction

The buds exudates of many plant species of Populus ge-
nus are known as raw material processed by bees into prop-
olis.1 The latter product has been widely used in popular
medicine as antibacterial,2–4 anti-inflammatory,5 antioxi-
dant,6,7 and cytostatic treatments.8 The biological activity of
propolis samples is mainly due to phenolic compounds like
flavonoids, aromatic acids, and diterpenic acids,9,10 which
are the principal constituents of the buds of Populus spe-
cies.11–13 Recently, studies in the northern-type propolis
showed a potential source of biologically active substances
in Populus tremuloides,14 which are widely spread across
North America.15 In spite of its use as ointment by Amerin-
dian traditional medicine to treat numerous diseases, such as
coughs, colds, and irritated nostrils,16 few studies were car-
ried out on the medicinal applications of P. tremuloides. In
the present study, the isolation and structure elucidation of a
new phenolic compound from P. tremuloides Michaux,
along with 18 known products are described.

Results and discussion

The leaf buds of Populus tremuloides were extracted with

EtOH and EtOH/H2O under reflux. After evaporation of
EtOH in vacuo, the aqueous phase was successively parti-
tioned with hexane and n-BuOH. The n-BuOH soluble ex-
tract was purified on an open Diaion1 column with a
gradient of decreasing polarity, and three fractions were ob-
tained. Each fraction was investigated for in vitro cytotoxic
and antibacterial biological activities. Cytotoxic activity
evaluations were carried out on human lung cancer (A549),
human colorectal cancer (DLD-1), and normal skin fibro-
blasts (WS1) using the resazurin reduction test as previously
described in the literature.17 Antibacterial activity was eval-
uated against Escherichia coli and Staphylococcus aureus.
The results (Table 1) show that the last fraction C was found
to exert a weak cytotoxic activity against A549 (IC50, 96 ±
7 mg mL–1) and DLD-1 (IC50, 89 ± 6 mg mL–1), but was in-
active toward bacterial cell lines. Thus, bioassay-guided
fractionation of fraction C was undertaken with a combina-
tion of different chromatographic techniques leading to the
isolation of a new compound 1 together with 18 known
compounds: chaenomeloidin (2),18 prunin (3),19 echinaticin
(4),20 echinacin (5),21 tremulacin (6),22 salicine (7),23 tremu-
loidin (8),24 genkwanin (9),25 rhamnocitrin (10),26 sakurane-
tin (11),27 acacetin (12),28 kaempferide (13),29 aromadendrin
(14),30 phenylmethyl coumarate (15),31 phenethyl p-couma-
rate (16),32 cinnamyl coumarate (17),33 phenylmethyl caf-
feate (18),34 and trans-ferulic acid (19)35 (Fig. 1). Known
compounds were identified by comparison of their spectro-
scopic data with the values found in the literature. NMR
spectroscopic data for phenethyl p-coumarate (16), which
was also isolated from buds of P. tremuloides, were not
available. Therefore, complete 1H and 13C NMR spectro-
scopic data for 16 are also reported.

The molecular formula (C21H28O9) of 1, a white amor-
phous powder, was determined from its HR-ESI-MS spec-
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Table 1. In vitro cytotoxicity and antibiotic results of the Diaion1 column’s fractions.

Samples

IC50 (mg mL–1)a MICb

A549 DLD-1 WS1 S. aureus E. coli
Fraction A >100 >100 >100 >100 >100
Fraction B >100 >100 >100 >100 >100
Fraction C 96±7 89±6 80±10 >100 >100
Etoposidec 2.8±0.5 2±1 >50 NTd NTd

Chloramphenicolc NTd NTd NTd >5 0.37±0.06

Note: Mean values (± standard deviation) for triplicate assays.
aConcentration of extract that caused 50% inhibition of cell proliferation.
bMinimum concentration of extract that resulted in inhibition of visible growth.
cPositive control.
dNot tested.

Fig. 1. Polyphenols from Populus tremuloides.
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trum (positive-ion mode) on the basis of a quasimolecular
ion peak at m/z 447.1623 [M + Na]+ (calcd. 447.1631). In-
frared absorption bands at 3328, 1602, 1160, 982, and
833 cm–1 suggested the presence of hydroxyl groups, aro-
matic system, and an ester carbonyl groups. 13C NMR spec-
trum displayed 19 carbon signals (Table 2) separated by
DEPT spectrum into five methylenes, seven aliphatic oxy-
methines, four unsaturated methines, and three quaternary
carbons (one for an ester carbonyl). Among them, six reso-
nances could be assigned to a sugar moiety. 1H NMR spec-
trum confirmed the presence of a hexose moiety with
anomeric proton at dH 4.45 (1H, d, J = 7.8 Hz). 1H NMR
spectrum also shows the presence of two trans-olefinic pro-
tons at dH 7.66 (1H, d, J = 15.9 Hz) and dH 6.37 (1H, d, J =
15.9 Hz) and a 1,4-disubstituted aromatic ring with four pro-
tons at dH 7.47 (2H, d, J = 8.6 Hz) and 6.81 (2H, d, J =
8.6 Hz). HMBC correlations at dH 7.47 (H-2@, H-6@) and dC
147.3 (H-7@), dH 6.81 (H-3@, H-5@) and dC 161.5 (C-4@), and
dH 7.66 (H-7@) and dC 168.6 (C-9@) suggested the presence
of a coumaroyl moiety. Analysis of the COSY, HSQC, and
HMBC spectra led to the identification of a third aglycone
sytem: the cyclohexane-1,2-diol. HMBC correlation between
the methine proton at dH 4.87 (H-4’) and the carbonyl group
at dC 168.6 (C-9@) suggested the linkage between the glu-
cose and the coumaroyl moiety. Finally, the correlation be-
tween dH 4.45 (H-1’) and dC 79.4 (C-1) indicated the
linkage site of the glucose moiety to the aglycone.

Acidic hydrolysis of 1 and TLC analysis of the aqueous
phase afforded identification of glucose as the sugar compo-
nent. Absolute configuration of the glucose as D was deter-
mined by optical rotations in comparison with authentic
standard. The presence of p-coumaric acid in the organic
phase was confirmed by TLC in comparison with authentic
standard. Cyclohexane-1,2-diol was also detected in the or-
ganic phase using GC–MS and NMR analysis.36 The absolute
configuration of cyclohexane-1,2-diol could be determined
directly from the organic phase, since the other aglycon part,
namely, p-coumaric acid, is optically inactive. The organic
phase showed positive value in optical activity measurement
meaning that (1S,2S)-cyclohexane-1,2-diol has been iso-
lated.37 The structure of 1 was thus confirmed as (1S,2S)-1-
[4-O-E-coumaroyl-b-D-glucopyranosyloxy]cyclohexanediol.

Compound 16 has been identified by many authors, but
surprisingly, no complete NMR assignation was given.38

Therefore, complete 1H and 13C characterization was accom-
plished using 1H, 13C, and 2D spectra (Table 3). First, the
same p-coumaroyl moieties as in 1 were identified with dH
at 6.29 (1H, d, J = 15.9 Hz, H-8), 6.85 (2H, d, J = 8.1 Hz,
H-3 and H-5), 7.42 (2H, d, J = 8.1 Hz, H-2 and H-6), and
7.62 (1H, d, J = 15.9 Hz, H-7) and dC at 115.5 (C-8), 115.9
(C-3 and C-5), 127.3 (C-1), 130.0 (C-2 and C-6), 144.6
(C-7), 157.7 (C-4), and 167.4 (C-9). Additionally, five over-
lapped 1H NMR signals between dH 7.20–7.30 along with
two methylene triplets at 3.02 (2H, t, J = 6.9 Hz, H-7’) and
4.42 (2H, t, J = 6.9 Hz, H-8’) were attributed to a phenethyl
moiety. The HMBC correlation between H-8’ and C-9 con-
firmed the link between the phenethyl and the p-coumaroyl
groups.

Compounds 10 and 13 were isolated as a mixture. Separa-
tion of each constituent was not performed due to their
small amounts. Therefore, careful examination of NMR

spectra (1H, 13C, DEPT, and HSQC) and comparison with
literature allowed the identification of these components as
rhamnocitrin (10)29 and kaempferide (13).26 Moreover, the
biological results were obtained using commercial pure
products. Because of the low isolated yields of compounds
3 and 19, those compounds were also tested from commer-
cial materials.

All isolated compounds, except compounds 2 and 4, were
evaluated using resazurin reduction test for their cytotoxicity
against human lung cancer (A549), human colorectal cancer

Table 2. 1H (400 MHz) and 13C (100 MHz) NMR spectroscopic
data for compound 1 in methanol-d4.

Position dC (multiplicity)a dH (multiplicity, J in Hz)
1 79.4 (d) 3.87 (m)
2 71.0 (d) 3.85 (m)
3 31.5 (t) 1.79 (m)

1.55 (m)
4 22.4 (t) 1.65 (m)

1.34 (m)
5 23.1 (t) 1.71 (m)

1.31 (m)
6 27.6 (t) 1.82 (m)

1.63 (m)
1’ 102.2 (d) 4.45, (d, 7.8)
2’ 75.1 (d) 3.35 (dd, 9.3, 7.8)
3’ 75.6 (d) 3.65 (t, 9.3)
4’ 72.5 (d) 4.87 (m)
5’ 76.1 (d) 3.53 (m)
6’ 62.4 (t) 3.62 (dd, 15.0, 5.4)

3.54 (m)
1@ 127.2 (s)
2@, 6@ 131.3 (d) 7.47 (d, 8.6)
3@, 5@ 116.9 (d) 6.81 (d, 8.6)
4@ 161.5 (s)
7@ 147.3 (d) 7.66 (d, 15.9)
8@ 114.8 (d) 6.37 (d, 15.9)
9@ 168.6 (s)

aMultiplicities were deduced from DEPT experiments.

Table 3. 1H (400 MHz) and 13C (100 MHz) NMR spectroscopic
data for compound 16 in methanol-d4.

Position dC (multiplicity)a dH (multiplicity, J in Hz)
1 127.3 (s)
2, 6 130.0 (d) 7.42 (d, 8.1)
3, 5 115.9 (d) 6.85 (d, 8.1)
4 157.7 (s)
7 144.6 (d) 7.62 (d, 15.9)
8 115.5 (d) 6.29 (d, 15.9)
9 167.4 (s)
1’ 137.9 (s)
2’, 6’ 128.9 (d) 7.26 (m)
3’, 5’ 128.5 (d) 7.32 (m)
4’ 126.6 (d) 7.25 (m)
7’ 35.2 (t) 3.02 (t, 6.9)
8’ 65.0 (t) 4.42 (t, 6.9)

aMultiplicities were deduced from DEPT experiments.
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(DLD-1), and normal skin fibroblasts (WS1).17 Results pre-
sented in Table 4 are expressed as the concentration of prod-
uct inhibiting cell growth by 50% (IC50). Etoposide was used
as positive control with IC50 of 2.8 and 2.0 mmol/L against
A549 and DLD-1 cell lines, respectively. The phenolic com-
pounds were regarded as active when the IC50 was smaller
than 100 mmol/L.39 The compound 9 was found to be the
most active with IC50 ranging from 5.8 to 9.2 mmol/L. More-
over, compounds 10, 12, and 15 were moderately active
against cancer cells with IC50 ranging from 19 to 37 mmol/L.
In contrast to compounds 9, 12, and 15, compound 10 was
significantly selective toward cancer cells with IC50 of
31 mmol/L for A549 and 37 mmol/L for DLD-1 in comparison
with 87 mmol/L for normal cells, WS1. Although the cytotox-
icity of compounds 9 and 12 were known on A549 cells,40,41

the activity on human colorectal adenocarcinoma DLD-1 was
never reported. Finally, compounds 13 and 18 were found
weakly cytotoxic, and all the other compounds tested were in-
active. As far as structure–activity relationships are con-
cerned, these in vitro results suggest that the addition of a
double bond in C-2 position in molecule 9, with regard to
compound 11, increases the cytotoxic activity. Similarly, the
presence of a methoxy group in C-7 position and a hydroxyl
in C-4’ position in the flavone 9 seem to have a beneficial ef-
fect on the cytotoxic activity in comparison with the acacetin
(12), where the inversion of these groups reduces the activity.
On the other hand, the presence of hydroxyl group in R2 of
compounds 10 and 13 is detrimental for the activity in com-
parison with compounds 9 and 12, respectively. In the case
of compounds 15–19, only molecules bearing a benzyl group
exhibited cytotoxicities (15 and 18). Moreover, the hydroxyl
group in R1 of compound 18 reduces significantly the cyto-
toxicity in comparison with 15. All compounds were also
evaluated for their antibacterial activities against S. aureus
and E. coli, but no significant activity was observed.

Concluding remarks
In conclusion, the structure of a new compound 1 was de-

scribed and 19 compounds were identified from P. tremu-
loides. Among them, compounds 2 and 5 were reported for
the first time in Populus genus and compounds 3, 4, 9, 10,
12, 16, and 17 for the first time in P. tremuloides. Com-
pound 9 was found to be the most cytotoxic against lung
carcinoma cell (A549) and colorectal adenocarcinoma
(DLD-1) human cell lines. Interestingly, compound 10 was
selective toward both cancer cell lines in comparison with
normal cells. Finally, all compounds tested do not possess
antibacterial activity.

Experimental

General
Optical rotations were measured with an automatic polar-

imeter Rudolph Research Analytical Autopol IV. FTIR spec-
tra were recorded with a PerkinElmer SpectrumOne. High
resolution electrospray ionization mass spectrum was con-
ducted in positive mode with an Applied Biosystems/MDS
Sciex QSTARXL QqTOF MS system. 1D and 2D NMR
spectra (1H–1H COSY, HSQC, and HMBC) were performed
using an Avance 400 Bruker spectrometer equipped with a
5 mm QNP-probe. Chemical shifts were expressed in d

(ppm) units relative to TMS as an internal standard, and
coupling constants were given in Hz. Preparative HPLC
was performed on an Agilent 1100 liquid chromatography
system, equipped with a solvent delivery system, an auto-
sampler and a UV-MWD detector. Samples were eluted in
an Intertsil prep-ODS column C18 (20 � 250 mm; 10 mm)
at room temperature with a flow rate of 10 mL min–1. GC–
MS analyses were performed with an instrument (Agilent
Technologies 6890N) fitted with a mass-selective detector
(Agilent Technologies 5973), a split–splitless injection port,
and an apolar capillary column DB-5MS (30 m �
0.25 mm � 0.25 mm).

Analytical thin-layer chromatography (TLC) was per-
formed with silica gel 60 F254, 0.25 mm pre-coated TLC
plates (Silicycle, Québec, Canada). Flash column chroma-
tographies (CC) were performed on silica gel (40–63 mm
with indicator F254, Silicycle, Québec, Canada) and on C18
reversed-phase silica gel (carbon 11%, 40–69 mm, Silicycle,
Québec, Canada). Polyamide CC-6 was purchased from
Macherey-Nagel (Germany) and Diaion HP-20 from Su-
pelco. Detection of the phenolic compounds was carried out
by spraying TLC plates with polyethylene glycol (NP/PEG)
reagent followed by heating at 110 8C and detected by UV
absorption at 254 and 365 nm. TLC identification of mono-
saccharides was performed with CH2Cl2/MeOH/H2O
(50:25:5) solvent system. The compounds were visualized
by spraying an orthophosphoric acid solution of naphtoresor-
cinol 5% in EtOH, followed by heating at 110 8C.

The commercial samples used for biological tests,
namely, prunin (3), kaempferide (13), and trans-ferulic acid
(19), were purchased from Indofine Chemical Company
(USA). Rhamnocitrin (10) was purchased from Apin Chem-
icals Ltd. (UK).

Plant material
Leaf buds of P. tremuloides Michaux were collected in

the boreal forest to the south of Chicoutimi, Québec, Can-
ada, in April 2006. Samples were identified by Patrick Na-
deau (Département des sciences fondamentales, Université
du Québec à Chicoutimi). A voucher specimen (QFA-
A540466) was deposited at the Herbarium Louis-Marie of
Université Laval, Québec, Canada.

Extraction and isolation
The buds of P. tremuloides (1 kg) were exhaustively ex-

tracted with EtOH (3 L, 60 8C, three times, 2 h each time)
followed by EtOH/H2O (7:2). The extracts were filtered and
pooled. After evaporation of EtOH in vacuo, the aqueous
phase was extracted successively with hexane (500 mL �
5) and saturated n-BuOH with H2O (500 mL � 5). The
n-BuOH phase was decanted and evaporated in vacuo. The
residue (80 g) was fractionated using an open Diaion1 col-
umn eluted with H2O/MeOH with 30%, 50%, and 80% of
MeOH. Three fractions were obtained: A (6.46 g), B
(7.24 g), and C (58.96 g).

Fraction C was purified on silica gel CC, eluted with
CHCl3/MeOH gradient (60:1 ? 5:1, v/v), and three fractions
were obtained: C1, C2, and C3.

Fraction C1 (16.73 g) was subjected to silica gel using a
gradient of CHCl3/MeOH (90:1?60:1, v/v) as eluent. Sub-
fraction C1.1 (384 mg), obtained from CHCl3/MeOH
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(90:1), was separated on silica gel CC with CHCl3/MeOH
(80:1) as eluent, to give three fractions: C1.1A, C1.1B, and
C1.1C. Subfraction C1.1A was purified by preparative
HPLC with a gradient elution of MeOH/H2O (50:50 ?
85:15, v/v) yielding compounds 15 (249 mg), 16 (5 mg),
and 17 (41 mg). Subfraction C1.1B (2.36 g) was applied
successively on a silica gel CC and a reversed-phase CC us-
ing MeOH/H2O gradient (50:50 ? 70:30, v/v) as eluent to
give 11 (160 mg). Compound 9 (3 mg), 12 (18 mg), and a
mixture of 10 and 13 (27 mg) were isolated after a silica
gel CC eluted with CHCl3/MeOH (90:1) and a preparative
HPLC (isocratic CH3CN/H2O 40:60) of fraction C1.2. Com-
pound 18 (50 mg) was obtained from fraction C1.3
(294 mg) after repeated silica gel CC (CHCl3/MeOH, 75:1)
and polyamide flash column (MeOH/H2O, 50:50 ? 75:25).

Fraction C2 was chromatographed on silica gel CC with a
gradient elution of CHCl3/MeOH (75:1 ? 15:1, v/v) to give
eight fractions: C2.1–C2.8. Subfraction C2.7 (558 mg) was
separated by preparative HPLC using an isocratic mobile
phase of CH3CN/H2O/HCOOH (40:60:1) to afford 2
(19 mg) and 14 (3 mg).

Fraction C3 (5.4 g) was purified on silica gel using a gra-
dient of CHCl3/MeOH (25:1 ? 7:1) for elution to give five
subfractions: C3.1–C3.5. C3.2 was separated on silica gel CC
with CHCl3/MeOH (20:1) giving 6 (289 mg). Some purifica-
tions on different silica gel CC of subfraction C3.2.1 permit-
ted to obtain 19 (2 mg). Subfraction C3.4 (418 mg) was
separated by preparative HPLC using an isocratic mobile
phase of CH3CN/H2O (30:70) to afford compounds 1
(20 mg), 3 (8 mg), 4 (14 mg), and 8 (37 mg). Subfraction

C3.5 (482 mg) was separated by HPLC using a gradient of
MeOH/H2O (10:90 ? 100:0) to give 5 (21 mg) and 7 (35 mg).

(1S,2S)-1-[4-O-E-coumaroyl-b-D-
glucopyranosyloxy]cyclohexanediol (1)

White amorphous powder. [a]D
25 –35.38 (c 1.0, MeOH). IR

(neat) nmax: 3328, 2935, 1696, 1602, 1160, 1080, 1024, 982,
and 833 cm–1. 1H and 13C NMR spectroscopic data: see Ta-
ble 2. HR-ESI-MS m/z: 447.16225 [M + Na]+ (calcd. for
C21H28O9Na: 447.16310).

Acid hydrolysis of 1
Compound 1 was dissolved in HCl 10% and heated at

110 8C for 4 h. The resulting hydrolysate was extracted
with CHCl3. The organic phase was dried (MgSO4) and the
solvent evaporated under reduced pressure. The presence of
p-coumaric acid was confirmed with standard sample on
TLC (CHCl3/MeOH 10:1 as eluent and developing with
NP/PEG reagent). The presence of cyclohexane-1,2-diol in
the organic phase ([a]D + 3.4) was confirmed with a GC–
MS analysis: Injector temperature, 250 8C; ionization volt-
age, 70 eV (EI-MS); column temperature, 40 8C for the ini-
tial 2 min followed by an increase of 15 8C min–1 up to
350 8C; carrier gas, He; column flow rate, 1 mL min–1. Cy-
clohexane-1,2-diol was detected at Rt 7.55 min. The aqueous
phase was neutralized with N,N-dioctylmethylamine (10% in
CHCl3), and the solvents were evaporated under reduced
pressure. The residue contained the monosaccharide
D-glucose ([a]D + 24.8).

Cell lines and culture conditions
Lung carcinoma (A549), colorectal adenocarcinoma

(DLD-1), and normal skin fibroblast (WS1) human cell lines
were obtained from the American Type Culture Collection
(ATCC). All cell lines were cultured in minimum essential
medium containing Earle’s salts and L-glutamine (Mediatech
Cellgro, VA) to which were added 10% fetal bovine serum
(Hyclone), vitamins (1X), penicillin (100 IU mL–1) and
streptomycin (100 mg mL–1), essential amino acids (1X),
and sodium pyruvate (1X) (Mediatech Cellgro, VA). Cells
were kept at 37 8C in a humidified environment containing
5% CO2.

Cytotoxicity assay
Exponentially growing cells were plated in 96-well micro-

plates (BD Falcon) at a density of 5 � 103 cells per well in
100 mL of culture medium (DMEM with 10% SVF) and
were allowed to adhere for 24 h before treatment. Increasing
concentrations of each compound in MeOH or DMSO were
then added (100 mL per well), and the cells were incubated
for 48 h. The final concentration of MeOH or DMSO in the
culture medium was maintained at 0.25% (v/v) to avoid sol-
vent toxicity. Cytotoxicity was assessed using resazurin17 on
an automated 96-well Fluoroskan Ascent F1TM plate reader
(Labsystems) using excitation and emission wavelengths of
530 and 590 nm, respectively. Fluorescence was propor-
tional to the cellular metabolic activity in each well. Sur-
vival percentage was defined as the fluorescence in
experimental wells compared to that in control wells after
subtraction of blank values. Each experiment was carried

Table 4. In vitro cytotoxicity results of isolated compounds
(1–19).

Compounds

IC50 (mmol/L ± SD)a

A549 DLD-1 WS1
1 >100 >100 >100
2 NTb NTb NTb

3 >100 >100 >100
4 NTb NTb NTb

5 >100 >100 42±4
6 >100 >100 >100
7 >100 >100 >100
8 81±3 >100 >100
9 9±3 9.2±0.9 5.8±0.3
10 31±2 37±3 87±3
11 >100 >100 >100
12 27±3 23±6 20±2
13 60±10 >100 42±5
14 >100 >100 >100
15 19±2 19.2±0.9 26±3
16 >100 >100 >100
17 >100 >100 >100
18 45.8±0.9 39±3 51±7
19 >100 >100 >100
Etoposidec 2.8±0.5 2±1 >50

Note: Mean values (± standard deviation) for triplicate assays.
aConcentration that caused 50% inhibition of cell proliferation.
bNot tested.
cPositive control.
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out three times in triplicate. IC50 results were expressed as
means ± standard deviation.

Antibacterial assays
Antibacterial activity was evaluated using the microdilu-

tion method42 but with some modifications: exponentially
growing bacteria were plated in 96-well flat bottom micro-
plates (BD Flacon) at a density of 5 � 103 Gram-negative
E. coli (ATCC 25922) or 40 � 103 Gram-positive S. aureus
(ATCC 25923) per well in 100 mL nutrient broth (Difco).
The concentration of ethanol in the culture medium was
maintained at 0.25% (v/v) to avoid solvent toxicity. Fifty
microliters of 4% resazurin was added to each well, and the
microplates were incubated for 6 h at 37 8C. Fluorescence
was measured after 6 h on an automated 96-well Fluoroskan
Ascent FlTM plate reader (Labsystems) using excitation and
emission wavelengths of 530 nm and 590 nm, respectively.
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Solid-state 27Al nuclear magnetic resonance
investigation of three aluminum-centered dyes

Kamal H. Mroué, Abdul-Hamid M. Emwas, and William P. Power

Abstract: We report the first solid-state 27Al NMR study of three aluminum phthalocyanine dyes: aluminum phthalocya-
nine chloride, AlPcCl (1); aluminum-1,8,15,22-tetrakis(phenylthio)-29H,31H-phthalocyanine chloride, AlPc(SPh)4Cl (2);
and aluminum-2,3-naphthalocyanine chloride, AlNcCl (3). Each of these compounds contains Al3+ ions coordinating to
four nitrogen atoms and a chlorine atom. Solid-state 27Al NMR spectra, including multiple-quantum magic-angle spinning
(MQMAS) spectra and quadrupolar Carr–Purcell–Meiboom–Gill (QCPMG) spectra of stationary powdered samples have
been acquired at multiple high magnetic field strengths (11.7, 14.1, and 21.1 T) to determine their composition and num-
ber of aluminum sites, which were analyzed to extract detailed information on the aluminum electric field gradient (EFG)
and nuclear magnetic shielding tensors. The quadrupolar parameters for each 27Al site were determined from spectral sim-
ulations, with quadrupolar coupling constants (CQ) ranging from 5.40 to 10.0 MHz and asymmetry parameters (h) ranging
from 0.10 to 0.50, and compared well with the results of quantum chemical calculations of these tensors. We also report
the largest 27Al chemical shielding anisotropy (CSA), with a span of 120 ± 10 ppm, observed directly in a solid material.
The combination of MQMAS and computational predictions are used to interpret the presence of multiple aluminum sites
in two of the three samples.

Key words: aluminum phthalocyanine dyes, solid-state 27Al NMR, electric field gradient tensor, aluminum chemical shift
anisotropy, quantum chemical calculations.

Résumé : On a réalisé la première étude RMN du 27Al en phase solide de trois colorants à base se phtalocyanine d’alu-
minium, soit le chlorure de phtalocyanine d’aluminium, AlPcCl (1), le chlorure de la 1,8,15,22-tétrakis(phénylthio)-
29H,31H-phtalocyanine d’aluminium, AlPc(SPh)4Cl (2) et le chlorure de la 2,3-dinaphtalocyanine d’aluminium, AlNcCl
(3). Chacun de ces composés contient des ions de Al3+ coordonnés à quatre atomes d’azote et un atome de chlore. Les
spectres RMN de l’aluminium-27 en phase solide, y compris les spectres multiquantiques à l’angle magique de rotation
(« MQMAS ») et les spectres quadripolaires de Carr–Purcell–Meiboom–Gill (« QCPMG ») d’échantillons de poudres soli-
des, ont été obtenus à des forces de champs magnétiques élevés diverses (11,7, 14,1 et 21,1 T) dans le but de déterminer
leur composition et le nombre de sites d’aluminium et on les a analysés pour en extraire de l’information détaillée relative
au gradient du champ électrique (GCE) de l’aluminium ainsi que les tenseurs de blindage du champ magnétique. On a dé-
terminé les paramètres quadripolaires de chacun des sites d’aluminium-27 par simulations spectrales; les constantes de
couplage quadripolaires (CQ) qui varient de 5,40 à 10,0 MHz et les paramètres d’asymétrie (h) qui s’étalent de 0,10 à 0,50
se comparent bien avec les résultats obtenus pour ces tenseurs par le biais de calculs théoriques. On a aussi observé une
anisotropie de blindage chimique (ABC) de l’aluminium-27 de 120 ± 10 ppm qui correspond à la valeur la plus élevée ja-
mais observée dans un matériel solide. On a utilisé une combinaison des valeurs expérimentales observées dans les spec-
tres multiquantiques à l’angle magique de rotation avec les prédictions théoriques pour interpréter la présence de multiples
sites d’aluminium dans deux des trois échantillons.

Mots-clés : colorants à base se phtalocyanine d’aluminium, RMN du 27Al en phase solide, tenseur du gradient du champ
électrique, anisotropie du déplacement chimique de l’aluminium, calculs théoriques à base de chimie quantique.

[Traduit par la Rédaction]

Introduction
Phthalocyanine complexes (Pcs), and the structurally re-

lated naphthalocyanines (Ncs), together with their metal-

centered derivatives, constitute an important class of macro-
cyclic compounds, which play a vital role in many modern
practical and technological applications.1 These materials
have been intensively used in dyes, pigments, fuel and solar
cells, electrophotography, semiconductors, liquid crystals,
data-storage devices, photosensitizers for photodynamic
therapy, and nonlinear optical materials, among others. This
wide variety of applications is due mainly to their intense
green-blue color, combined with their exceptional stability
to acids, alkalis, heat, light, and common solvents. These
properties and applications, among others as well, are dis-
cussed in several excellent monographs about phthalo-
cyanines and their derivatives.2–8

Numerous techniques have been used to study these mate-
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rials, such as X-ray diffraction, mass spectrometry, Raman,
IR, UV–vis, electronic absorption/emission, Mössbauer,
electron paramagnetic, and nuclear magnetic resonance
(NMR) spectroscopies, among others. Studies of these mate-
rials by liquid-state NMR have involved mainly the use of
1H and 13C NMR as identification tools.9,10 Direct NMR ob-
servation of the metal nuclei in solid metal-centered phtha-
locyanines has been limited to few studies, including a 59Co
NMR study of four hexacoordinated cobalt(III) phthalocya-
nines,11 a 25Mg NMR study of monopyridinated aqua(mag-
nesium) phthalocyanine,12 and a recent 71Ga NMR study of
gallium phthalocyanine chloride, GaPcCl.13,14

From a spectroscopic perspective, solid-state nuclear mag-
netic resonance (SSNMR) represents an ideal and powerful
tool to probe the metal centre in a metallophthalocyanine.
The advantages of NMR over other techniques, such as
X-ray and neutron diffraction, is that while the latter techni-
ques rely on the long-range order in the crystal lattice and
require the availability of high-quality single crystals suit-
able for analysis, SSNMR focuses on the local electronic en-
vironment around the nucleus of interest without the
necessity of single crystals. Given the limited solubility of
metallophthalocyanines in both inorganic and organic sol-
vents, and their large molecular weights, their analysis by
single-crystal X-ray diffraction can be quite cumbersome, if
at all possible. Moreover, the ability of SSNMR to charac-
terize disordered and amorphous solid materials has been
well-established and demonstrated in numerous instances
(vide infra). Recently, the increasing availability of ultra-
high-magnetic-field NMR spectrometers, together with the
advances in instrumental hardware, and the introduction of
new pulse sequences have also facilitated the application of
SSNMR to study such poorly crystalline materials.15,16

Among the various metallophthalocyanines, aluminum-
centered ones are well-suited for SSNMR experiments. This
is due to the very favorable NMR properties that 27Al en-
joys, including its high natural abundance (100%), large
magnetogyric ratio (g = 6.9762 � 107 rad T–1 s–1, close to
13C), and a sizable chemical shift range of about 300 ppm.17

However, the quadrupolar nature of 27Al (spin I = 5/2) in-
troduces various challenges in SSNMR studies of this nu-
cleus. The most distinctive challenge arises from the
nonzero nuclear quadrupole moment [Q (27Al) = 14.66 �
10–30 m2],18 which couples strongly with any electric field

gradient (EFG) arising naturally from lack of spherical sym-
metry in charge distribution around the aluminum nucleus.
Such quadrupolar interactions have considerable effects on
27Al NMR spectra, often beyond those described under
first-order perturbation theory. Usually, only the central
transition (CT, +1/2 $ –1/2) is observed in a SSNMR ex-
periment of a polycrystalline powdered sample, and it is un-
affected to first-order but is substantially broadened by
second-order quadrupolar effects.19,20 In addition to the
quadrupolar interaction, 27Al is also sensitive to the chemi-
cal shift/shielding interaction. The EFG and chemical shift
(CS) are both orientation-dependent NMR interactions that
can provide reliable information about the local electronic
environment of the nucleus of interest, and can potentially
yield structural details not typically available from other
techniques.21,22

Despite the complications caused by second-order quadru-
polar broadening, solid-state 27Al NMR has been used fre-
quently to study a wide variety of materials, most of which
are inorganic and disordered solids such as glasses, zeolites,
aluminosilicates, molecular sieves, cements, ceramics, as
well as natural and synthetic minerals.23–38 In these studies,
27Al magic-angle-spinning (MAS) NMR has been used pri-
marily to narrow the central transition line shapes, and to
enhance the spectral resolution to differentiate among tetra-
hedral, penta-coordinate, and octahedral local aluminum co-
ordination environments (mainly in aluminum-(oxygen)n
coordination, n = 4, 5, 6) based on the different 27Al chem-
ical shift ranges of each environment.15,39 In the case of dis-
ordered and (or) amorphous solids, the conventional one-
dimensional MAS spectrum does not give well-defined
second-order quadrupolar line shapes. These lines are rather
featureless and asymmetric, from which it is quite challeng-
ing to extract any information related to the chemical shift
and quadrupolar interactions arising from overlapping sig-
nals.40–42 For such materials, the two dimensional multiple-
quantum magic-angle-spinning (MQMAS) experiment43,44 is
used to resolve overlapping resonances in multi-site systems,
based on the difference in the chemical shift and quadrupo-
lar parameters experienced by each site. In many instances,
MQMAS makes it possible to not only resolve the different
sites present in the system, but also allows extraction of suf-
ficient information about the 27Al NMR parameters associ-
ated with each unique site.

Fig. 1. Molecular structures of the studied compounds.
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In contrast to the plethora of inorganic and glassy materi-
als investigated by solid-state 27Al NMR, it is surprising that
only a handful of aluminum-containing organic compounds
have been studied by this technique. Wasylishen and
co-workers reported solid-state 27Al NMR spectra of
tris(acetylacetonato)aluminum(III), tris(tropolonato)aluminu-
m(III), and tris(2,2,6,6-tetramethyl-3,5-heptanedionato)-
aluminum(III).45 The aluminum atoms in these compounds
are each coordinated to six oxygen atoms in a distorted oc-
tahedral geometry, where small 27Al chemical shift aniso-
tropy (CSA) values were observed for the three complexes.
Gang Wu and co-workers also recorded solid-state 27Al
NMR spectra of three blue-luminescent aluminum com-
pounds containing terminal 7-azaindole ligands, in which
the aluminum ions are in distorted tetrahedral coordination
environments.46 The same group successfully applied 27Al
3QMAS spectroscopy to the identification of disorder and
isomerism in two blue-luminescent aluminum compounds,
in which the Al centres exhibit five-coordinated geome-
tries.47 Utz et al. studied the 27Al spectra of three different
polymorphs of solid tris(8-hydroxyquinoline)aluminum(III)
under MAS conditions.48 These same systems were rein-
vestigated recently by Nishiyama et al. using 27Al 1D MAS
and 2D MQMAS NMR experiments.49 Schurko et al. re-
ported a very small 27Al quadrupolar interaction but a large
aluminum chemical shielding anisotropy, with a span of
83 ppm, in the bis(pentamethylcyclopentadienyl)aluminum
cation.50 Schurko and co-workers applied the frequency-
stepped technique in Hahn-echo and QCPMG pulse sequen-
ces to acquire ultrawideline 27Al NMR spectra of stationary
samples of three- and five-coordinate organoaluminum com-
plexes.51

In this work, we investigate the solid-state 27Al NMR
spectra of three aluminum-centered organic dyes: aluminum
phthalocyanine chloride, AlPcCl (1); aluminum-1,8,15,22-
tetrakis(phenylthio)-29H,31H-phthalocyanine chloride,
AlPc(SPh)4Cl (2); and aluminum-2,3-naphthalocyanine
chloride, AlNcCl (3) (Fig. 1). In addition to our main inter-
est in the SSNMR of phthalocyanines (for the reasons men-
tioned above), these compounds have been chosen because
they exhibit aluminum in penta-coordinate geometries,
which is much less common than the four- and six-coordi-
nate motifs. In all three systems, the Al3+ ions are coordi-
nated to four isoindole nitrogen atoms and one chlorine
atom in a square-pyramidal geometry. Such coordination ge-
ometry is relatively rare in solid-state 27Al NMR studies,
both in inorganic and organic systems. We also report exten-
sive density functional theory (DFT) and restricted Hartree–
Fock (RHF) quantum chemical calculations of aluminum
NMR interactions in molecular models of these complexes
in an attempt to examine the orientation of NMR tensors
within molecular frames and to help rationalize the origin
of experimentally measured aluminum NMR parameters.

Experimental

Sample preparation
The three complexes were purchased from Aldrich Chem-

ical Company. The dye contents are ~ 85%, 90%, and 80%
for compounds 1, 2, and 3, respectively. Attempts to obtain
the pure compounds by recrystallization from a variety of

organic solvents or by vacuum sublimation were unfruitful.
Hence, they were used as purchased. Samples of each com-
plex were ground into fine powders with a mortar and pestle
for X-ray powder diffraction experiments, and subsequently
packed into 2.5 and 4.0 mm o.d. zirconia rotors for SSNMR
experiments. Powder X-ray diffraction data were collected
using an INEL powder diffractometer with a position-
sensitive detector and Cu Ka1 radiation (l = 1.54056 Å).
The operating conditions were 30 kV and 30 mA, with an
exposure time of 5–10 min over the 2q range from 0.0 to
1208.

Solid-state 27Al NMR spectroscopy
27Al solid-state NMR experiments were performed at Lar-

mor frequencies of 130.3 MHz (11.75 T), 156.4 MHz
(14.1 T), and 234.5 MHz (21.1 T) using Bruker Avance
(11.75 and 14.1 T) and Avance II (21.1 T) consoles. The ex-
periments at 11.75 and 14.1 T were performed at the Uni-
versity of Waterloo; experiments at 21.1 T were performed
at the National Ultrahigh-Field NMR Facility for Solids at
the National Research Council (NRC) in Ottawa, Ontario,
Canada. Standard Bruker 2.5 mm double-resonance MAS
probes were used at 14.1 and 21.1 T, whereas a Bruker
4 mm double-resonance MAS probe was used at 11.75 T.
Pulse calibration and chemical shift referencing were per-
formed using a 1.0 mol/L Al[(H2O)6]3+ aqueous solution set
at 0.0 ppm. A solid echo (p/2–t1–p/2–t2–ACQ) and quadru-
polar Carr–Purcell–Meiboom–Gill (QCPMG)52,53 pulse se-
quences were used to acquire spectra of non-spinning
samples. For experiments performed under MAS conditions,
the sample spinning speed was 20.0 kHz at 14.1 T and
21.1 T, and 15.0 kHz at 11.75 T. A very short pulse (p/12)
was used in the one-dimensional MAS spectra to ensure
quantification of all species. For the solid-echo and QCPMG
experiments, a selective p/ 2 pulse of 1.20–1.40 ms was
used.

Two-dimensional 27Al triple-quantum MAS (3QMAS)
spectra of the three complexes were obtained at 21.1 T using
a spinning rate of 20.0 kHz. The z-filtered 3QMAS pulse se-
quence was used,54 consisting of excitation (1.90 ms) fol-
lowed by evolution of the triple-quantum coherence during
t1 followed by a conversion pulse (0.80 ms), a 20 ms z-filter,
and a selective p/2 pulse (7.50 ms) followed by acquisition
during t2. A total of 240 transients were obtained for each t1
increment; 64 complex points were acquired in t1, with a t1
increment of 25 ms, which corresponds to half the rotor pe-
riod. Exponential apodization of 300 Hz was applied in both
dimensions prior to zero-filling and Fourier transformation.
A shearing transformation was performed during data proc-
essing to obtain the isotropic dimension along F1 and the
anisotropic MAS dimension along F2. Recycle delays of
2.0 s, 3.0 s, and 5.0 s were sufficient at 11.75, 14.1, and
21.1 T, respectively. The 1D NMR spectra used for line-
shape analysis were simulated with SIMPSON.55 Spectral
simulations were carried out iteratively and simultaneously
at multiple fields, and the errors in the extracted parameters
were determined by visual comparison of the resulting fit at
each field with the corresponding experimental spectrum.
Each parameter was optimized independently by varying it
in both directions away from its best-fit value, while all
other parameters were held fixed, until a visible difference

Mroué et al. 113

Published by NRC Research Press



between experimental and simulated spectra was observed.
Stack plots were generated with DMFit.56

Quantum chemical calculations
All quantum chemical calculations were performed using

Gaussian 0357 running on the SHARCNET facility for high
performance computing.58 In an attempt to understand the
experimentally observed 27Al NMR parameters, three mod-
els for calculations of NMR interaction tensors were con-
structed for compound 1: The first model was built using
atomic coordinates obtained from the X-ray single-crystal
study of Hasegawa and Sato,59,60 and used directly for
NMR calculations. Two additional models were constructed
by the addition of either a chlorine atom or a water mole-
cule below the phthalocyanine ring in an axial position to
complete the octahedral coordination around the aluminum
atom. The geometries of both models were then fully opti-
mized at the RHF/6–311G** method. Since there are no
crystal structures reported for compounds 2 and 3, the struc-
tures used in NMR calculations were derived from the re-
ported structure of molecule 1 of compound 159,60 by
adding either four thiophenyl groups (2) or four naphthalo
groups (3) in their respective peripheral positions, as de-
picted in Fig. 1. The two structures were then fully opti-
mized at the RHF/6–311G** method. Aluminum electric
field gradient and nuclear magnetic shielding tensors were
subsequently calculated for the resulting structures using
both the restricted Hartree–Fock (RHF) and density func-
tional theory (DFT) methods. The B3LYP exchange func-
tional61,62 was employed in the DFT calculations. The
following standard Pople-type basis sets were employed on
all atoms: 6–31G**, 6–31++G**, 6–311G**, 6–311++G**,
and 6–311+G (2d, p). The nuclear magnetic shielding ten-
sors were calculated using the gauge-including atomic orbi-
tals (GIAO) method.63,64 Because there is no established
absolute magnetic shielding scale for 27Al, the calculated
27Al isotropic chemical shieldings (siso) were converted into
the corresponding isotropic chemical shifts (diso) using the
formula diso = sref – siso, where sref is the calculated iso-
tropic shielding constant of [Al(H2O)6]3+ cation, the refer-
ence species.17 The geometry of this cation was fully
optimized at the RHF/6–311G** level. To avoid basis-set
dependence of the calculated 27Al chemical shifts, the refer-
ence chemical shielding sref was computed for each basis set
used. The calculated 27Al EFG and CS parameters were ex-
tracted from the Gaussian output files using the EFGShield
program (version 2.3) developed in the laboratory of D.L.
Bryce.65

Solid-state 27Al NMR conventions
Prior to commencing the discussion of the 27Al NMR re-

sults of this study, it is convenient to recall some NMR con-
cepts and definitions relevant to the systems currently
investigated, keeping in mind that the SSNMR theory for
half-integer quadrupolar spins is detailed more elegantly
elsewhere.19–22 Aside from the Zeeman interaction, the spec-
trum of a half-integer quadrupolar spin (such as 27Al, I =
5/2) is dominated by the nuclear quadrupole interaction and
the nuclear magnetic shielding interaction. The high-field
approximation, in which the Zeeman interaction is assumed

to be at least ten times stronger than both interactions, is al-
ways applied in the interpretation of SSNMR spectra of
these nuclei.

Nuclear magnetic shielding is the interaction between the
nuclear spins and the local magnetic field induced by sur-
rounding electrons, and depends on the orientation of the
molecule with respect to the external applied magnetic field,
B0; in other words, it is anisotropic. Thus, it can be de-
scribed by a second-rank tensor, denoted by s. In its princi-
pal axis system (PAS), the symmetric component of s is
diagonal, and has three eigenvalues labeled and ordered
such that: s33 ‡ s22 ‡ s11. Experimentally, the magnetic
shielding at a nucleus is measured in terms of the chemical
shift, dii, which gives the difference in ppm between the
sample signal and that of a reference compound. Since
chemical shielding and chemical shift vary conversely with
frequency, the three principal components of the CS tensor
are ordered as: d11 ‡ d22 ‡ d33. Although the magnitude of
the shielding (or shift) tensor can be fully described by its
three eigenvalues, an alternative convention is used in which
the magnitude of the tensor is fully described by: its iso-
tropic chemical shift diso = (d11 + d22 + d33)/3; its span U =
s33 – s11 & d11 – d33; and its skew k = 3(siso – s22)/U =
3(diso – d22)/U, where –1.0 £ k £ +1.0.66,67 The span reflects
the breadth of the powder pattern due to shielding aniso-
tropy, while the skew describes the shape of the shielding
tensor, with k = ±1.0 indicating an axially symmetrical CS
tensor. It is very important to mention that the span of the
CS tensor, represented by U, scales linearly (when measured
in Hz) with B0. This means that the effects of CSA are ob-
served more clearly at high magnetic fields than at lower
ones.

The quadrupolar interaction results from the coupling of
the quadrupole moment of a nucleus with any electric field
gradient (EFG) at that nucleus. The EFG is represented by a
second-rank traceless and symmetric tensor. In its PAS, it
has three components ordered as: |V33| ‡ |V22| ‡ |V11|, with
V11 + V22 + V33 = 0. Two parameters are sufficient to quan-
tify the magnitude of the quadrupolar interaction: the quad-
rupolar coupling constant (CQ) to measure its size (strength),
and the asymmetry parameter (h) to measure the degree of
axial asymmetry of the EFG tensor. They are given by
CQ = (eQV33)/h and h = (V11 – V22)/V33. Here, e is the
charge of an electron, Q is the nuclear quadrupole moment,
and h is Planck’s constant. CQ is measured in Hz, while h is
unitless and can take any value between 0 and 1 (h = 0 cor-
responds to axial symmetry of the EFG tensor). The quadru-
polar interaction can be treated as a second-order
perturbation of the Zeeman interaction when the quadrupolar
frequency, nQ = 3CQ/(2I(2I – 1)) = 0.15 CQ for 27Al, is less
than 10% of the Larmor frequency, nL.68 This has two direct
consequences for solid-state 27Al NMR spectroscopy. First,
the satellite transitions, (±5/2 $ ± 3/2) and (±3/2 $ ±1/2),
often extend over a large spectral range so that they are dif-
ficult to both excite and detect; hence, experimentally only
the central transition is typically observed. Second, the
second-order quadrupolar breadth of the central transition
line shape is directly proportional to C2

Q/nL.68,69 This means
that the second-order quadrupolar broadening (in Hz) scales
inversely with B0, making it advantageous to acquire NMR
spectra of half-integer quadrupolar nuclei at the highest pos-
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sible magnetic field strengths to minimize such broadening.
Another very important consequence of second-order quad-
rupolar effects is that the centre of gravity of the central
transition (dcg) does not coincide with the true isotropic
chemical shift (diso). Rather, it is shifted away by the so-
called isotropic second-order quadrupole induced shift (dqis).
For a spin-5/2 nucleus such as 27Al, dqis of the central transi-
tion is given, in ppm, by15,70

½1� dqis ¼ dcg � diso ¼ �6000
P2

Q

n2
L

where PQ = CQ(1+h2/3)1/2 is the second-order quadrupole ef-
fect (SOQE) parameter, and sometimes is simply termed the
quadrupolar product.

Of equal importance to the magnitudes of the CS and
quadrupolar interactions is the information pertaining to the
relative orientation of these two tensor quantities. This
unique information is contained in three fixed Euler angles
(a, b, and g) that describe the counter-clockwise rotations
needed to bring the EFG PAS into coincidence with the CS
PAS. The so-called ‘‘zyz’’ convention is usually used, where
a describes the counter-clockwise rotation about the initial z
axis (V33) of the coordinate system, followed by a rotation
about the new y’ axis (V22) by b, followed by a rotation
about the final z@ axis (V33).71

Results and discussion
Preliminary studies of compounds 1–3 using MQMAS at

21.1 T indicated that both compounds 1 and 2 were composed
of multiple components, while compound 3 was composed
largely of a single component (Fig. 2). All three spectra indi-
cate one component with a signal near 30 ± 5 ppm in each
dimension, which can be described by an aluminum site with
a quadrupolar coupling constant near 10 MHz and an iso-
tropic chemical shift near 27 ppm, as well as a common mi-
nor impurity with a narrow peak near 10 ppm (vide infra).
Therefore, for clarity, compound 3 will be described first,
and those results will be used to help illustrate the situation
for compounds 1 and 2. This is completely consistent with
the results of powder X-ray diffraction (provided in the Sup-
plementary data), in which compound 1 displayed a multi-
component nature with a number of overlapping reflections,
2 displayed no crystalline reflections (indicating an amor-
phous nature), while compound 3 displayed a clear diffraction
pattern consistent with a single-phase crystalline sample.

The sheared 3QMAS spectrum of AlNcCl (3) at 21.1 T
(Fig. 2c) clearly shows a unique Al site flanked with spin-
ning sidebands. This ridge lies in a direction parallel to the
F2 axis, a consequence of the strong quadrupolar interaction
experienced by 27Al nuclei in this site. Another small ridge
lies at the diagonal CS axis, with a very small intensity rel-
ative to the main peak, indicating that it corresponds to an
aluminum-containing impurity. This impurity also appears
as a low-frequency ‘‘shoulder’’ in the 1D MAS line shape,
shown on top of the 2D spectrum. The 1D MAS spectra of
AlNcCl at the three magnetic fields are all shown in Fig. 3,
along with their corresponding simulations. Unlike the two
other complexes, the MAS spectra of compound 3 reveal a
polycrystalline and non-disordered powdered sample, despite

the presence of an impurity. It is obvious that the presence
of this impurity hinders the exact agreement between the ex-
perimental line shapes and the simulated ones, notably at
21.1 T (Fig. 3a) due to the inherent higher sensitivity at this
ultrahigh field. Simultaneous simulation of the three MAS
spectra yields the best-fit values of 27.0 ppm, 9.80 MHz,
and 0.10 for diso, CQ, and h,, respectively, for the dominant
component (Table 1).

In addition to the MAS spectra, 27Al QCPMG and solid-
echo NMR spectra of a stationary powder sample of AlNcCl
were acquired at 14.1 and 21.1 T, the results of which are
shown in Fig. 4. Comparing the line widths of the static
spectra at both fields, it can be readily observed that these
line widths are almost equal when measured in Hz. This in-
dicates that CSA has a significant contribution to the powder
line shape, and is comparable to the second-order quadrupo-
lar broadening. Had the spectra been dominated by the latter
interaction only, then the line width at 21.1 T would have
been equal to two thirds of that at 14.1 T. Clearly, this is
not the case. To determine the contribution of the CSA to
the line shape, the diso, CQ, and h values determined from
the MAS experiments were used in the simultaneous simula-
tion of the static spectra at both fields, and the experimental
spectra could be reproduced fairly well with the inclusion of
a span of 120 ± 10 ppm and a skew of 0.85 ± 0.10. It is also
important to mention that the line shape is very sensitive to
the Euler angle b, which is the angle between V33 (the larg-
est component of the EFG tensor) and d33 (the most shielded
component of the CS tensor). The small experimental value
of 58 for this angle indicates that these two components lie
almost in the same direction, nearly perpendicular to the
plane of the phthalocyanine ring.

A number of studies have noted the presence and charac-
teristics of penta-coordinated Al sites in aluminum oxide de-
rived materials.72–76 In accord with the results of those
studies, isotropic 27Al chemical shifts of 30–40 ppm are ob-
served, falling midway between the common shift ranges of
tetrahedral and octahedral aluminum sites encountered in
such materials. Quadrupolar coupling constants vary greatly
but are generally smaller than what has been observed with
these materials, and chemical shift anisotropies in oxide ma-
terials are expected to be small.45 The most relevant com-
parisons to be made to the results reported here are from
other metal-centered complexes involving heterocyclic li-
gands. Both reports of solid-state 27Al NMR characteriza-
tions of penta-coordinated Al sites, in 7-azaindolyl
complexes by Aschenhurst et al.47 and in bis-tetrahydrofur-
furyloxide complexes by Tang et al.,51 correspond to
square-pyramidal geometries about the aluminum centre,
similar to the compounds investigated here. However, due
to structural distortions in these other compounds, there are
some clear differences in the results, particularly with re-
spect to quadrupolar coupling; these were smaller in the
azaindolyl complexes, 5.5–6.8 MHz, while much larger in
tetrahydrofurfuryloxide complexes, 19.6–19.9 MHz. Chemi-
cal shift data were unreported in ref. 51 as such influences
on the acquired NMR spectra were no doubt negligible com-
pared with the very large quadrupolar coupling; however,
Aschenhurst et al. reported slightly higher 27Al chemical
shifts of 43–56 ppm in azaindolyl complexes, compared
with what has been found here. Of interest in the azaindolyl
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complexes is the apparent absence of any chemical shift ani-
sotropy; 27Al NMR spectra obtained at 11.7 T could be si-
mulated well without any inclusion of its effects. Clearly, in
the square-pyramidal geometry encountered in the phthalo-
cyanine complexes, chemical shift anisotropy has a much
greater influence, a fact confirmed by both multiple-field
NMR spectra and the computational chemistry results. This
may be a reflection of the electron-rich nature of the macro-
cyclic ring or its rigid steric influence. Indeed, the 27Al
chemical shift anisotropy measured for compound 3 and pre-
dicted for all compounds from calculations are the largest
reported directly from 27Al NMR data of a solid material.
The only anisotropies available in the literature that are

larger have been derived from gas-phase spin-rotation data
for AlNC and AlCl, at 405.6 and 477.4 ppm, respectively.45

To gain more insight into the structure of compound 3
and to relate the experimental data to that structure, a series
of quantum chemical calculations of the 27Al chemical
shielding and EFG tensors were performed using a geome-
try-optimized model of this compound. The results of these
calculations, using various basis sets at the RHF and B3LYP
levels, are listed in Table 2. Also shown for comparison are
the experimentally measured parameters for the major com-
ponent (site 1) of this compound determined in the present
solid-state study. A striking observation of the calculations
is the lack of quantitative agreement between the experi-

Fig. 2. Triple-quantum MAS 27Al NMR spectra of the studied compounds acquired at 21.1 T with a spinning speed of 20.0 kHz. (a) com-
pound 1, AlPcCl; (b) compound 2, AlPc(SPh)4Cl; and (c) compound 3, AlNcCl. The unique Al sites are marked with numbers. The other
peaks are spinning sidebands. To facilitate the interpretation of the spectrum, the chemical shift (CS) axis of gradient +1, and the quadru-
pole induced shift (QIS) axis with a gradient of –10/17 are also drawn to scale.

Fig. 3. Experimental and simulated 27Al MAS NMR spectra of a powder sample of compound 3 acquired at three magnetic fields. Spinning
rates are 20.0 kHz in (a) and (b), and 15.0 kHz in (c). The upper trace in (a) shows the simulation for each individual site, where site 1 is in
blue and site 2 is in red. All simulated spectra were calculated using the parameters reported in Table 1.
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mental and theoretical values of the 27Al quadrupolar cou-
pling constant. For both the RHF and DFT methods, all of
the calculated CQ values are significantly smaller than the
experimental value. The largest predicted value of
7.96 MHz, which is obtained with the RHF/6–311+G(2d, p)
level, is 18% smaller than the lower experimental limit
value of 9.70 MHz. The data also show that for a given ba-
sis set, the calculations using RHF and B3LYP methods give
similar results for CQ, with the former method giving
slightly larger values. This indicates that electron correlation
is not important for the system under study. The calculations
also indicate that the sign of CQ is positive. The value of CQ
is also observed to increase as the size of the basis set is in-
creased. The discrepancy between the calculated and ob-
served values of CQ, and of other reported 27Al NMR
parameters as well, may be due to the fact that the atomic
coordinates used in the calculations were obtained from a
computationally optimized model of the compound, and not
from the more realistic single-crystal XRD structure (which

are unavailable for this compound). Other important factors
that may cause such discrepancies originate from the fact
that calculations were performed on a single isolated rigid
molecule in the gas phase (no rovibrational averaging in-
cluded) and do not take into account the long-range intermo-
lecular interactions in the solid state (which are believed to
be very small for the Al site at the centre of the molecule).
Also, the limited sizes of the basis sets used may be a factor.
It is particularly satisfying to note that theoretical calcula-
tions predict an EFG tensor that is nearly axially symmetric,
as shown in the tabulated values of the quadrupolar asym-
metry parameter h. These are in good agreement with the
observed value of 0.1 ± 0.1, especially with the B3LYP
method employing large basis sets. The calculated B3LYP
results for h converge to the value of 0.16, in excellent ac-
cord with experiment.

Aside from the isotropic chemical shift values, both RHF
and B3LYP calculations of the 27Al CS tensor parameters
show very good agreement with experiment. Both methods

Table 1. Experimental 27Al solid-state NMR data obtained from the MAS spectra of the three com-
pounds studied.

Compound
Relative
abundance (%) CQ (MHz) h diso (ppm)

(1) AlPcCl
Site 1 29.4±1.5 9.80±0.40 0.10±0.10 30.0±3.0
Site 2 11.8±1.5 5.40±0.40 0.50±0.20 12.0±1.0
Site 3 29.4±1.5 6.80±0.40 0.2±0.1 –12.0±1.0
Site 4 29.4±1.5 9.10±0.20 0.25±0.15 –12.5±0.5

(2) AlPc(SPh)4Cl
Site 1 30.3±1.5 10.0±0.2 0.10±0.10 28.0±2.0
Site 2 9.1±1.5 5.40±0.40 0.50±0.20 12.0±1.0
Site 3 30.3±1.5 6.45±0.20 0.10±0.10 –12.5±1.0
Site 4 30.3±1.5 7.40±0.20 0.10±0.10 –12.5±1.0

(3) AlNcCl
Site 1 90.9±2.0 9.80±0.10 0.10±0.10 27.0±1.0
Site 2 9.1±2.0 5.40±0.40 0.50±0.20 12.0±1.0

Fig. 4. Experimental QCPMG and solid-echo 27Al NMR spectra of a stationary powder sample of compound 3 acquired at 21.1 and 14.1 T.
Spectra simulated using the experimental parameters with and without CSA are presented above the experimental spectra.
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overestimate the isotropic chemical shift by at least 10 and
14 ppm for the B3LYP/6–31G** and RHF/6–31G** meth-
ods, respectively. With larger basis sets in both methods,
the predicted values become even farther from that ob-
served. The availability of an absolute shielding scale ena-
bles the most successful test of the ability of theoretical
calculations to reproduce experimentally observed isotropic
chemical shifts. In lieu of such a scale for 27Al, it is not sur-
prising to find that the observed isotropic chemical shift,
27.0 ± 1.0 ppm, is not well-reproduced by the calculations
at both levels of theory. As mentioned in the Experimental
section of this report, the calculated isotropic chemical shifts
are derived by subtracting the calculated isotropic 27Al
shielding constant in compound 3 from that in [Al(H2O)6]3+.
Hence, the considerable difference between the predicted
and observed values of diso is attributed to deficiencies in
the geometrically optimized model of the reference cation.
Geometry optimization using a larger basis set and (or) dif-
ferent theory than RHF (B3LYP or MP2) of this reference
compound may be needed to establish better agreement be-
tween the experimental and calculated values of diso. Sykes
et al. have reported a series of calculated isotropic shielding
constants that converge near 613 ppm for [Al(H2O)6]3+ at
the RHF level77 (an observation we have confirmed in our
own calculations). Using their value as an absolute shielding
reference for our calculated results gives diso values that are
similar to those reported in Table 2, with values ranging
from 20 to 47 ppm instead of 41 to 47 ppm at the RHF
level, but, unsurprisingly, yields diso values that are in very
poor agreement, ranging from 42 to 80 ppm at the B3LYP
level (a different computational method) in going from the
6–31G** to the 6–311+G(2d, p) basis sets. Our own results
indicate a difference between the two computational meth-
ods, RHF vs. B3LYP, of calculating 27Al absolute chemical
shielding ranging from 25 to 40 ppm, depending on the ba-
sis sets used.

As the size of the basis set is augmented, the calculated
span of the aluminum CS tensor converges to a value of
100 ppm and 136 ppm at RHF and B3LYP levels, respec-
tively. It is apparent that the DFT/B3LYP method yields
span values that are closer to the observed one of 120 ±
10 ppm than the RHF method. It is also interesting to find
that both methods predict with high accuracy the skew of
the aluminum CS tensor. All basis sets, in both methods,
yield skew values that fall within the uncertainty limits indi-
cated by the experimental value of 0.85 ± 0.10.

The calculated Euler angles, which define the rotations re-
quired to bring the PAS of the EFG tensor into coincidence
with that of the CS tensor, are in good agreement with the
experimental results at both levels of theory. In particular,
calculations predict a small value for angle b, which is the
angle between the largest EFG component (V33) and the
most shielded CS component (d33), in close agreement with
the observed value of 5 ± 18. Indeed, this is expected, as the
observed and predicted pseudo-axial symmetry of both the
EFG and CS tensors, with the skew of the latter being close
to unity, dictate that approximate coincidence of their
unique components, d33 and V33. The absolute orientations
of the 27Al EFG and CS tensors in the molecular framework,
calculated at the B3LYP/6–311+G(2d, p) level, are shown in
Fig. 5. The most shielded component of the chemical shift
tensor, d33, lies exactly along the Al–Cl bond axis, and the
other two CS components, d11 and d22, are perpendicular to
it, and lie in the plane of the naphthalocyanine ring. The
EFG tensor exhibits essentially the same orientation as the
CS tensor, with V33 being 88 off the Al–Cl bond, and the
other EFG components (V11 and V22) in the plane of the
ring. On the basis of these results and the molecular struc-
ture of compound 3, one can safely suggest that the Al–Cl
bond acts as a pseudo-C4 rotation axis, leading to aluminum
being in an approximate square-pyramidal coordination en-
vironment. These orientations are in line with what has
been observed in other phthalocyanine complexes with co-
balt,11 magnesium12, and gallium,13,14 although ring geome-
try and coordination number can play an important role in
the degree of axial symmetry displayed.

In contrast to the two sites observed in compound 3,
Figs. 2a and 2b reveal four distinct aluminum sites in each
of compounds 1 and 2. The presence of four non-equivalent
sites, particularly for compound 1, does not agree with its
published crystal structure that reveals two unique and dis-
crete AlPcCl molecules, in which each Al atom is involved
in square-pyramidal coordination geometry.59 Indeed, such
disagreement is expected since the samples investigated
here are in a poorly crystalline state. An attempt to under-
stand the existence of additional sites in both compounds is
discussed later in this report (vide infra). Estimated values
for the isotropic chemical shift (diso) and quadrupolar prod-
uct (PQ) for each site in 1 and 2 were extracted from the
sheared 3QMAS spectra using a combination of eq. [1] and
the following equations for a spin-5/2 nucleus:78

Table 2. Experimental and calculated 27Al solid-state NMR parameters of compound 3.

Method Basis set CQ (MHz) h diso (ppm) U (ppm) k a (8) b (8) g (8)
Experimental 9.80±0.10 0.10±0.10 27.0±1.0 120.±10 0.85±0.10 100.±20 5.±1 45.±20
RHF 6–31G** 5.13 0.36 41 81 0.87 90 15 90

6–31++G** 5.76 0.33 43 84 0.87 90 15 90
6–311G** 7.51 0.29 47 100 0.88 90 12 90
6–311++G** 7.59 0.29 46 100 0.88 90 13 90
6–311+G(2d, p) 7.96 0.27 47 101 0.88 90 12 90

B3LYP 6–31G** 4.84 0.21 37 104 0.94 90 10 90
6–31++G** 5.31 0.20 38 101 0.94 90 10 90
6–311G** 7.26 0.16 41 137 0.95 90 8 90
6–311++G** 7.32 0.16 40 136 0.94 90 9 90
6–311+G(2d, p) 7.58 0.16 41 136 0.94 90 8 90
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½2� diso ¼
17d1 þ 10d2

27

½3� PQ ¼ nL

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
� dqis

6000

r
¼ nL

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
17ðd1 � d2Þ

162000

r

where d1 and d2 are the experimental chemical shifts of the
centre of gravity of the peak in F1 and F2 dimensions of the
sheared 3QMAS spectrum, nL is the Larmor frequency, PQ
and nL are in MHz, and d is in ppm. These estimated values
were subsequently used in the simulation of the one-dimen-
sional MAS spectra acquired at multiple fields. These spec-
tra are shown in Figs. 6 and 7 for compounds 1 and 2,
respectively. The best-fit parameters obtained from the si-
multaneous simulation of the 1D MAS spectra at three fields
are listed in Table 1.

Quantum chemical calculations were also performed on

compounds 1 and 2, the results of which are given in Ta-
bles 3 and 4, respectively. Table 3 shows the calculated re-
sults obtained for the two AlPcCl molecules present in the
asymmetric unit of compound 1. Comparing these results
with the experimental values obtained for site 1 of this com-
pound, one observes fair agreement, within experimental er-
ror, between the experimental values of diso, CQ, and h and
the calculated values at both the RHF and B3LYP levels.
Most notably, the calculations predict an almost axially
symmetric 27Al EFG tensor, in perfect accord with experi-
ment. The same can be said about the predicted results of
compound 2, as shown in Table 4. The B3LYP calculations
accurately reflect the experimental value of 0.10 ± 0.10 for
h observed for site 1 of 2 at all basis sets used, though it
should be noted that they were carried out on a geometri-
cally optimized model of 2 and not on an actual crystal
structure, as none exists.

Fig. 5. Calculated orientations of the 27Al chemical shift (in red) and electric field gradient (in blue) tensors in the molecular frame of
compound 3, as superimposed on views from the (a) side and (b) top. Only part of the molecular structure that depicts aluminum coordina-
tion environment is shown. Hydrogens are omitted for clarity. Aluminum is shown in orange, chlorine in green, nitrogen in blue, and carbon
in grey.

Fig. 6. Experimental and simulated 27Al MAS NMR spectra of a powder sample of compound 1 acquired at three magnetic fields. Spinning
rates are 20.0 kHz in (a) and (b), and 15.0 kHz in (c). The upper trace in (a) shows the simulation for each individual site (site 1: blue,
site 2: red, site 3: green, and site 4: pink). All simulated spectra were calculated using the parameters reported in Table 1.
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Fig. 7. Experimental and simulated 27Al MAS NMR spectra of a powder sample of compound 2 acquired at three magnetic fields. Spinning
rates are 20.0 kHz in (a) and (b), and 15.0 kHz in (c). The upper trace in (a) shows the simulation for each individual site (site 1: blue, site
2: red, site 3: green, and site 4: pink). All simulated spectra were calculated using the parameters reported in Table 1.

Table 3. Calculated 27Al solid-state NMR parameters of compound 1.

Method Basis set CQ (MHz) h diso (ppm) U (ppm) k a (8) b (8) g (8)

Molecule 1
RHF 6–31G** 6.07 0.10 33 102 0.98 158 1 21

6–31++G** 6.77 0.09 36 106 0.97 145 0.7 29
6–311G** 8.94 0.07 39 122 0.98 130 0.6 24
6–311++G** 9.01 0.07 37 122 0.98 121 0.6 38
6–311+G(2d, p) 9.39 0.07 39 124 0.98 117 0.6 41

B3LYP 6–31G** 5.83 0.09 33 108 0.98 7 1 172
6–31++G** 6.38 0.08 43 109 0.92 35 0.8 169
6–311G** 8.68 0.07 38 141 0.98 171 0.6 159
6–311++G** 8.74 0.07 37 141 0.98 175 0.8 159
6–311+G(2d, p) 9.01 0.07 38 141 0.98 173 0.6 159

Molecule 2
RHF 6–31G** 7.51 0.09 34 99 0.97 133 2.5 39

6–31++G** 8.24 0.08 36 104 0.95 138 2 32
6–311G** 10.67 0.06 39 120 0.96 133 1.6 26
6–311++G** 10.75 0.06 38 120 0.96 132 1.6 27
6–311+G(2d, p) 11.13 0.06 39 122 0.96 134 1.5 25

B3LYP 6–31G** 7.10 0.08 33 106 0.97 134 2.3 40
6–31++G** 7.68 0.08 35 106 0.95 116 2 59
6–311G** 10.24 0.06 38 139 0.97 132 1.5 27
6–311++G** 10.31 0.06 35 140 0.96 125 1.4 33
6–311+G(2d, p) 10.58 0.06 37 140 0.96 128 1.4 32

Table 4. Calculated 27Al solid-state NMR parameters of compound 2.

Method Basis set CQ (MHz) h diso (ppm) U (ppm) k a (8) b (8) g (8)
RHF 6–31G** 5.39 0.35 39 86 0.87 87 14 93

6–31++G** 6.05 0.31 41 91 0.88 87 13 93
6–311G** 7.80 0.28 45 107 0.88 87 11 93
6–311++G** 7.90 0.28 43 106 0.88 87 11 93
6–311+G(2d, p) 8.25 0.27 44 106 0.88 87 11 93

B3LYP 6–31G** 5.11 0.21 35 108 0.94 86 9 94
6–31++G** 5.64 0.19 37 107 0.94 86 9 93
6–311G** 7.55 0.16 39 142 0.94 86 7 94
6–311++G** 7.63 0.16 37 143 0.94 86 7 94
6–311+G(2d, p) 7.88 0.16 38 142 0.94 86 7 94
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In light of this successful agreement between experiment
and calculation for the major component of 3, attempts
were then made to use calculated predictions to guide inter-
pretation of both the impurity peak common to all three
compounds and to the additional sites apparent in com-
pounds 1 and 2. On the basis of both the simulated best-fit
parameters for these additional sites, as given in Table 1,
with 27Al chemical shifts falling in the expected range for
octahedral Al species, and the chemical nature of these re-
lated dye molecular frameworks, it was appropriate to focus
on possible octahedral derivatives of the parent penta-
coordinate species. Calculated results were obtained for opti-
mized structures composed of the original species with an
additional axial ligand, either Cl or H2O, completing the oc-
tahedral coordination of Al by occupying the empty site be-
low the phthalocyanine ring. These calculated results are
given in Tables 5 and 6. While exact agreement is not pos-
sible, it is clear that the trends are consistent with two likely
assignments: sites 3 and 4 of compounds 1 and 2 are likely
associated with additional Cl ligands interacting with the
central Al, resulting in a low-frequency movement of the
27Al chemical shift to approximately –12 ppm; and site 2 of
all three compounds is likely associated with a different lig-
and, possibly H2O or another light coordinating atom (OH,
NH3, and so forth) resulting in a 27Al chemical shift near
10 ppm. In each case, it seems quite clear that a completion
of the octahedral coordination sphere of Al may be respon-
sible for the additional components.

Conclusions
A combination of solid-state 27Al NMR experiments and

quantum chemical calculations has been used to study aniso-
tropic 27Al NMR interaction tensors in three commercially
obtained aluminum-centered phthlaocyanine dyes. The 27Al
CS and EFG tensors, including their relative orientations,
were determined for aluminum-2,3-naphthalocyanine chlor-
ide. The span of the aluminum chemical shift tensor in this
compound is the largest measured directly by 27Al SSNMR
spectroscopy. RHF and DFT calculations have provided
more insight into the 27Al CS and EFG tensors, and their
orientation with respect to the molecular frame, indicating
that their largest components, d33 and V33, are perpendicular
to the macrocyclic ring of this compound. The use of a
21.1 T NMR spectrometer has offered an excellent opportu-
nity for visible manifestation of the aluminum chemical shift
anisotropy in experiments performed on stationary polycrys-
talline samples. In addition, the use of such an ultrahigh-
field magnet, combined with the state-of-art triple-quantum
MAS experiment, was vital for the resolution of the differ-
ent non-equivalent aluminum sites present in powder sam-
ples of the three related compounds.

Supplementary data
Supplementary data for this article are available on the

journal Web site (canjchem.nrc.ca) or may be purchased
from the Depository of Unpublished Data, Document Deliv-

Table 5. Calculated 27Al solid-state NMR parameters of a theoretical octahedral model of compound 1, in which an
additional axial chlorine is coordinated to Al.

Method Basis set CQ (MHz) h diso (ppm) U (ppm) k a (8) b (8) g (8)
RHF 6–31G** 9.02 0.14 –15 33 0.83 91 0 89

6–31++G** 10.05 0.13 –7 38 0.86 86 0 94
6–311G** 12.62 0.13 +5 45 0.87 90 0 90
6–311++G** 12.66 0.13 +7 48 0.88 91 0 89
6–311+G(2d, p) 12.82 0.13 +8 46 0.87 90 0 90

B3LYP 6–31G** 7.99 0.08 +3 45 0.95 85 0 95
6–31++G** 8.66 0.07 +8 34 0.93 125 0 55
6–311G** 11.34 0.07 –1 74 0.97 92 0 88
6–311++G** 11.31 0.07 0 59 0.96 97 0 83
6–311+G(2d, p) 11.43 0.07 –1 52 0.96 102 0 78

Table 6. Calculated 27Al solid-state NMR parameters of a theoretical octahedral model of compound 1, in which an
additional axial H2O is coordinated to Al.

Method Basis set CQ (MHz) h diso (ppm) U (ppm) k a (8) b (8) g (8)
RHF 6–31G** 7.48 0.03 +3 76 0.99 174 1 74

6–31++G** 8.15 0.02 +18 85 0.98 175 2 5
6–311G** 9.87 0.02 +8 93 0.99 176 1 83
6–311++G** 9.95 0.02 +16 93 0.99 176 1 85
6–311+G(2d, p) 10.29 0.02 +17 94 0.99 175 1 84

B3LYP 6–31G** 7.36 0.02 +8 75 0.99 176 2 13
6–31++G** 7.77 0.02 +17 80 0.92 174 2 7
6–311G** 9.43 0.02 +14 106 0.99 177 2 88
6–311++G** 9.52 0.02 +13 106 0.99 176 2 80
6–311+G(2d, p) 9.76 0.02 +13 106 0.99 173 2 87
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1D and 2D NMR investigations of the interaction
between oppositely charged polymers and
surfactants

Aleisha A. McLachlan and D. Gerrard Marangoni

Abstract: Proton chemical shifts and two-dimensional COSY and NOE spectroscopy (NOESY) experiments have been
used to examine the interaction of various oppositely charged surfactant and polyelectrolyte systems, namely, the cationic
surfactant dodecyltrimethyammonium bromide (DTAB) and a series of alkanediyl-a,u-bis(alkyldimethylammonium bro-
mide) surfactants (Gem 12-s-12, where s is the length of the methylene spacer group) with the anionic polyelectrolyte
poly(styrene sulfonate) or PSS. In all cases, we observe substantial aromatic-solute-induced chemical shifts (ASIS) in the
surfactant peaks of the polymer/surfactant complexes versus that of the pure surfactant spectra. In the case of the DTAB/
PSS system, the chemical-shift changes as a function of changing ratio of surfactant to polymer are interpreted in terms of
structural changes that occur in the complex with increasing polymer concentration. For the Gem 12-s-12/PSS systems, the
interaction of these gemini surfactants with the anionic polyelectrolyte, as deduced from the interpretation of the 1H ASIS
shifts and the NOESY cross peaks, is dependent on the length of the methylene spacer. From the NOESY experiments, we
observed significant NOESY cross peaks that correlated well with the expected mechanism of interaction as observed in
the literature for the single-tailed surfactant/polymer system. NMR techniques are shown to provide information on the
molecular arrangement of these molecules in aqueous solution.

Key words: polymers, surfactants, complexes, ASIS experiments, 2D NOESY.

Résumé : On a fait appel à des expériences déplacements chimiques du proton et de spectroscopie de corrélation bidimen-
sionnelle (« COSY ») et de spectroscopie d’effets Overhauser nucléaire (NEOSY) pour étudier l’interaction entre divers
systèmes formés d’un agent de surface et de polyélectrolytes de charges opposés, en particulier de micelles cationiques de
l’agent de surface dodécyltriméthylammonium (DTAB) et une série de bromures d’alcanediyl-a,u-bis(alkyldiméthylammo-
nium) (Gem 12-s-12 dans lesquels s correspond à la longueur du groupe espaceur méthylène) avec le polyélectrolyte anio-
nique sulfonate de poly(styrène), SPS. Dans tous les cas, on observe d’importants déplacements anisotropiques induits par
le solvant (DAIS) dans les pics des complexes polymère/agent de surface par rapport aux spectres de l’agent de surface
pur. Dans le cas du système DTAB/SPS, les changements dans le déplacement chimique en fonction d’un changement
dans le rapport d’agent de surface au polymère sont interprétés en fonction de changements structuraux qui se produisent
dans le complexe avec une augmentation dans la concentration du polymère. Pour les systèmes Gem 12-s-12/SPS, l’inter-
action entre ces agents de surface jumeaux avec le polyélectrolyte anionique, telle que déduite de l’interprétation des dé-
placements anisotropiques induits par le solvant pour le 1H et des croisements de pics (NEOSY), est dépendante de la
longueur de l’espaceur méthylène. À partir des expériences (NEOSY), on a observé des croisements de pics (NEOSY) im-
portants qui donnent une bonne corrélation avec le mécanisme attendu d’interaction tel qu’observé dans la littérature pour
le seul système agent de surface polymère étudié. On a donc démontré que les techniques de la RMN peuvent fournir de
l’information relative à l’arrangement moléculaire de ces molécules dans une solution aqueuse.

Mots-clés : polymères, agents de surface, complexes, déplacements anisotropiques induits par le solvant (DAIS), spectros-
copie d’effets Overhauser nucléaire bidimensionnelle (NEOSY).

[Traduit par la Rédaction]

Introduction
The interaction of polymers and surfactants has received a

substantial amount of attention in the literature from both an
academic and an industrial standpoint.1–28 The manner in

which surfactants bind to polymers is critically dependent
on the charges of the polymers and the surfactants. Oppo-
sitely charged polymer/surfactant complexes have been
shown to be extremely surface-active, as evidenced by the
efficient lowering of surface tension at very low concentra-
tions of surfactant and polymer. Much of the literature has
focused on the determination of the binding isotherms of
the surfactants to the polymers via electromotive force
measurements, NMR relaxation and chemical-shift studies,
luminescence probing experiments, calorimetry, and parti-
tion-constant determinations. For example, the interactions
between poly(styrenesulfonate) (PSS) and dodecyltrimethyl-
ammonium bromide (DTAB) have been investigated by sur-
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factant-selective electrodes,29,30 luminescence probing,31 and
NMR spectroscopy.32,33

Dimeric and oligomeric surfactants are novel surfactants
that are presently attracting considerable interest from both
academic and industrial research groups. The term gemini
surfactant, coined by Menger,34 has become accepted in the
surfactant literature for describing dimeric surfactants, that
is, surfactant molecules that have two hydrophilic (chiefly
ionic) groups and two tails per surfactant molecule.35 Gem-
ini surfactants possess a number of superior properties when
compared with conventional single-headed, single-tailed sur-
factants, such as lower cmc values (by at least an order of
magnitude) and increased surface activity (C20),36–38 in addi-
tion to improved hard-water tolerance, superior wetting
times, and better cold-water solubility. Cationic gemini sur-
factants of the m-2-m type have been investigated with lu-
minescence probing and neutron scattering.39 In all cases,
the results are consistent with the combination of electro-
static and hydrophobic interactions being the driving forces
in the formation of the polymer/surfactant aggregates.

A number of surfactant formulations often contain water-
soluble polymers and additional surfactants. In most studies
of polymer/surfactant systems, the binding of the surfactant
to the polymers is discussed in terms of the nature and types
of interactions; these depend greatly on the nature of the sur-
factant and polymer. Cooperative binding always occurs
above a surfactant concentration referred to as cac (critical
aggregation concentration), which is lower than the value of
the surfactant cmc in a polymer-free system.29,30,40–42 With
surfactant/nonionic polymers, the cac is usually only slightly
smaller than the cmc of the surfactant.43 With ionic polymers
like PSS, the cac can be as much as 100 to 1000 times
smaller than the cmc.40 Although a number of papers have
examined the cooperativity of polymer/surfactant binding us-
ing various techniques, there are very few papers in the liter-
ature where detailed spectroscopic information is used to
assess the manner in which these systems self-assemble.33,44

In the case of the m-2-m gemini surfactants/PSS systems,
synergistic lowering of the surface tension at very low sur-
factant concentrations was observed, due to the electrostatic
interactions between the positive surfactant head groups and
sulfonate groups of the polymer.39 This leads to both the sur-
factant and polymer adsorbing at the air/water interface, and
forming highly surface-active complexes. However, the ad-
sorption of gemini surfactants at the air/water interface de-
pends greatly on the spacer length,37 which would indicate
that the manner in which gemini surfactants complex with
PSS would also depend on spacer length.

Aromatic-solute-induced chemical shifts (ASIS effects)
have been shown to be sensitive indicators of the structure
in micellar and polymer/surfactant systems.44–48 When
coupled with two-dimensional nuclear Overhauser enhance-
ment experiments (2D NOESY), 1H NMR experiments have
been shown to provide significant information on both the
intra- and inter-molecular proximity of protons.49 There are
a few papers in the literature dealing with the application of
the 2D NOESY technique to probe micellar solubilization
and polymer/surfactant systems.48–52 In the case of oppo-
sitely charged surfactants and polymers, a detailed analysis
of NOESY cross peaks should yield significant insights into
the manner in which the polymer and surfactant interact with
each other forming complexes and mixed micellar systems.
In this paper, we report our results on the changes in the 1H
NMR chemical shifts that occur when cationic surfactants
are bound to the anionic polymer sodium poly(styrenesulfo-
nate). The cationic surfactant systems investigated were (a)
dodecyltrimethylammonium bromide (DTAB) and (b) alka-
nediyl-a,u-bis(alkyldimethylammonium bromide) (12-s-12).
In all cases, we observe significant ASIS effects in the 1D
NMR spectra. For the gemini cationic surfactants, the NMR
chemical shifts indicate that the manner in which the gemini
surfactants self-assemble with the polymer is dependent on
the spacer length of the surfactant. The cross-peaks between
the polymer and the surfactant protons in the NOESY con-

Fig. 1. 1H NMR spectrum for the system 0.116 mol/L PSS.
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tour plots are consistent with the electrostatic interactions
between the surfactant and polymer chains dominating the
complex formation in micellar solution.

Experimental
Dodecyltrimethylammonium bromide (DTAB) was ob-

tained from the Sigma Chemical Company, and it was purified
by at least three recrystallizations from an acetone/ethanol
mixture. The gemini surfactants 12-s-12 were prepared by re-
fluxing 2 mol equivalents of N,N-dimethyldodecyl amine
(with a 10% excess) with the appropriate a,u-dibromoalkane
in either acetone or acetonitrile. The shorter spacer surfactants
were recrystallized from acetonitrile, while the longer spacer
gemini surfactants were recrystallized from acetone. The pu-
rity of the surfactants was confirmed by MS. The structure of
the 12-4-12 gemini surfactant is given below.

High purity sodium poly(styrene sulfonate) was from Al-
drich Chemical Company with a molecular mass of about

Fig. 2. 1H NMR spectrum for (a) 0.065 mol/L DTAB; (b) 0.065 mol/L DTAB/0.232 mol/L PSS.
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70 000 g/mol; D2O (99.8%) was purchased from Aldrich or
CDN Isotopes.

The 1D and 2D NMR spectra (1H) for the polymer/surfac-
tant systems were obtained on a Bruker Avance 500 NMR
spectrometer operating at 500.13 MHz for protons at the At-
lantic Region Magnetic Resonance Centre (ARMRC) at Dal-
housie University, or a Bruker Avance-II 400 NMR
spectrometer operating at 400.13 MHz at St. Francis Xavier
University. A typical 1H spectrum for the system 0.116 mol/L
PSS (in terms of the monomer concentration) is given in
Fig. 1. The 1H spectra were referenced to the HOD peak,
which was assigned a value of d = 4.750 ppm. For the phase-
sensitive 2D NOESY spectra, 128 transients of either 8 or 16
scans over 512 complex data points were acquired with sup-
pression of the HOD peak at 4.75 ppm. The mixing times
were varied between 0.20 s and 1.5 s, and the delay times
were kept fixed at 5.0 s. The data were zero-filled once in di-
mension 1 and multiplied by a shifted sine-bell function in F1
and F2 before transformation. Stock solutions of the surfac-
tants and the polymers were prepared in sample vials; the ap-
propriate quantities of the stock solutions were transferred to
NMR tubes in the presence of a small amount of NaCl. All
prepared solutions were clear and stable towards precipitation.

Results and discussion
1H chemical-shift changes

In Fig. 2, the 1H NMR spectrum of a 0.065 mol/L DTAB
solution is compared to the spectrum of the same concentra-
tion of surfactant mixed with 0.232 mol/L PSS. Significant
broadening is seen in the DTAB resonances in the presence
of the polymer, which is consistent with the NMR work of
Gao et al.32 We also note that there are considerable high-
and low-frequency shifts for the DTAB protons in the poly-
mer/surfactant complex, due to the presence of the aromatic
head group in the polymer. Figure 3 gives the chemical-shift

differences for the protons of the DTAB surfactant in the pres-
ence and absence of the PSS polymer at various ratios of the
polymer to surfactant concentrations. The intermolecular ring
current shifts we observe here for the system 0.065 mol/L
DTAB/0.116 mol/L PSS (i.e., at a polymer/surfactant ratio of
4:1) are identical to those reported by Gao et al.32,33 In these
oppositely charged polyelectrolyte/surfactant systems, the
positively charged surfactant head groups are expected to be
in the vicinity of the negatively charged aromatic head group;
this will lead to large ring-current shifts for the chain protons
on the surfactant molecules as well as for the –CH3 protons
located in the surfactant head group. We note that for most of
the concentrations of polymer and surfactant studied here,
large high-frequency shifts are observed for the chain protons
and the u-methyl protons, whereas large low-frequency shifts
are obtained for the a, N-methyl, and b protons of the DTAB
surfactant chain. We note that the magnitudes of the shift
changes are almost identical at all the concentrations of poly-
mer and surfactant investigated here, indicating that the mi-
crostructure of the polymer/surfactant complex does not vary
significantly with changing amounts of polymer or surfactant.
For the 0.130 mol/L DTAB/0.232 mol/L PSS system, high-
frequency shifts are again observed for u-methyl protons and
the chain protons, and low-frequency shifts are obtained for
the a, b, and the N-methyl protons. However, it is worth not-
ing that the magnitudes of the shift differences for all protons
except the b protons are smaller than the shift differences ob-
served for the other DTAB/PSS systems investigated here.
This is consistent with a change in the orientation of the sur-
factant protons on DTAB with respect to the plane of the aro-
matic ring on the PSS backbone for the complex, due to a
saturation of the polymer with surfactant chains or the interac-
tion of small micelles with the polyanion.

The sign and the magnitude of aromatic-ring-current
shifts are dependent on the orientation of the aromatic ring
plane with respect to the various DTAB protons. For exam-

Fig. 3. Changes in proton chemical shifts of DTAB upon formation of DTAB/PSS aggregates (Dd = d(DTAB/PSS) – d(DTAB)) for
varying concentrations and ratios of DTAB/PSS. (^) 0.033 mol/L DTAB/0.116 mol/L PSS. (~) 0.065 mol/L DTAB/0.116 mol/L PSS.
(&) 0.065 mol/L DTAB/0.232 mol/L PSS. (?) 0.130 mol/L DTAB/0.232 mol/L PSS. (*) Literature values from ref. 33.
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ple, if the protons on the DTAB chain are, on average, in
the plane of the aromatic ring, their shielding constant is de-
creased and the result is a high-frequency chemical-shift
change. On the other hand, if the average orientation of the
protons is above the plane of the aromatic rings, their shield-
ing constant is increased and a low-frequency shift change
results. Hence, we can interpret Fig. 3 in terms of the struc-
ture of the polymer/surfactant aggregates. According to Gao
et al.33 and Abuin and Scaiano,31 at the concentrations of
surfactant and polymer investigated in this paper, we would
expect that the aggregate sizes are small with the micelles
interacting with the hydrophobic phenyl ring of the polymer.
Hence, the large high-frequency shifts for the protons near-
est the surfactant head group are consistent with the surfac-
tant head group electrostatically interacting with the
polyelectrolyte, while the u-CH3 and the chain protons

(n-protons) are on average located in the plane of the aro-
matic group. We note that in most cases, as the ratio of the
surfactant to polymer concentration is changed, the similar-
ity in the ring-current shifts for the DTAB head-group pro-
tons indicates that the average orientation of the surfactant
with respect to the polymer is essentially unchanged. This
is in good agreement with the results of Gao et al.32,33 How-
ever, the large differences in the ring-current shifts for the b

protons in the 0.130 mol/L DTAB/0.232 mol/L PSS suggest
that the environment of the DTAB protons is different at
that concentration from the other complexes investigated
here. This is consistent with a difference in the structure of
the complexes as the amount of surfactant increases. Abuin
and Scaiano31 have stated that for higher ratios of polymer
to surfactant, most of the surfactant (‡90%) is polymer-
bound. Hence, in the case of the highest concentration of

Fig. 4. 1H NMR spectrum for (a) 0.010 mol/L 12-5-12; (b) 0.0070 mol/L 12-12-12.
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surfactant investigated here, the presence of additional
amphiphile molecules likely leads to an almost complete
saturation of the polymer, with the remaining surfactant
self-assembling into free micelles. This is consistent with
the fact that the magnitudes of all the chemical-shift differ-
ences for DTAB are somewhat reduced in this system, as
the solutions will consist of a mixture of polymer/surfactant
complexes of slightly larger surfactant aggregation numbers
and some free-surfactant micelles. As the exchange between
the complexes and the free micelles will be fast on the NMR
timescale, the averaged NMR spectrum will reflect the dis-
tribution of surfactant molecules between the bound com-
plexes and free micelles. The increase in the aggregation
number of the surfactant in the polymer/surfactant com-
plexes, coupled with the appearance of free micelles, leads
to a more micelle-like environment in the complex with a

corresponding change in the ASIS chemical-shift profiles as
a function of the surfactant concentration.

Typical 1H NMR spectra for the gemini surfactants
0.010 mol/L 12-5-12 and 0.0070 mol/L 12-12-12 are shown
in Fig. 4. Indicated on the Figures are the chemical shifts of
the protons on the 12-carbon chains of the gemini surfactants
and in the n-methylene spacer groups. 1H NMR spectra for
the same concentrations of both surfactants in a 0.055 mol/L
solution of PSS are presented in Fig. 5. We can again clearly
see that there are large ASIS effects induced for both the
chain protons and for the spacer protons of the gemini sur-
factants in the presence of the anionic polyelectrolyte.

The 1H chemical shifts for the chain protons of the 12-s-
12/PSS systems are presented in Fig. 6. From the plot of
the Dd of the chain protons, we observe that there are dif-
ferences in the manner in which the gemini surfactants in-

Fig. 5. 1H NMR spectrum for (a) 0.010 mol/L 12-5-12/0.055 mol/L PSS; (b) 0.0070 mol/L 12-12-12/ 0.055 mol/L PSS.
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teract with the polyelectrolyte as a function of the length of
the methylene spacer. For the shorter-spacer gemini surfac-
tants 12-4-12 and 12-5-12, we note that the magnitude of
the shift of the N-methyl protons is comparable to that of
both DTAB and the longer-spacer gemini surfactants,
whereas the chemical-shift differences for the a-chain and
the b-chain protons of the surfactant are different for the
shorter- and longer-chain spacer gemini surfactants. This in-
dicates that the manner in which the gemini surfactants
self-assemble with the polyelectrolyte is different for short-

spacer gemini surfactants from longer-spacer gemini amphi-
philes. In fact, when we examine the chemical-shift patterns
for the chains of the longer-spacer gemini surfactants, they
are identical to those of the DTAB/PSS systems shown
above. This is consistent with the longer-spacer gemini
surfactants self-assembling with the polyelectrolyte in a
manner similar to DTAB, indicating that with the longer-
spacer-length gemini surfactants, there is enough distance
between the surfactant head groups that they behave essen-
tially independently and are easily able to interact with ad-
jacent PSS monomers on the polymer.

The chemical-shift differences for the spacer protons are
presented in Fig. 7. We note that for the short-spacer-length
gemini surfactants (12-4-12 and 12-5-12), very small
changes are observed for the a and b protons. However, as
the spacer length increases (i.e., for 12-10-12 and 12-12-
12), we note that the Dd values for the a- and b-chain pro-
tons become more negative, indicating that the first few
spacer protons are likely more constrained for the short
gemini spacers than for the longer spacers. Given the short
spacer length in the 12-4-12 and the 12-5-12 surfactants,
when the cationic head groups interact with adjacent sulfo-
nate groups on the polymer chain, this will lead to a more
rigid environment for the spacer protons on the short-spacer
gemini surfactants, keeping them in intimate contact with
the aromatic chains. For the long-spacer gemini surfactants,
the positive shift difference for those spacer protons in the
middle of the chain indicate that they are outside of the
ring current set up by the circulating p electrons, leading to
a high-frequency shift for those protons. This would be con-
sistent with the protons in the middle of the long-spacer
chain having considerably more freedom of movement than
the spacer protons of the short chains. We would expect that
given the short spacer length of the 12-4-12 and the 12-5-12
system, the interactions with the two head groups of the
gemini surfactant with the sulfonate groups on adjacent
monomers would lead to crowding of the benzene rings on
adjacent monomers in the complex; this steric crowding
would lead to a decrease in the entropy of the system and
would contribute to destabilization of the complex. For the
long-spacer gemini surfactants, given the freedom of motion
of the two chains that make up the cationic gemini surfac-
tant, the reduction of the steric crowding in the complex
would lead to an increase of the binding constants over
those of the short-spacer gemini amphiphiles. We are cur-
rently determining the binding contacts for these species us-
ing emf measurements; they will be reported in a future
publication. It should be noted that similar results were ob-
served by Wettig et al. for the interaction of gemini surfac-
tants of differing spacer lengths with DNA; their results
indicated that the spacer length of the gemini impacted the
manner in which cationic head groups were able to interact
with negatively charged moieties at the surface of the DNA
biopolymer. These subtle differences in binding resulted in
differing transfection efficiencies for differing spacer lengths
of their gemini-surfactant-based nanoparticles.53

NOESY spectra
NMR NOESY experiments were performed for the follow-

ing systems: 0.065 mol/L DTAB/0.116 mol/L PSS (Fig. 8),
0.010 mol/L 12-4-12/0.055 mol/L PSS (Fig. 9), 0.010 mol/L
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Fig. 6. Changes in proton chemical shifts of 12-s-12 gemini
surfactant chain protons upon formation of 12-s-12/PSS aggregates
(Dd = d(12-s-12/PSS) – d(12-s-12)). (^) 0.010 mol/L 12-4-12/
0.055 mol/L PSS. (~) 0.010 mol/L 12-5-12/0.055 mol/L PSS.
(&) 0.0070 mol/L 12-10-12/0.055 mol/L PSS. (?) 0.0070 mol/L
12-12-12/0.055 mol/L PSS.
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Gemini arm protons

Fig. 7. Changes in proton chemical shifts of 12-s-12 gemini surfac-
tant spacer protons upon formation of 12-s-12/PSS aggregates
(Dd = d(12-s-12/PSS) – d(12-s-12)). (^) 0.010 mol/L 12-4-12/
0.055 mol/L. (~) 0.010 mol/L 12-5-12/0.055 mol/L PSS.
(&) 0.0070 mol/L 12-10-12/0.055 mol/L PSS. (?) 0.0070 mol/L
12-12-12/0.055 mol/L PSS.
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12-5-12/0.055 mol/L PSS (Fig. 10), 0.0070 mol/L 12-10-12/
0.055 mol/L PSS (Fig. 11), 0.0070 mol/L 12-12-12/
0.055 mol/L PSS (Fig. 12). 2D NOESY experiments have
been shown to give excellent insights into the nature of the
self-assembly process in a number of aggregated sys-
tems.48,50,52,54,55 When we examine the NOESY contour plots
for the system 0.065 mol/L DTAB /0.116 mol/L PSS (Fig. 8),
it is clear that significant cross peaks occur between the pro-
tons of the surfactant and the polymer, indicating that at least
some of the protons in both the polymer and the surfactant
are within a spatial proximity of 0.5 nm. For the PSS/DTAB
systems investigated here, we observe strong cross peaks be-
tween the aromatic protons of the polymer and the N-methyl
protons of the DTAB, which we would expect for the pres-
ence of strong electrostatic interactions between the surfac-
tant and polyanionic system. We note, as well, that there are

significant cross peaks between the chain protons of the sur-
factant and the charged head groups of the polymer, indicat-
ing that the chains of the surfactants are interacting strongly
with the aromatic ring systems of the polymer. This is consis-
tent with the condensation of a small number of molecules on
the polymer backbone and the subsequent hydrophobic inter-
actions of these molecules in the condensed structures. The
very strong cross peaks that are observed between the termi-
nal methyl group of the cationic surfactant and the aromatic
ring systems signify the spatial proximity of these groups
within the self-assembled complex. We note that when we
compare the NOESY spectra of the individual 12-s-12 gem-
ini systems with the polyanion, we observe very little differ-
ence in the nature of the cross peaks in all these systems, and
also when compared to the DTAB/PSS system. This indicates
that the manner in which these cationic surfactants self-

Fig. 8. 2D NOESY contour plot for the system 0.065 mol/L DTAB/0.117 mol/L PSS.

Fig. 9. 2D NOESY contour plot for the system 0.010 mol/L 12-4-12/0.055 mol/L PSS.
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assemble with the polyanion is fundamentally identical. We
also note that, in all cases, we observe cross peaks between
many of the chain protons of the cationic surfactants and the
aromatic ring of the polyanion, which is consistent with the
ring-current shift measurements reported above. The exis-
tence of cross peaks between the aromatic resonances and
the u-CH3 protons in the cationic surfactants must indicate
that these surfactant molecules have a significant amount of
rotational freedom, in excellent agreement with the 13C relax-
ation data of Gao et al.33

From the chemical-shift differences and the NOESY spec-
tra of all the cationic surfactant PSS systems, we would con-

clude that the carbons near the head groups of all the
cationic surfactants complexed with the PSS are more spa-
tially restricted in the polymer/surfactant system than in the
free surfactants themselves, in excellent agreement with the
literature. Given the strong correlations in the 2D NOESY
spectrum as well as the large, positive ASIS effects for the
protons attached to the carbons near the end of the chain,
we anticipate that the motions of the carbons in this region
would be isotropic in nature. For the alkyl chain carbons
near the head group, the strong NOESY correlations as well
as the large, negative ASIS effects clearly indicate a spa-
tially restricted environment for these groups in the complex

Fig. 10. 2D NOESY contour plot for the system 0.010 mol/L 12-5-12/0.055 mol/L PSS.

Fig. 11. 2D NOESY contour plot for the system 0.0070 mol/L 12-10-12/0.055 mol/L PSS.
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compared to the micellar solution. Clearly, the binding be-
tween the polyanion and the cationic surfactants leads to a
more rigid environment near the surface of the complexes
compared to the DTAB micelle. These results suggest that
the structure of all the cationic surfactant/PSS complexes
are similar in that they consist of a highly ordered region
near the aggregate surface and a much more micelle-like
fluid hydrocarbon region in the core. The ASIS shifts appear
to indicate that there are some additional constraints on the
formation of these complexes when the spacer arm of the
gemini surfactant is short.

Summary

The 1H NMR chemical shifts and the NOESY spectra for
a number of cationic surfactants complexed with an aro-
matic-containing polyanion (PSS) have been determined for
several ratios of the surfactant and the polymer. All the
NMR results support the existence of the structure where all
the cationic surfactant/PSS complexes consist of a highly or-
dered region near the aggregate surface and a much more
micelle-like fluid hydrocarbon region in the core. The 1H
chemical differences indicate that the manner in which the
DTAB and the long-spacer gemini surfactants interact with
the PSS are fundamentally similar, whereas the shorter-
spacer gemini surfactants have a different 1H chemical-shift
difference pattern for the spacer and chain protons; this may
indicate subtle differences in the nature of the binding of
these cationic surfactants to the polyanion.
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1,3-Dibromo-5,5-dimethylhydantoin as an efficient
homogeneous catalyst for the synthesis of
2-arylthiazolines and 2-arylimidazolines

Seyedeh Fatemeh Hojati, Iraj Mohammadpoor-Baltork, Behrooz Maleki,
Mostafa Gholizadeh, Fatemeh Shafiezadeh, and Mahnaz Haghdoust

Abstract: A simple, facile, and efficient procedure for the synthesis of 2-arylthizolines and 2-arylimidazolines has been
developed by the simple condensation of nitriles with 2-aminoethanethiol or ethylenediamine catalyzed by 1,3-dibromo-
5,5-dimethylhydantoin under solvent-free conditions. Selective preparation of bisthiozolines and monoimidazolines from
dinitriles and also selective conversion of arylnitriles to their corresponding 2-arylthiazolines or imidazolines in the pres-
ence of alkylnitriles can be considered as considerable advantages of this method.

Key words: thiazoline, imidazoline, 1,3-dibromo-5,5-dimethylhydantoin, solvent-free

Résumé : On a mis au point une méthode simple, facile et efficace de réaliser la synthèse de 2-arylthiazolines et de 2-
arylimidazolines impliquant une condensation simple de nitriles avec le 2-aminoéthanethiol ou l’éthylènediamine catalysée
par la 1,3-dibromo-5,5-diméthylhydrantoı̈ne dans des conditions sans solvant. La préparation sélective de bis-thiazolines et
de mono-imidazolines, à partir de dinitriles, ainsi que la conversion sélective d’arylnitriles en 2-arylthiazolines ou 2-
arylimidazolines, en présence d’alkylnitriles, peut être considérée comme un avantage considérable pour cette méthode.

Mots-clés : thiazoline, imidazoline, 1,3-dibromo-5,5-diméthylhydantoı̈ne, sans solvant

[Traduit par la Rédaction]

Introduction

Thiazolines and imidazolines are very important structural
moieties, because they are found in a large number of bio-
logically active natural products.1,2 The most significant ex-
amples are thiangazole,3 tantazole B,3 lissoclinamides,4

curacin A,5 naphazoline,6 xylometazoline,7 and oxymetazo-
line,8 which are anti HIV-1 and 2, antineoplastic and antimi-
totic agents, a-adrenergic agonists, nasal decongestants, and
a-1 and a-2 agonist topical decongestants, respectively.
Antidiabetic,9 antihypertensive,10 antihypercholesterolemic,11

and anti-inflammatory12 activities are some other properties
which have been reported for the natural and synthetic thia-
zoline and imidazoline containing compounds.

Optically active mono- and bis-derivatives of these heter-
oeycles have been efficiently used as both auxiliaries and li-
gands in asymmetric transformations.13 Furthermore,
thiazoline derivatives have found industrial applications due
to their ability to enhance the flavor and (or) aroma of vari-
ous materials.14

Different methods have been developed for the synthesis

of these biologically active heterocycles.15–21 Various pre-
cursors, catalysts, and reaction conditions have been applied
for this purpose. Although some of these protocols effi-
ciently generate the desired compounds, most of them suffer
from one or more drawbacks such as long reaction times,16

harsh reaction conditions,17 low yields of products,18 use of
expensive reagents17c,19 or toxic solvents,20 and using multi-
step syntheses.15e,18b,21 Therefore, the design of a new, sim-
ple, safe, and efficient method for the preparation of
thiazolines and imidazolines is still challenging.

1,3-Dibromo-5,5-dimethylhydantoin (DBH) is a five-
membered heterocycle, which had been known as a bromina-
tion agent,22 but it has recently gained special attention as an
efficient homogeneous catalyst in organic transformations.23

However, we were interested in examining the catalytic ac-
tivity of DBH on our previous work15d,24 on the synthesis of
2-arylthiazoline and 2-arylimidazoline derivatives (Scheme 1).

Results and discussion
The catalytic synthesis of thiazolines and imidazolines

from nitriles by DBH was studied. At first, cyclocondensa-

Scheme 1. Synthesis of 2-arylthiazolines and 2-arylimidazolines
catalyzed by DBH.
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tion of benzonitrile with 2-aminoethanethiol was carried out
in the presence of different amounts of DBH. The tempera-
ture and solvent effects were also investigated (Table 1).
The best result was obtained with 1:1.1:0.01 molar ratios of
benzonitrile/2-aminoethanethiol/DBH at 110 8C under sol-
vent-free conditions. 2-Phenythiazolines was obtained in
95% yield after 7 min. To show the catalytic activity of
DBH, when benzonitrile was reacted with 2-aminoethane-
thiol in the absence of catalyst under the same reaction con-
ditions, only 15% yield was obtained after 7 min. Thus,
DBH is an efficient homogeneous catalyst for the synthesis
of 2-substituted thiazolines. Furthermore, the turnover num-
ber of the catalyst in the present reaction (TON = 95) exhib-
its the high catalytic activity of DBH in the synthesis of 2-
thiazolines. The applicability of this method was investi-
gated by the reaction of different nitriles with 2-aminoetha-
nethiol in the presence of 1 mol% DBH. Results are
summarized in Table 2 (entries 1–10). Nitrogen-containing
analogues of thiazolines were also prepared satisfactorily by
the current procedure (Table 2, entries 11–16). As shown in
Table 2, both electron-donating and -withdrawing substi-
tuted nitriles reacted very well and produced corresponding
2-thiazolines and 2-imidazolines in good to excellent yields.

It is noteworthy that bisthiazolines and monoimidazolines
were selectively generated by this method (Table 3). As il-
lustrated in Table 3, reactions of 1,3- and 1,4-dicyanoben-
zene with 2-aminoethanethiol produced bisthiazolines in
97% and 85% yield, respectively, whereas the same sub-
strates, when reacted with ethylenediamine, gave exclusively
monoimidazolines in 96% and 95% yield, respectively. Bisi-
midazolines were not obtained even by increasing the reac-
tion times to 10 h.

It is also important to note that alkyl nitriles did not react
with 2-aminoethanethiol and ethylenediamine under the
same reaction conditions. So, several competitive reactions
were performed between aryl nitriles and alkyl nitriles
(Scheme 2), which showed an interesting selectivity. Only
2-arylthiazolines and 2-arylimidazolines were obtained after
appropriate times, and alkyl nitriles remained intact in the
reaction mixture. Consequently, the present method is poten-
tially applicable for the chemoselective conversion of aryl
nitriles to their corresponding 2-arylthiazolines and 2-aryli-
midazolines in the presence of alkyl nitriles.

Although the actual mechanism of the reaction is unclear,
a reasonable explanation due to the high catalytic activity of
DBH and mechanistic operation of DBH in similar reac-
tions23c,25 is shown in Scheme 3. 1,3-Dibromo-5,5-dimethyl-
hydantion produces the bromonium ion (Br +) and activates
the nitrile group by the formation of nitrogen cation A. The
reaction follows by nucleophilic attack of 2-aminoethane-
thiol or ethylenediamine on activated nitrile B to afford C
and D which are both N-activated by Br +. Finally, the corre-
sponding 2-thiazoline or 2-imidazoline is produced by re-
leasing NH3 and bromonium ion, which returns to the
catalytic cycle (Scheme 3).

In conclusion, we have demonstrated a mild and efficient
protocol for the preparation of 2-arylthiazolines and 2-aryli-
midazolines using DBH as a homogeneous catalyst. Chemo-
selectivity, short reaction times, easy work-up, and high
yields of products are noteworthy advantages of this proto-
col. Furthermore, the use of an inexpensive, approximately

non-toxic, commercially available, and highly efficient cata-
lyst under solvent-free conditions makes the current method
economically acceptable and industrially applicable. We
have also proposed a plausible mechanism for the present
reaction.

Experimental
All materials are commercial reagent grade and were ob-

tained from Merck or Fluka. 1H NMR spectra were recorded
on a Bruker AVANCE 500 MHz or on a Bruker AW
80 MHz, and TMS was used as an internal standard in a
80 MHz spectrometer. Melting points were taken on a Stuart
Scientific SMP2 apparatus. Elemental analyses were per-
formed using a Heraeus CHN-O-Rapid analyzer. Mass spec-
tra were recorded on a PLATFORM 8379E in 70 eV.

General procedure for the preparation of 2-thiazolines
and 2-imidazolines

A mixture of nitrile (2 mmol), 2-aminoethanethiol
(2.2 mmol) or ethylenediamine (8 mmol), and DBH
(0.02 mmol) was refluxed (110 8C) under solvent-free con-
ditions for the appropriate time according to Table 2. After
completion of the reaction as indicated by TLC (2:1 n-hex-
ane/EtOAc for thiazolines and 4:1 EtOAc/CH3OH for imida-
zolines), the mixture was cooled to room temperature and
the pure product was isolated by column chromatography.

General procedure for the synthesis of bisthiazolines and
monoimidazolines

To a mixture of dinitrile (2 mmol) and 2-aminoethanethiol
(5 mmol) or ethylenediamine (16 mmol) was added DBH
(0.04 mmol) and the mixture stirred at 110 8C for the appro-
priate time according to Table 3. The progress of the reac-
tion was monitored by TLC (2:1 n-hexane/EtOAc for
thiazolines and 4:1 EtOAc/CH3OH for imidazolines). After
completion of the reaction, the mixture was cooled to room
temperature and the crude product purified via silica gel col-
umn chromatography.

2-Phenylthiazoline (3a)
Solid; mp 126–128 8C. 1H NMR (CDCl3, 500 MHz) d:

3.40 (t, J = 8.3 Hz, 2H, CH2–S), 4.46 (t, J = 8.3 Hz, 2H,
CH2–N), 7.38–7.49 (m, 3H, ArH), 7.85 (dd, J = 1.6 and

Table 1. Investigation of temperature and solvent effects on the
synthesis of 2-phenylthiazoline in the presence of DBH.

Entry Solvent
Temperature
(8C)

Time
(min)

Yielda,b

(%)
1 — 50 60 5
2 — 80 60 10
3 — 100 20 70
4 — 110 7 95
5 CH3OH 110 7 20
6 CH3CH2OH 110 7 25
7 CH2Cl2 110 7 75
8 Acetone 110 7 40
9 n-Hexane 110 7 30

aReaction conditions: benzonitrile (1 mmol), 2-aminoethanethiol
(1.1 mmol), and DBH (0.01 mmol).

bIsolated yields.
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7.6 Hz, 2H, ArH). MS m/z: 163 [M+]. Anal. calcd. for
C9H9NS: C 66.22, H 5.56, N 8.58; found C 66.28, H 5.63,
N 8.48.

2-(4-Chlorophenyl)thiazoline (3b)
Solid; mp 53–55 8C. 1H NMR (CDCl3, 500 MHz) d: 3.45

(t, J = 8.4, 2H, CH2–S), 4.47 (t, J = 8.4 Hz, 2H, CH2–N),

Scheme 2. Competitive reactions of aryl and alkyl nitriles with 2-aminoethanethiol or ethylenediamine.

Scheme 3. Proposed mechanism for the synthesis of 2-arylthiazolines and 2-arylimidazolines catalyzed by DBH.
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7.40 (d, J = 8.6 Hz, 2H, ArH), 7.79 (d, J = 8.6 Hz, 2H,
ArH). MS m/z: 197, 199 [M+]. Anal. calcd. for C9H8ClNS:
C 54.68, H 4.08, N 7.08; found C 54.53, H 4.17, N 7.09.

2-(3-Bromophenyl)thiazoline (3c)
Oily Liquid. 1H NMR (CDCl3, 500 MHz) d: 3.36 (t, J =

8.1 Hz, 2H, CH2–S), 4.26 (t, J = 8.1 Hz, 2H, CH2–N), 7.27
(t, J = 7.8 Hz, 1H, ArH), 7.40 (d, J = 7.9 Hz, 1H, ArH),
7.50 (d, J = 7.6 Hz, 1H, ArH), 7.66 (s, 1H, ArH). MS m/z:
241, 243 [M+]. Anal. calcd. for C9H8BrNS: C 44.64, H 3.33,
N 5.78; found C 44.67, H 3.37, N 5.72.

2-(4-Bromophenyl)thiazoline (3d)
Oily liquid. 1H NMR (CDCl3, 500 MHz) d: 3.35 (t, J =

8.1 Hz, 2H, CH2–S), 4.24 (t, J = 8.2 Hz, 2H, CH2–N), 7.31
(d, J = 8.2 Hz, ArH), 7.55 (d, J = 8.2 Hz, 2H, ArH). MS m/
z: 241, 243 [M+]. Anal. calcd. for C9H8BrNS: C 44.64, H
3.33, N 5.78; found C 44.69, H 3.26, N 5.81.

2-(4-Nitrophenyl)thiazoline (3e)
Solid; mp 151–153 8C. 1H NMR (CDCl3, 500 MHz) d:

3.53 (t, J = 8.5 Hz, 2H, CH2–S), 4.54 (t, J = 8.5 Hz, 2H,
CH2–N), 8.02 (d, J = 8.8 Hz, 2H, ArH), 8.29 (d, J =
8.7 Hz, 2H, ArH). MS m/z: 208 [M+]. Anal. calcd. for
C9H8N2O2S: C 51.91, H 3.87, N 13.45; found C 51.88, H
3.80, N 13.52.

2-(4-hydroxyphenyl)thiazoline (3f)
Solid; mp 176–178 8C. 1H NMR (CDCl3, 500 MHz) d:

3.43 (t, J = 8.3 Hz, 2H, CH2–S), 3.85 (s, 1H, OH), 4.44 (t,
J = 8.3 Hz, 2H, CH2–N), 6.84 (d, J = 8.5 Hz, 2H, ArH),
7.73 (d, J = 8.5 Hz, 2H, ArH). MS m/z: 179 [M+]. Anal.
calcd. for C9H9NOS: C 60.31, H 5.06, N 7.81; found C
60.43, H 5.00, N 7.78.

2-(4-Methoxyphenyl)thiazoline (3g)
Solid; mp 52–54 8C. 1H NMR (CDCl3, 500 MHz) d: 3.42

(t, J = 8.2 Hz, 2H, CH2–S), 3.86 (s, 3H, O–CH3), 4.44 (t,
J = 8.2 Hz, CH2–N), 6.93 (d, J = 8.3 Hz, 2H, ArH), 7.81
(d, J = 8.3 Hz, 2H, ArH). MS m/z: 193 [M+]. Anal. calcd.
for C10H11NOS: C 62.15, H 5.74, N 7.25; found C 62.17, H
5.75, N 7.21.

2-(2-Pyridyl)thiazoline (3h)
Solid; mp 92–94 8C. 1H NMR (CDCl3, 500 MHz) d: 3.32

(t, J = 8.6 Hz, 2H, CH2–S), 4.48 (t, J = 8.6 Hz, 2H, CH2–N),
7.28–7.32 (m, 1H, ArH), 7.71 (m, 1H, ArH), 8.01 (d, J =
7.9 Hz, 1H, ArH), 8.60 (d, J = 4.8 Hz, 1H, ArH). MS m/z:
164 [M+]. Anal. calcd. for C8H8N2S: C 58.51, H 4.91, N
17.06; found C 58.55, H 4.86, N 17.12.

2-(3-Pyridyl)thiazoline (3i)
Solid; mp 110–112 8C. 1H NMR (CDCl3, 500 MHz) d:

3.37 (t, J = 8.4 Hz, 2H, CH2–S), 4.39 (t, J = 8.4 Hz, 2H,
CH2–N), 7.27 (dd, J = 4.8 and 8.0 Hz, 1H, ArH), 8.02 (dt,
J = 1.9 and 8.0 Hz, 1H, ArH), 8.60 (dd, J = 1.4 and 4.8 Hz,
1H, ArH), 8.96 (d, J = 1.9 Hz, 1H, ArH). MS m/z: 164 [M+].
Anal. calcd. for C8H8N2S: C 58.51, H 4.91, N 17.06; found
C 58.58, H 4.95, N 17.00.

2-(4-Pyridyl)thiazoline (3j)
Solid; mp 74–76 8C. 1H NMR (CDCl3, 500 MHz) d: 3.48

(t, J = 8.5 Hz, 2H, CH2–S), 4.51 (t, J = 8.5 Hz, 2H, CH2–N),
7.68 (dd, J = 1.5 and 4.5 Hz, 2H, ArH), 8.71 (dd, J = 1.5
and 4.5 Hz, 2H, ArH). MS m/z: 164 [M+]. Anal. calcd. for
C8H8N2S: C 58.51, H 4.91, N 17.06; found C 58.49, H
4.85, N 17.13.

2-Phenylimidazoline (3k)
Solid; mp 100–102 8C. 1H NMR (CDCl3, 80 MHz) d:

3.75 (s, 4H, 2CH2), 4.8 (s, 1H, NH), 7.3–7.4 (m, 3H, ArH),
7.7–7.8 (m, 2H, ArH). MS m/z: 146 [M+]. Anal. calcd. for
C9H10N2: C 73.94, H 6.89, N 19.16; found C 73.95, H 6.85,
N 19.18.

Table 3. Selective synthesis of bis-thiazolines and mono-imidazolines using DBH.
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2-(3-Chlorophenyl)imidazoline (3l)
Solid; mp 134–136 8C. 1H NMR (CDCl3, 80 MHz) d:

3.76 (s, 4H, 2CH2), 4.25 (s, 1H, NH), 7.22–7.75 (m, 4H,
ArH). MS m/z: 180, 182 [M+]. Anal. calcd. for C9H9ClN2:
C 59.84, H 5.02, N 15.51; found C 59.78, H 5.10, N 15.45.

2-(4-Chlorophenyl)imidazoline (3m)
Solid; mp 186–188 8C. 1H NMR (CDCl3, 80 MHz) d:

3.75 (s, 4H, 2CH2), 4.22 (s, 1H, NH), 7.3 (d, 2H, ArH),
7.93 (d, 2H, ArH). MS m/z: 180, 182 [M+]. Anal. calcd. for
C9H9ClN2: C 59.84, H 5.02, N 15.51; found C 59.88, H
5.06, N 15.49.

2-(2-Pyridyl)imidazoline (3n)
Solid; mp 100–102 8C. 1H NMR (CDCl3, 80 MHz) d:

3.81 (s, 4H, 2CH2), 5.38 (s, 1H, NH), 7.22–7.38 (m, 1H,
ArH), 7.62–7.85 (m, 1H, ArH), 8.12 (d, 1H, ArH), 8.55 (d,
1H, ArH). MS m/z: 147 [M+]. Anal. calcd. for C8H9N3: C
65.29, H 6.16, N 28.55; found C 65.20, H 6.17, N 28.61.

2-(3-Pyridyl)imidazoline (3o)
Solid; mp 106–108 8C. 1H NMR (CDCl3, 80 MHz) d:

3.78 (s, 4H, 2CH2), 4.54 (s, 1H, NH), 7.2–7.38 (m, 1H,
ArH), 8.02–8.15 (m, 1H, ArH), 8.6–8.67 (m, 1H, ArH),
8.92 (s, 1H, ArH). MS m/z: 147 [M+]. Anal. calcd. for
C8H9N3: C 65.29, H 6.16, N 28.55; found C 65.25, H 6.14,
N 28.63.

2-(4-Pyridyl)imidazoline (3p)
Solid; mp 134–136 8C. 1H NMR (CDCl3, 80 MHz) d:

3.79 (s, 4H, 2CH2), 4.3 (s, 1H, NH), 7.61 (d, 2H, ArH),
8.65 (d, 2H, ArH). MS m/z: 147 [M+]. Anal. calcd. for
C8H9N3: C 65.29, H 6.16, N 28.55; found C 65.33, H 6.21,
N 28.49.

2-(3-(Thiazolin-2-yl)phenyl)thiazoline (3q)
Solid; mp 111–113 8C. 1H NMR (CDCl3, 500 MHz) d:

3.46 (t, J = 8.4 Hz, 4H, 2CH2–S), 4.49 (t, J = 8.4 Hz, 4H,
2CH2–N), 7.48 (t, J = 7.8 Hz, 1H, ArH), 7.95 (dd, J = 1.5
and 7.8 Hz, 2H, ArH), 8.27 (s, 1H, ArH). MS m/z: 248
[M+]. Anal. calcd. for C12H12N2S2: C 58.03, H 4.87, N
11.28; found C 58.06, H 4.84, N 11.32.

2-(4-(Thiazolin-2-yl)phenyl)thiazoline (3r)
Solid; mp 105–107 8C. 1H NMR (CDCl3, 500 MHz) d:

3.45 (t, J = 8.3 Hz, 4H, 2CH2–S), 4.49 (t, J = 8.3 Hz, 4H,
2CH2–N), 7.88 (s, 4H, ArH). MS m/z: 248 [M+]. Anal.
calcd. for C12H12N2S2: C 58.03, H 4.87, N 11.28; found C
58.11, H 4.79, N 11.21.

3-(Imidazolin-2-yl)benzonitrile (3s)
Solid; mp 133–134 8C. 1H NMR (CDCl3, 500 MHz) d:

3.81 (s, 4H, 2CH2), 4.2 (s, 1H, NH), 7.51 (t, J = 7.8 Hz,
1H, ArH), 7.71 (d, J = 7.7 Hz, 1H, ArH), 8.01 (d, J =
7.9 Hz, 1H, ArH), 8.05 (s, 1H, ArH). MS m/z: 171 [M+].
Anal. calcd. for C10H9N3: C 70.16, H 5.30, N 24.54; found
C 70.22, H 5.34, N 24.50.

4-(Imidazolin-2-yl)benzonitrile (3t)
Solid; mp 207–209 8C. 1H NMR (CDCl3, 500 MHz) d:

3.83 (s, 4H, 2CH2), 4.2 (s, 1H, NH), 7.71 (d, J = 8.4 Hz,
2H, ArH), 7.90 (d, J = 8.4 Hz, 2H, ArH). MS m/z: 171

[M+]. Anal. calcd. for C10H9N3: C 70.16, H 5.30, N 24.54;
found C 70.15, H 5.33, N 24.52.
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Threshold ionization and dissociation of
t-butylamine

Paul M. Mayer, Martyn F. Guest, Emma E. Rennie, Louise Cooper,
Larisa G. Shpinkova, David M.P. Holland, and David A. Shaw

Abstract: The threshold photoelectron spectrum of t-butylamine, recorded between 8 and 28 eV, is reported for the first
time. The spectrum was compared to orbital ionization energies calculated at the OVGF/cc-pVTZ level of theory. The
adiabatic and vertical ionization energies of the outermost orbital (made up primarily of the nitrogen p orbital) are 8.48 ±
0.02 and 9.40 ± 0.02 eV, respectively. Threshold photoelectron photoion coincidence spectra were recorded between 8.5
and 35 eV, and appearance energies for 15 fragment ions were obtained. The lowest energy dissociation is the loss of a
methyl group to form the (CH3)2CNH2

+ ion. RRKM fitting of this dissociation leads to a DfH298 for (CH3)2CNH2
+ of

603 ± 3 kJ mol–1. This value is ~10 kJ mol–1 higher than the previously derived value of Lossing et al. (based on an elec-
tron ionization appearance energy value) and the G3B3 estimate. Together with the proton affinity value of 932.3 kJ
mol–1, the present DfH298 leads to a DfH298 for 2-propanimine (CH3)2C=NH of 5.3 kJ mol–1, which can be compared to a
value of –5.7 kJ mol–1 (based on the Lossing et al. (CH3)2CNH2

+ DfH298) and a G3B3 value of –0.3 kJ mol–1. At photon
energies above 26 eV, there is evidence for the dissociative double ionization of t-butylamine forming either the singlet or
triplet state of the dication.

Key words: t-butylamine ions, ab initio molecular orbital calculations, density functional calculations, ionization energies,
threshold photoelectron photoion coincidence spectroscopy, activation energies, activation entropies.

Résumé : Les spectres photoélectroniques de seuil de la t-butylamine ont été enregistrés entre 8 et 28 eV et sont rapportés
pour la première fois. Les spectres sont comparés aux énergies d’ionisation des orbitales calculées au niveau OVGF/cc-
pVTZ de la théorie. Les énergies d’ionisation adiabatique et verticale des orbitales les plus loin du noyau, qui comprennent
principalement les orbitales p de l’azote, sont respectivement égales à 8,48 ± 0,02 et 9,40 ± 0,02 eV. Les spectres de coı̈n-
cidence photoélectronique de seuil des photoions ont été enregistrés entre 8,5 et 35 eV et on a obtenu les énergies d’appa-
rition de quinze fragments ioniques. La dissociation d’énergie la plus faible correspond à la perte d’un groupe méthyle
conduisant à la formation de l’ion (CH3)2C=NH2

+. Un ajustement de cette dissociation par la méthode de Rice, Ramsper-
ger, Kassel et Marcus (RRMK) conduit à une valeur de 603 ± 3 kJ mol–1 pour le DfH298 de l’ion (CH3)2C=NH2

+. Cette va-
leur est environ 10 kJ mol–1 plus élevée que celle obtenue antérieurement par Lossing et al. sur la base de la valeur de
l’énergie d’apparition d’une ionisation électronique ainsi que celle évaluée par la méthode G3B3. Combinée à la valeur de
932,3 kJ mol–1 pour l’affinité du proton, la valeur de DfH298 trouvée dans cette étude conduit à une valeur de 5,3 kJ mol–1

pour le DfH298 de la 2-propanimine, (CH3)2C=NH; cette valeur est à comparer à la valeur de –5,7 kJ mol–1 rapportée par
Lossing et al. sur la base de sa valeur du DfH298 pour l’ion (CH3)2C=NH2

+, et à la valeur de –0,3 kJ mol–1 évaluée par la
méthode G3B3. À des énergies photoniques supérieures à 26 eV, il y a des indications à l’effet qu’il se produit une double
ionisation dissociative de la t-butylamine conduisant à l’état singulet ou triplet du dication.

Mots-clés : ions de la t-butylamine, calculs d’orbitales moléculaire ab initio, calculs de la fonctionnelle de la densité, éner-
gies d’ionisation, spectroscopie de coı̈ncidence photoélectronique de seuil des photoions, énergies d’activation, entropies
d’activation.
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Introduction
Primary amines such as n-butylamine and iso-butylamine

display significant molecular ions (~10% of the base peak,
m/z 30 CH2NH2

+) in their electron ionization (EI) mass
spectra, while the molecular ion of sec-butylamine is only
~1% of the base peak (m/z 44). t-Butylamine is one of
many t-butyl-containing molecules that exhibit almost no
molecular ion in their EI mass spectrum (the list includes t-
butanol, t-butyl methyl ether, t-butyl halides, and related
compounds such as t-pentylamine and trimethylsilylether,
among others).1 The lack of a molecular ion in (CH3)3CR
systems is due primarily to a large geometry difference be-
tween the neutral and ionized molecule, in the form of a
long C–C bond between the quartinary carbon and one of
the methyl groups, driven by the formation of a stable
(CH3)2CR moiety in the radical cation (when R is a charge/
spin stabilizing group, such as CH3,2 NH2 (see Results),
OH,3 OCH3,2 and CN4). Vertical ionization of the neutrals
produces highly excited ions. Coupled with what are often
small activation energies, E0, for dissociation, the generated
molecular ions simply cannot survive on the microsecond
timescale of most mass spectrometers. To probe this issue
further with t-butylamine, we have employed threshold pho-
toelectron spectroscopy to explore the ionization of molecu-
lar orbitals with binding energies up to 28 eV and threshold
photoelectron photoion coincidence spectroscopy to deter-
mine appearance energies for all ion dissociation channels
up to a photon energy of 34 eV. The lowest energy dissoci-
ation channel, methyl radical loss, was modeled to extract
thermochemical information for the (CH3)2CNH2

+ cation.

Experimental procedures
The pulsed TPEPICO spectrometer5 in which the dissoci-

ation, kinetic, and threshold photoelectron studies were per-
formed, and the 5 m normal incidence monochromator,6
attached to the Daresbury Laboratory synchrotron radiation
source, have been described in detail previously. Briefly,
the coincidence spectrometer employs a pulsed extraction
technique,7 the principal advantage of which is that thresh-
old electrons can be detected with a high energy resolution,
whilst also allowing the associated ions to be collected with
a high mass resolution. In the present arrangement,5 a very
low electric field is applied initially across the interaction
region to extract threshold electrons, the detection of which
triggers the application of a high voltage (~1 kV) pulse
across the interaction region to draw the ion towards the
drift tube, initiating the (time-of-flight) TOF measurement.
The time between the arrival of the electron and the associ-
ated ion is measured electronically, with the summation of
many events producing a TOF spectrum. With the present
apparatus, the minimum residence time has been measured
as 1.116 ± 0.050 ms, using the experimental procedure de-
scribed in Holland et al.5

The threshold photoelectron spectrum was recorded in the
binding-energy range from 8 to 28 eV using only the
electron-detection part of the coincidence spectrometer. The
spectrum was normalized to the incident photon intensity us-
ing the signal from a photomultiplier monitoring the radia-
tion after it impinged upon a sodium salicylate coated
screen. The threshold photoelectron spectrum was measured

at a photon resolution of 0.1 nm FWHM (~18 meV at hn =
15 eV). Lithium fluoride or indium filters could be inserted
into the photon beam exiting the monochromator to help
suppress higher order radiation. The binding-energy scale
was calibrated by recording a threshold photoelectron spec-
trum of a gas mixture comprising t-butylamine, argon, and
krypton.

Computational procedures
Standard ab inito molecular orbital and density functional

theory calculations8 were carried out with the Gaussian 98
suite of programs.9 Vibrational frequencies were calculated
for all optimized geometries (B3-LYP/6–31+G(d,p)) to ver-
ify that they corresponded to equilibrium structures. Vibra-
tional frequency scaling factors were chosen from the
computational chemistry comparison and benchmark data-
base.10 Single-point energy calculations at the geometries
specified in the text were performed with the G3B311,12

composite method, employing B3-LYP/6–31+G(d,p) geome-
tries and zero-point vibrational energies (ZPEs). Neutral and
ion enthalpies of formation were derived using the atomiza-
tion method outlined by Nicholaides and Radom.13 Thermal
corrections incorporated standard (H298 – H0) terms for the
elements.

Vertical ionization energies and their relative spectral in-
tensities (pole strengths) of t-butylamine were obtained us-
ing the outer valence Green’s function (OVGF) approach.14

The calculations employed the GAMESS-UK15,16 suite of
programs, with a variety of basis sets. For consistency, the
geometries were fully optimized at the MP2 level using
both cc-pVTZ and cc-pVDZ basis sets.17–20 The OVGF cal-
culations were performed at the cc-pVTZ-optimized equili-
brium geometry of Cs symmetry using both the cc-pVDZ
and cc-VTZ basis sets. Five inner-shell orbitals (the 1s func-
tions on each C and N) were frozen. The cc-VTZ results are
listed in Table 1, together with the distribution analysis de-
rived from a Mulliken population analysis of the single
configuration (the Hartree–Fock SCF wave function) gener-
ated at the same geometry used in the OVGF calculations.

The TPEPICO breakdown curve for the lowest energy-
dissociation channel was modeled as described previ-
ously.21–27 In the absence of a kinetic shift, the curve shape
is dictated by the parent-ion thermal (rotational and vibra-
tional) energy, the monochromator band pass function
(photon resolution ~8 meV), and the threshold electron ana-
lyzer transmission function (~9 meV full width at half-max-
imum) derived from a threshold electron spectrum obtained
from the photoionization of krypton in the region of the 2P1/2
ionization limit under the conditions used in the TPEPICO
measurements.21–23 A kinetic step function is used to allow
the activation energy, E0, to be varied until a satisfactory fit
to the experimental breakdown curves was obtained. This ki-
netic step function was obtained using an RRKM calcula-
tion28,29 according to the standard equation:

½1� kðEÞ ¼ s

h

NzðE � E0Þ
rðEÞ

where s is the reaction symmetry number, h is Planck’s con-
stant, and N{ and r are the transition state sum-of-states and
molecular ion density of states, respectively. The transition-
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state vibrational frequencies were chosen to be the same as
those calculated for the molecular ion (see above), less one,
arbitrarily chosen, mode to represent motion over the col.
The calculated rotational constants of the molecular ion
were used for both molecular ion and transition state when
calculating the ro-vib densities and sums of states (which
were calculated by the direct count algorithm).30 The uncer-
tainties quoted for E0 reflect (i) the uncertainty in the adia-
batic IE chosen to convert photon energy to ion internal
energy and (ii) the range of E0 values that gave satisfactory
fits to the experimental breakdown curves.

Results and discussion

The geometry of t-butylamine
The structures of neutral and ionized t-butylamine are

shown in Fig. 1 along with selected geometrical parameters.
As was previously found for t-butyl-containing species,2 the
ion exhibits a long C–C bond (1.621 Å) between the
(CH3)2CNH2 moiety and a methyl group. This is accompa-
nied by an increased planarity of the carbons involved in
the long bond and the amino group. The bond elongation al-
lows the (CH3)2CNH2 moiety to more closely resemble a de-
localized system with a partial (CH3)2C–NH2 double bond
(evident from the bond length in Fig. 1).

Threshold photoelectron spectrum
The valence-shell threshold photoelectron spectrum of

t-butylamine is plotted in Fig. 2, together with the OVGF
ionization energies and relative spectral intensities. The pre-
dicted ionization energies for the outer valence orbitals
agree remarkably well with the observed values, thereby en-
abling structure in the experimental spectrum to be associ-
ated with ionization from specific molecular orbitals. A
similar correlation is also feasible for the more tightly bound
4a’, 1a@, 3a’, and 2a’ orbitals, although the calculated ioniza-
tion energies of these inner valence orbitals are slightly
higher than the experimental values. It is noticeable that the

peaks occurring at 18.3, 21.9, and 23.9 eV are less intense
than those associated with the outer valence orbitals and are
superimposed upon a continuum. This indicates that the mo-
lecular orbital model of ionization31 no longer holds for
these inner valence orbitals and that electron correlation
leads to the intensity associated with a particular orbital
being redistributed amongst numerous satellite states. It is
the superposition of these satellites that results in the ob-
served continuum. Table 1 lists the experimental vertical
ionization energies (IEv) obtained through inspection of the
threshold photoelectron spectrum.

Table 1. Experimental and OVGF vertical ionization energies and charge-distribution analyses of t-butylamine.

Orbital

Ionization energy (eV) Orbital character (% atomic population)a

OVGF Experiment

(Me)3– –C– –NH2

Cs Cp Cdf Hs Hpd Cs Cp Cdf Ns Np Ndf Hs Hpd

1a’ 11.2 2.1 0.2 1.7 0.1 22.4 1.7 0.3 46.8 1.8 0.1 10.6 1.0
2a’ 24.88 23.9 37.8 1.9 0.3 10.9 0.4 12.5 5.5 0.5 19.8 1.8 0.1 8.0 0.6
3a’ 22.78

} 21.9
62.3 0.9 0.3 26.8 0.8 0.0 7.9 0.4 0.1 0.5 0.0 0.0 0.0

1a@ 22.78 60.8 1.0 0.2 26.6 0.8 0.0 9.1 0.3 0.0 0.6 0.0 0.4 0.0
4a’ 18.56 18.3 12.7 21.5 1.1 21.0 0.7 19.9 0.5 0.0 1.0 14.7 0.4 6.1 0.4
2a@ 16.54 1.5 14.5 0.3 9.5 0.5 0.0 8.7 0.2 0.0 35.5 0.3 28.1 0.8
5a’ 15.84 15.79 0.7 37.1 0.7 25.4 1.1 0.7 16.3 0.1 0.1 13.9 0.1 3.8 0.4
6a’ 15.20 15.14 0.6 45.3 0.6 31.1 1.3 0.0 14.8 0.1 1.0 5.1 0.2 0.0 0.2
3a@ 14.75 14.65 0.2 43.3 0.4 33.0 1.1 0.0 3.6 0.8 0.0 9.6 0.1 7.8 0.2
7a’ 14.01 0.0 49.6 0.7 40.9 1.2 0.0 0.6 1.1 0.6 4.6 0.0 0.5 0.1
4a@ 13.52 13.57 0.0 45.4 1.1 41.3 1.0 0.0 0.8 0.2 0.0 5.1 0.2 4.7 0.1
5a@ 13.13 13.03 0.0 50.5 1.8 46.5 1.1 0.0 0.0 0.1 0.0 0.0 0.0 0.0 0.0
8a’ 12.74 12.81 0.1 31.1 1.7 29.7 0.6 0.5 9.4 1.6 1.0 19.0 0.2 4.9 0.3
9a’ 11.91 11.92 0.2 38.8 2.0 24.7 1.0 0.0 17.5 1.1 0.2 13.3 0.2 0.5 0.4
6a@ 11.60 11.42 0.7 45.0 2.0 20.3 1.2 0.0 23.7 1.6 0.0 1.8 0.3 3.4 0.0
10a’ 9.41 9.40 0.6 12.5 0.2 5.7 0.3 0.2 5.9 2.1 4.4 64.5 0.0 2.0 1.7

aCs refers to the s orbital on carbon, Cdf refers to d and f orbitals on carbon, and so forth.

Fig. 1. B3-LYP/6–31+G(d,p) optimized geometries for neutral and
ionized t-butylamine and the fragmentation product m/z 58, along
with selected geometric parameters. Bond lengths are in Å.
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To the best of our knowledge, neither a HeI-excited nor a
threshold photoelectron spectrum of t-butylamine has been
published. Al-Joboury and Turner32 quote adiabatic ioniza-
tion energies (IEa) of 8.83, 9.81, 12.46, and 15.11 eV, but
they neither show a spectrum nor attempt to relate these en-
ergies with specific orbitals. Their values do not agree well
with either the present experimental or the calculated OVGF
results. From inspection of the threshold photoelectron spec-
trum, we obtain adiabatic and vertical ionization energies of
the outermost 10a’ orbital of 8.48 ± 0.02 and 9.40 ±
0.02 eV, respectively. The corresponding values given by
Aue et al.33 are 8.46 and 9.25 eV, respectively, and are thus
in good agreement. The G3B3 IEa is significantly higher at
8.69 eV (Table 2). According to the OVGF calculations, the
vertical ionization of the outermost orbital is ~2.2 eV lower
than that of the next (6a@) orbital. These theoretical predic-
tions correlate satisfactorily with the experimental spectrum
because the peak at 11.42 eV, associated with the 6a@ orbi-
tal, leads to a separation of 2.0 eV between the bands corre-
sponding with the 10a’ and 6a@ orbitals. It is noticeable that
the threshold photoelectron yield remains finite across the

Franck–Condon gap between the (10a’)–1 ~X
2
A0 and the

(6a@)–1 ~A
2
A0 state bands. This is due to resonant autoioniza-

tion from super-excited states lying in the relevant energy
region.

Ionization from the 9a’ orbital gives rise to a shoulder at
11.92 eV in the experimental spectrum. The next four orbi-
tals (8a’, 5a@, 4a@, and 7a’) have similar binding energies and
ionization results in overlapping bands, which form the most
intense feature in the experimental spectrum. It should be
noted that the very sharp peak at 14 eV is due to krypton,
which was used to calibrate the energy scale. Ionization
from each of the next three orbitals (3a@, 6a’, and 5a’) produ-
ces a distinct maximum (at 14.65, 15.14, and 15.79 eV, re-
spectively), whereas ionization from the 2a@ orbital, with a
predicted ionization energy of 16.54 eV, gives rise to no dis-
cernible feature.

The overall shape of the threshold photoelectron spectrum
of t-butylamine is typical of those observed for small polya-
tomic molecules.34,35 Experimentally, it has been found that

the relative intensities of photoelectron bands associated
with weakly bound orbitals tend to be greater in conven-
tional spectra than those in threshold photoelectron spectra,
whereas the converse holds for the more tightly bound orbi-
tals. The enhancement in the latter bands can be attributed
to resonant autoionization from numerous super-excited
(Rydberg or valence) states.

The charge-distribution analysis given in Table 1 may be
used to characterize the molecular orbitals in terms of
atomic populations. In molecules of low symmetry, such as
the Cs symmetry applicable to t-butylamine, it is often use-
ful to group together individual contributions into smaller
molecular species relevant to that particular molecule. The
charge distributions listed in Table 1 are presented in this
manner. The results show that the electron density associ-
ated with the outermost 10a’ orbital is concentrated on the
nitrogen atom and arises mainly from the 2p orbital. The
electron densities for the following nine orbitals are similar
to one-another, with the major contributions being C 2p and
H 1s from the (Me)3 group. The composition of the next or-
bital (2a@) is different in that the principal contributions
arise from the N 2p and H 1s orbitals of atoms located at
the opposite end of the molecule. The inner valence 4a’ or-
bital is the first to possess a significant C 2s component. Fi-
nally, the 1a@ and 3a’, and to a lesser extent the 2a’, orbitals
contain substantial contributions from the C 2s and H 1s or-
bitals on the (Me)3 group whilst N 2s provides the principal
component to the most tightly bound inner valence orbital
1a’.

Threshold photoelectron photoion coincidence
spectroscopy

Threshold photoelectron photoion coincidence spectra
were acquired from 8.54 to 34.04 eV. Table 3 lists the ap-
pearance energies (AEs) for each ion, obtained from inspec-
tion of their threshold for appearance. Breakdown curves for
all ions except m/z 73 (t-butylamine, (CH3)3CNH2

+�) and 58
((CH3)2CNH2

+) are shown in Fig. 3. The threshold region
including m/z 73 and 58 is presented in Fig. 4. The experi-
mentally derived IEa (Table 1) was employed to correct the
experimental TPEPICO photon energy to ion internal energy

Fig. 2. The threshold photoelectron spectrum of t-butylamine together with the theoretical results (Table 1). The height of the bar is pro-
portional to the calculated relative spectral intensity (pole strength).
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for subsequent data fitting. Ionized t-butylamine (m/z 73)
dissociates by loss of a methyl radical to form
(CH3)2CNH2

+, m/z 58. This is the analogous reaction to the
formation of CH2NH2

+ from ionized primary alkyl amines.36

The reaction has no kinetic shift, and a fit was generated
with the thermal population of neutral t-butylamine convo-
luted with the monochromator band pass and electron trans-
mission functions. The latter shifts the precursor ion
disappearance point higher than the true 0 K threshold, and
so this threshold cannot be simply read straight off the
breakdown curve in Fig. 4. The so-derived 0 K E0 of 0.48 ±
0.02 eV corresponds to a 0 K energy of 8.96 ± 0.04 eV rel-
ative to the neutral molecule (the 0 K appearance energy,
AE0). This value can be corrected to a 298 K value of
9.01 ± 0.04 eV employing the theoretical temperature cor-
rections for the species involved. This AE can be used with
the literature DfH values for neutral t-butylamine and the
methyl radical (Table 2) to yield a DfH298 for (CH3)2CNH2

+

of 603 ± 3 kJ mol–1. This value is ~10 kJ mol–1 higher than

the previously derived value of Lossing et al.37 (based on an
electron ionization appearance energy value) and the G3B3
estimate. The DfH298 of CH2NH2

+ is 750.3 kJ mol–1 and

Table 2. Comparision of calculated and experimentally measured DfH values and relative energies.

DfH298 (kJ mol–1) Relative energy (eV)

G3 Present Literaturea G3 Present Literature

(CH3)3CNH2 –120b (–120.0±0.8)c –120.0±0.8 0 0
(CH3)3CNH2

+� 719 698±2 696 8.69 8.48±0.02 8.46±0.09,d 8.83,e 8.64f

(CH3)2CNH2
+ 592g 603±4h 592i

CH3
� 142 (145.7) c 145.7

(CH3)2CNH2
+ + CH3

� 8.80 (0 K) 8.96±0.04 (0 K) 8.89i

8.85 (298 K) 9.01±0.04 (298 K)

aTaken from data in the NIST database1 and Lias et al.45

bDfH0 = –83 kJ mol–1

cTaken as the literature value.
dPhotoelectron spectroscopy, Aue et al.33

ePhotoelectron spectroscopy, Al-Joboury and Turner.32

fPhotoelectron spectroscopy, Watanabe et al.46

gDfH0 = 618 kJ mol–1

hDfH0 = 631 kJ mol–1

iElectron ionization appearance energy, Lossing et al.37 Temperature is usually assumed to be 298 K.

Table 3. Experimental AE values for t-butylamine.

AE

m/z This work Reference 37

58 <8.5 8.89
57 11.2±0.2
56 8.70±0.05
55 20.0±0.5
54 13.0±0.2
43 13.3±0.1
42 12.6±0.2
41 12.4±0.2
40 13.6±0.1
38 23.0±0.5
30 12.8±0.2
29 13.0±0.2
28 12.0±0.2
27 16.3±0.2
16 21.5±1.0
15 16.0±0.1

Fig. 3. TPEPICO breakdown curves for all observed ions other than
m/z 73 and 58.
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that of the mono-methyl-substituted ion CH3CHNH2
+ is

665 ± 1.4 kJ mol–1.36,38 These values indicate a successive
methyl-substitution effect on the CH2NH2

+ ion DfH298 of 85
and 62 kJ mol–1. This compares to, and is consistent with,
the diminishing effect observed in the analogous alcohol
system of CH2OH+, CH3CHOH+, and (CH3)2COH+ of 119
and 90 kJ mol–1 (based on their DfH298 values of 711, 592,
and 502 kJ mol–1, respectively).39 A DfH298 for
(CH3)2CNH2

+ of 592 kJ mol–1 (from the G3B3 calculations
and the previous EI AE study) gives a somewhat smaller
drop in the successive methyl-substitution effect of 85 and
73 kJ mol–1.

Employing a DfH298 for (CH3)2CNH2
+ of 603 ± 3 kJ mol–1,

and the proton affinity (PA) value of 932.3 kJ mol–1,1 leads
to a DfH298 for 2-propanimine (CH3)2C=NH of 5.3 ± 3
kJ mol–1, which to our knowledge is the first report of this
value. The DfH298 for (CH3)2CNH2

+ of 592 kJ mol–1, to-
gether with the experimental PA value of 932.3 kJ mol–1,1

leads to a DfH298 for 2-propanimine of –5.7 kJ mol–1. Each
compares well with, but are on opposite sides of, the G3B3
DfH298 of –0.3 kJ mol–1. While it again would be useful to
examine the methyl-substitution effect, this time on neutral
methylenimine, the reported uncertainties in the DfH298 for
CH2NH (69 ± 8 kJ mol–1)40 and that of (CH3)CH=NH (24 ±
8 kJ mol–1)40 are so large as to make the exercise impractical.

Charge-separation reactions in doubly ionized t-
butylamine cations

The G3B3 calculations predict vertical double-ionization
energies of 26.4 and 26.6 eV for the singlet and triplet
states, respectively, of the t-butylamine dication, whilst the
corresponding adiabatic energies are 21.3 and 24.9 eV, re-
spectively. For the singlet dication, the computations show
that there is a large shift in geometry, putting one of the
methyl groups over the NH2. However, the doubly charged
parent ion is not observed experimentally, indicating that it
is unstable in relation to the microsecond timescale of the
measurements, and fragments into two singly charged ions
together with a neutral species.

Ion TOF spectra of t-butylamine, recorded at photon ener-
gies of 22 and 32 eV, are plotted in Fig. 5, and it is notice-
able that the widths of some of the peaks, particularly those
associated with m/z 15, 41, 42, and 43, are broader in the
spectrum recorded at 32 eV than in that recorded at 22 eV.
The peak width is dependent upon the fragment-ion initial
kinetic energy and can be used to deduce double-ionization
thresholds. In previous work,2,21,41,42 we have shown that the
width of the m/z 15 peak provides a reliable estimate of the
double-ionization threshold in molecules where the doubly
charged parent ion is not observed experimentally because
it appears that this fragment is often formed in combination
with another small fragment ion in the dissociation of the
doubly charged parent ion.

The TOF spectrum of t-butylamine recorded at 32 eV re-
veals two interesting features. First, the m/z 15 peak profile
contains several distinct components. One of these compo-
nents coincides with the single peak observed in the TOF
spectrum recorded at 22 eV, and therefore corresponds to
an m/z 15 fragment formed with very low kinetic energy.
The appearance of the other components indicates that, at a
photon energy of 32 eV, m/z 15 fragments are produced
through additional dissociation processes with the release of
at least two distinct kinetic energies. Second, at 32 eV, the
TOF peak profiles associated with the m/z 41 and 43, and
probably also 42, fragments are doublets. This is unusual at
such relatively low excitation energies and demonstrates that
these heavier fragment ions, presumably formed as the sec-

Fig. 4. Threshold breakdown curves for m/z 73 and 58 (points)
along with representative fits to the data (solid lines).

Fig. 5. Ion TOF spectra of t-butylamine recorded at photon energies
of (a) 22 eV and (b) 32 eV.

Mayer et al. 147

Published by NRC Research Press

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

"I
ns

tit
ut

e 
of

 V
er

te
br

at
e 

Pa
le

on
to

lo
gy

 a
nd

 P
al

eo
an

th
ro

po
lo

gy
,C

A
S"

 o
n 

09
/2

0/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



ond ionic species in the charge-separation reaction, carry
away significant kinetic energy. In our previous charge-
separation studies,2,21,41,42 although the width of the TOF
peak of the heavier ion was broader than that corresponding
to a thermal ion, a doublet was not observed. The evidence
from the TOF spectra of t-butylamine suggests that charge-
separation reactions in the dication lead to the formation of
fragment ions with m/z 15, together with m/z 41, 42 or 43,
and an accompanying neutral species. Both the m/z 15 and
the heavier fragment ion possess substantial kinetic energy.

The present results for t-butylamine show that the frag-
ment peak broadening becomes evident at excitation ener-
gies of 26 eV, and above, thereby placing an upper limit on
the double-ionization energy. Thus, the experimental value
is in satisfactory agreement with the calculated vertical
double-ionization energies of the singlet and triplet states of
the dication. The present experimental result is also in
accord with measurements of 26.1 eV for the vertical
double-ionizatio energies of both the singlet and triplet
states of n-butylamine.43,44

Conclusion
The threshold photoelectron spectrum of t-butylamine was

recorded between 8.5 and 28 eV. Threshold photoelectron
photoion coincidence spectra were recorded between 8.5
and 35 eV and appearance energies for 15 fragment ions
were obtained. The lowest energy dissociation is the loss of
a methyl group to form the (CH3)2CNH2

+ ion. RRKM fitting
of this dissociation leads to a DfH298 for (CH3)2CNH2

+ of
603 ± 3 kJ mol–1. This value is ~10 kJ mol–1 higher than
the previously EI-AE-derived value of Lossing et al.37 and
the G3B3 estimate. The present DfH298, combined with the
previously reported value and the results of G3B3 calcula-
tions, leads to a recommended DfH298 for 2-propanimine
0 ± 5 kJ mol–1, which to our knowledge is the first report
of this value.
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Task-specific ionic-liquid-catalyzed efficient
synthesis of indole derivatives under solvent-free
conditions

Sudarshan Das, Matiur Rahman, Dhiman Kundu, Adinath Majee, and
Alakananda Hajra

Abstract: A sulfonic-acid-functionalized ionic liquid is used as a Brønsted acid catalyst for the efficient synthesis of in-
dole derivatives in good-to-high yields at room temperature under solvent-free conditions. The catalyst can be reused for
ten consecutive runs without significant loss of activity.

Key words: functionalized ionic liquid, indole derivatives, bis(indolyl)methanes, Michael adduct, recycling.

Résumé : On a utilisé un liquide ionique à base d’acide sulfonique fonctionnalisé comme catalyseur acide de Brønsted
pour développer des synthèses efficaces de dérivés de l’indole obtenus avec des rendements allant de bons à éleves, dans
des conditions sans solvant. Le catalyseur peut être réutilisé jusqu’à dix fois sans perte significative de son activité.

Mots-clés : liquide ionique fonctionnalisé, dérivés de l’indole, bis(indolyl)méthanes, adduit de Michael, recyclage.

[Traduit par la Rédaction]

Introduction
Michael reaction is one of the most important carbon–

carbon bond-forming reactions.1 The syntheses and the reac-
tions of indole derivatives have received much interest for
over a century because a number of their derivatives occur
in nature and show versatile biological activities.2 Since the
3-position of indole is the preferred site for electrophilic
substitution reaction, 3-substituted indoles are versatile inter-
mediates for the synthesis of a wide range of indole com-
pounds.3 Till date, several catalysts were used to catalyze
the Michael addition of indoles to electron-deficient olefins;
however, most of them were Lewis acids.4–20 Many Lewis
acids are deactivated or sometimes decomposed by nitro-
gen-containing reactants. Even when the desired reactions
proceed, more than stoichiometric amounts of Lewis acids
are required because the acids are deactivated by the nitro-
gen atom of indoles. However, the acid-catalyzed conjugate
addition of indoles requires careful control of acidity to pre-
vent side reactions such as dimerization and polymerization.
For this reason, the need of a less expensive catalyst is de-
sirable to secure catalytic activity, low toxicity, moisture,
and air tolerance.

The application of Brønsted acidic task-specific ionic
liquids (TSILs) as catalytic materials is growing continu-
ously in the field of catalysis. Combining the useful charac-

teristics of solid acids and mineral acids, TSILs have been
synthesized to replace traditional mineral liquid acids, such
as hydrochloric acid and sulfuric acid, in chemical reactions.
In view of green chemistry, the substitution of harmful
liquid acids by reusable TSILs is the most promising cata-
lytic system in chemistry.21–23 Some ‘‘greener’’ halogen-free
ionic liquids that involve phosphate or octyl sulfate anions
have been reported, and effects of the anion and toxicology
have been studied.24–26 The use of Brønsted acidic TSILs to
catalyze organic reactions is an area of ongoing activity and
TSILs have been successfully used for various chemical
transformations.27–29 In continuation of our interest in ionic-
liquid-mediated reactions,30 we have explored the utility of a
functionalized ionic liquid,1-butane sulfonic acid-3-methyli-
midazolium tosylate, [BSMIM]Ts, as a catalyst for the con-
jugate addition of indoles with electron-deficient alkenes to
produce 3-substituted indole derivatives under solvent-free
conditions at room temperature (Scheme 1). To the best of
our knowledge, this is the first report of a functionalized
ionic liquid catalyzed Michael addition of various indoles to
electron-deficient alkenes.

Results and discussion
The experimental procedure is very simple. In a prelimi-

nary experiment, indole (2 mmol) was treated with methyl
vinyl ketone (2 mmol) in the presence of TSIL (5 mol%)
under solvent-free conditions at room temperature, providing
the corresponding Michael adduct, exclusively, within 5 min

Scheme 1.
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in 95% yield. The structure of the product was settled from
the spectral data. The crude product obtained after ether ex-
traction was found to be pure, as there was no detectable
amount of impurities or starting material in the 1H NMR of
the crude product. We next examined the generality of the
present reaction conditions to a series of substituted indoles
and electron-deficient alkenes. The results are summarized
in Table 1.

Electron-deficient olefins, such as chalcone, benzalace-
tone, cyclohexenone, and dibenzylidene acetone, afforded
the products in good-to-excellent yields. The reaction of di-
benzilidene with indole gave mono-addition product in 82%
yield. A hindered enone, mesityl oxide, which is difficult for
conjugate addition, is also reacted to produce Michael ad-

duct in fairly good yield (Table 1, entry 10). By using sub-
stituted indoles, good-to-excellent yields were obtained. The
substituents did not affect the reactivity of indoles signifi-
cantly. The catalytic system also worked well with benzyli-
dene malonate to produce the corresponding product in 82%
yield (Table 1, entry 11). For benzylidene malononitrile, the
corresponding Michael adduct was obtained in low yield
under the same conditions even after a prolonged reaction
time (Table 1, entry 12). The present protocol could be
used on a 100 mmol scale using 2 mol% of the catalyst,
which could be reused several times.

Generally, the reactions are clean, and the products are
obtained in high yields without the formation of any side
products, such as N-alkylation products. However, under the

Table 1. Conjugate addition of indoles with electron-deficient olefins.
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present reaction conditions, a,b-unsaturated aldehydes and
esters did not afford the corresponding Michael addition
products. Furthermore, the indole nitrogen did not require
prior protection, and the avoidance of strong bases for de-
protection permitted compatibility with a wide range of
functional groups. The procedure did not require any inert
atmospheric condition.

The efficacy and generality of the present protocol can be
realized by comparing some of the results presented here
with recently reported two ionic-liquid-based methods31,32

as shown in Table 2, which compares reaction time, yields,
and reaction conditions. Thus, it is clear from Table 2 that
the present protocol can act as an effective method with re-
spect to reaction times, yields, and reaction conditions.

We extended the utility of catalyst for Michael addition of
aniline and benzyl amine to methyl vinyl ketone under the
present reaction conditions (Scheme 2). Surprisingly, both
reactions proceeded very well in short times (25 min and
8 min, respectively), and the adducts were isolated in excel-
lent yields. The results indicate that the catalyst can catalyze
the Micheal addition of both aromatic and aliphatic amines.
This is a clear advantage over the recent reported ionic-
liquid-catalyzed conjugate addition of aliphatic amines to
electron-deficient alkenes.28

Synthesis of bis(indolyl)methanes is a subject of continu-
ous interest to synthetic organic/medicinal chemists, as in-
doles and their derivatives have versatile biological
activities and are widely present in various biologically ac-
tive natural products.33 The catalyst is also effective for the
preparation of indole derivatives such as bis(indolyl)methane
from benzaldehyde under present reaction conditions
(Scheme 3).We found that 10 mg of the catalyst was suffi-
cient to obtain the desired bis(indolyl)methane in 96% yield
within 5 min at room temperature in neat conditions. Thus,
this acidic ionic liquid is a versatile catalyst for various
chemical transformations.

The reusability of the catalyst is an important benefit, es-
pecially for commercial applications. Thus, the recovery and
reusability of the catalyst were investigated. After comple-
tion, the mixture was extracted with ether (3 � 5 mL) to ob-
tain the desired products. The catalyst, left in the reaction
vessel, was dried under vacuum and was reused for subse-
quent reactions. It showed the same activity as a fresh cata-
lyst in term of yields. After ten recycles, the catalyst had a
high activity and gave the desired product in fairly good
yield (91%; Table 1, entry 1). Thus, this makes the process
more cost-effective.

In conclusion, we have developed a mild, simple,
environment-friendly, and cost-advantageous procedure for
the Michael addition of indoles to electron-deficient alkenes
using a recyclable task-specific acidic ionic liquid under
solvent-free conditions. We believe that this procedure will
provide a better and more practical alternative to the exist-
ing methodologies for the synthesis of 3-substituted indole
derivatives. The catalyst is also effective for Michael addi-
tion of both aromatic and aliphatic amines as well as the
synthesis of bis(indolyl)methane derivatives. Further proce-
dures to broaden the scope of this methodology towards
pharmaceuticals and biologically active compounds are
under investigation.

Experimental
The synthesis of the ionic liquid was carried out using a

method similar to the reported.34

Typical procedure for the synthesis of 4-(1H-indol-3-yl)-
butan-2-one (Table 1, entry 1)

A mixture of indole (234 mg, 2 mmol) and MVK
(162 mL, 2 mmol) was stirred in presence of acidic ionic
liquid (39 mg, 5 mol%) at room temperature for 5 min
(TLC). After completion, the reaction mixture was extracted
with diethyl ether (3 � 10 mL). Evaporation of solvent fur-
nished the addition product as a solid (355 mg, 95%) whose
spectroscopic data (IR and 1H NMR) are in good agreement
with those reported.5 The catalyst left in the reaction vessel
was dried under vacuum and was reused for the subsequent
reaction. This procedure was followed for the synthesis of 3-
substituted indoles listed in Table 1. Small amount of etha-
nol (0.5 mL) was added to the reaction mixture when both
indoles and alkenes are solids. Analytically pure compound
was obtained by silica gel chromatography using n-hexane/
EtOAc as eluent. The spectral and elemental analyses of the
compound, which are not readily available, are provided
here.

The typical procedure for entry 1 (Table 1) was followed
for 100 mmol scale reaction, taking a mixture of indole
(11.7 g), MVK (8.1 mL), and acidic ionic liquid (780 mg).
The pure product was obtained in 96% yield (17.90 g).

3-(5-Methoxy-1H-indol-3-yl)-1,3-diphenylpropan-1-one
(Table 1, entry 6)

Solid; mp 150–151 8C. IR (cm–1) n: 3367, 1677, 1589,
1483, 1215. 1H NMR (400 MHz, CDCl3) d: 7.95 (d, J =
0.7 Hz, 2H), 7.93 (d, J = 1.4 Hz, 1H), 7.55–7.17 (m, 10H),
6.97 (d, J = 2.3 Hz, 1H), 6.85–6.80 (m, 1H), 5.03 (t, J =

Scheme 2.

Scheme 3.
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7.1 Hz, 1H), 3.84–3.80 (m, 1H), 3.78 (s, 3H), 3.75–3.69 (m,
1H). 13C NMR (100 MHz, CDCl3) d: 198.5, 153.8, 144.1,
137.1, 132.9, 131.7, 128.5, 128.4 (2C), 128.1 (2C), 127.8
(2C), 127.0 (2C), 126.3, 122.1, 119.1, 112.2, 111.7, 101.5,
55.8, 45.1, 38.1. Anal. calcd. (%) for C24H21NO2 (355.4): C
81.10, H 5.96, N 3.94; found: C 80.95, H 5.81, N 3.76.
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Circular dichroism and fluorescence
spectroscopic study on the interaction of
bisdemethoxycurcumin and
diacetylbisdemethoxycurcumin with human
serum albumin

Fakhrossadat Mohammadi, Abdol-Khalegh Bordbar, Khosro Mohammadi,
Adeleh Divsalar, and Ali Akbar Saboury

Abstract: The interactions of bisdemethoxycurcumin (BDMC) as a bioactive constituent of turmeric and diacetylbisdeme-
thoxycurcumin (DABC) as a novel synthetic derivative of curcumin with human serum albumin (HSA) have been investi-
gated by fluorescence and circular dichroism (CD) spectroscopy. The binding parameters, including the number of
substantive binding sites and the binding constants, have been estimated from the analysis of fluorescence measurements.
The estimated binding parameters indicated that BDMC has higher affinity than DABC to bind HSA, suggesting the essen-
tial role of the phenolic OH groups of BDMC, which are acetylated in DABC. It was found that the binding site for
BDMC and DABC is located in the vicinity of Trp-214 in subdomain IIA, which is the same as binding site for curcumin
(CUR). The minor changes on the far-UV circular dichroism spectra resulted in partial changes in the calculated secondary
structure contents of HSA. The negligible alteration in the secondary structure of HSA indicated that ligand-induced con-
formational changes are localized in the binding site and do not involve considerable changes in the protein folding. The
visible CD spectra indicated that the optical activity observed during the ligand binding is due to induced-protein chirality.

Key words: bisdemethoxycurcumin (BDMC), diacetylbisdemethoxycurcumin (DABC), human serum albumin (HSA), fluo-
rescence, circular dichroism (CD).

Résumé : Faisant appel à la spectroscopie de fluorescence et au dichroı̈sme circulaire (DC), on a étudié les interactions
entre l’albumine sérique humaine (ASH) et le bisdéméthoxycurcumin (BDMC), un constituant bioactif de l’acide turmé-
rique, ainsi que le diacétylbisdéméthoxycurcumin (DABC), un nouveau dérivé de synthèse du curcumin. Les paramètres
de fixation, dont le nombre de sites de fixation substantifs ainsi que les constantes de fixation ont été évaluées à partir de
l’analyse des mesures de fluorescence. Les paramètres de fixation évalués indiquent que l’affinité de fixation du BDMC
pour l’ASH est plus élevée que celle du DABC ce qui suggère que les groupes phénoliques OH du BDMC, qui sont acéty-
lés dans la DABC, sont essentiels. On a trouvé que le site de fixation pour le BDMC et le DABC est situé à proximité du
Trp-214 dans la sous-domaine IIA; il s’agit du même site de fixation que celui pour le curcumin (CUR). Les changements
mineurs dans les spectres de dichroı̈sme circulaire dans l’UV lointain résultent de changements partiels dans les teneurs en
structure secondaire calculée de l’ASH. L’altération négligeable dans la structure secondaire de l’ASH indique que les
changements conformationnels induits par le ligand sont localisés dans le site de fixation et n’impliquent pas de change-
ments considérables dans le replis de la protéine. Les spectres de dichroı̈sme circulaire dans le visible indique que l’ac-
tivité optique observée durant la fixation du ligand résulte d’une chiralité induite par la protéine.

Mots-clés : bisdéméthoxycurcumin (BDMC), diacétylbisdéméthoxycurcumin (DABC), albumine sérique humaine (ASH),
fluorescence, dichroı̈sme circulaire (DC).
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Introduction
Curcumin, [1,7-bis(4-hydroxy-3-methoxyphenyl)1,6-hepta-

diene-3,5dione] (Scheme 1a), is an active principle of the per-
ennial herb Curcuma longa Linn. (commonly known as
turmeric). The yellow-pigmented fraction of turmeric contains
bioactive substances called curcuminoids, such as curcumin
(CUR), demethoxycurcumin (DMC), bisdemethoxycucrcumin
(BDMC) (Scheme 1b), and the recently identified cyclocurcu-
min.1,2 According to numerous studies, curcuminioids display
anticarcinogenic,3,4 antioxidant,5,6 anti-inflammation,7 and
antiangiogenic properties,8,9 and modulation of multi-drug-
resistance gene and protein function.10,11 The antimetastasis,12

and also antiumor and antioxidant activity13 of BDMC, is
much greater than CUR and DMC. Hoehle et al.14 studied the
metabolism of CUR, DMC, and BDMC and their results on
enzymatic hydrolysis under various conditions revealed that
CUR and DMC are chemically less stable than BDMC,
whereas reductive metabolites of all three curcuminoids are
stable compounds. The anti-inflammatory properties of DMC
and BDMC were attributed to the inhibition of inducible nitric
oxide synthase (iNOS) and cycloxygenase-2 (COX-2) expres-
sion, as initiated by the inhibition of nuclear factor-kappaB
(NF-kappaB) activity. Additionally, both of them significantly
inhibited carrageenan-induced paw edema in mice.15 Diacetyl-
bisdemethoxycurcumin (DABC) (Scheme 1c) is a new syn-
thetic acetylated derivative of curcumin and has been shown
to display moderate cytotoxicity (IC50*10 mmol/L).16

Human serum albumin (HSA) is the major soluble protein
constituent of blood plasma with many physiological func-
tions. It contributes to colloid osmotic blood pressure and
has an essential role in transport and disposition of many
drugs, which are poorly soluble in water. The X-ray crystal-
lographic measurements have shown that HSA is a globular
protein and consists of a single polypeptide chain of 585
amino acid residues. HSA consists of three homologous do-
mains (I, II and III). Each domain contains two separate hel-
ical subdomains (A and B), which are formed from six and
four a-helical, respectively. Terminal regions of sequential
domains contribute to the formation of interdomain helices
linking domain IB to IA, and IIB to IIIA, respectively. The
secondary structure of HSA at pH 7.4 contains 65% a-helix,
7% b-sheet, and 28% are the remaining structures (random
coil and turn structures). The fluorophore groups of HSA in-
clude one tryptophan (residue 214 in domain IIA) and
eleven tyrosine residues, of which seven are in domain I
and four of them are in domain III. As can be deduced
from the crystal structure of HSA, Trp-214 acts as an impor-
tant stabilizer (by hydrophobic packing force) for the inter-
face between subdomain IIA and IIIA. There are 35
cysteine residues in HSA, 34 of which form 17 disulfide
bridges. Sixteen of these residues participate in the forma-
tion of eight so-called double disulfide bridges. Cys-34 does
not participate in any disulfide bridge. The disulfide bridges,
tryptophan, tyrosine, and phenylalanine residues, are the
main chromophore groups in the circular dichroism spectra
of HSA.17 The crystal structure analyses have indicated that
the principal regions of ligand binding sites of albumin are
relocated in hydrophobic cavities in subdomain IIA (site I)
and IIIA (site II). Remarkably, warfarin, an anticoagulant
drug, and ibuprofen, a nonsteroidal anti-inflammatory agent,
are considered stereotypical ligands for sites I and II, respec-

tively. HSA is capable of binding seven equivalents of long-
chain fatty acids at multiple binding sites (IB, IIIA, IIIB,
and subdomain interfaces) with different affinities.18–20

The serum albumin as a transport protein has an essential
role in pharmacokinetic properties of drugs. Hence, study on
the interaction of curcuminoids with HSA provides useful
information for the formulation of these drugs. There are
some reports on the interaction of curcumin with human
and bovine serum albumin.21–27 As a brief summary, these
studies showed that the primary binding site of CUR is lo-
cated in site I of HSA. The red-shifted absorption band and
the binding of CUR to HSA in a right-handed chiral confor-
mation is due to the dissociation of highly acidic phenolic
OH groups of CUR. The interaction of diacetylcurcumin
(DAC) and isoxazolcurcumin with BSA has been studied by
Sahoo et al.28 Their experimental results indicated minor
conformational changes of BSA because of binding to these
two derivatives of CUR and their binding location is in a
hydrophobic cleft close to Trp-213.28 However, there is no
report on the interaction of BDMC and DABC with human
serum albumin. In this research, we have studied the interac-
tion of BDMC, as one of the natural polyphenol constituents
of turmeric, and DABC, as a novel synthetic derivative of
curcumin, with human serum albumin using fluorescence
and circular dichroism (CD) spectroscopies.

Experimental

Materials
HSA (free fatty acid fraction V) was purchased from

Sigma-Aldrich.
BDMC was separated from curcumin and DABC was

synthesized based on a previously reported method.16 Etha-
nol was obtained from Merck Company. All other materials
and reagents were of analytical grade. Double distilled water
was used for preparing the buffer solution.

Preparation of the HSA solution
HSA was weighed and dissolved in 0.05 mol/L of pH 6.4

phosphate (Na2HPO4 and NaH2PO4) buffer solution. The ex-
act concentrations of HSA were determined spectrophoto-
metrically using the molar absorption coefficient of
3278 nm = 35 700 (mol/L–1) cm–1.29

Preparation of BDMC and DABC solutions
Stock solutions were prepared by dissolving BDMC and

DABC in ethanol and different diluted solutions were made
from the stock solutions with ethanol and their UV–vis
absorption spectra were recorded between 250–600 nm.
From the absorption versus concentration graph at the lmax
point (using the Beer–Lambert law), the molecular absorp-
tion coefficient of BDMC was found to be 3417 nm =
46 193 (mol/L–1) cm–1 and for DABC the result was
3395 nm = 19 122 (mol/L–1) cm–1.

Fluorescence measurements
HSA solution (3 mL, 3 mmol/L) in a 0.05 mol/L, pH 6.4

phosphate buffer was prepared in a 1 cm rectangular cell.
BDMC and DABC solutions (1 mmol/L), which were pre-
pared in ethanol, were consecutively added in mL volumes
using a trace Hamiltonian syringe to the cell placed in the
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sample chamber of the Shimadzu RF-5000 (Kyoto, Japan)
spectrofluorimeter. Both the excitation and emission slit
widths were set at 5 nm. The excitation wavelength was ad-
justed to 280 nm and the emission spectra were recorded for
all of the samples in the range of 290–450 nm at 25 8C with
a scan speed of 200 nm/min. Integration of spectra was done
in the range of 290–390 nm to obtain the peak area. During
the fluorescence measurements, ethanol that was added with
the ligand never exceeded 3% (v/v). The presence of ethanol
at 25% induces no major changes in the structure of HSA.30

However, a control experiment was done on HSA with etha-
nol and proved the negligible effect of ethanol on the fluo-
rescence intensity of HSA up to 3% (v/v) of ethanol (data
are not shown). The other control experiments for evaluating
any inner filter effect corrections have also been done and
proved that inner filter effect corrections are not required
for the fluorescence data.

CD measurements
All the CD spectra were recorded using Aviv spectropo-

larimeter model 215 (Proterion Corp., USA) at 25 8C. The
scan speed was 20 nm/min and each spectrum was the aver-
age of four accumulated spectra. The CD spectra, recorded in
the far-UV region (190–260 nm) using a 1 mm path length
cell, were used to investigate the changes in the secondary
structure of HSA. The protein concentration in the experi-
ments for the far-UV region was 4.0 mmol/L. The results
were expressed in molar ellipticity, [q] (deg cm2 dmol–1).
The CD software was used to predict the secondary structure
of the protein according to the statistical method.31,32

The CD spectra recorded between 260–550 nm (near-UV

to visible range) using a cuvette of 1 cm path length were
also studied. The induced CD is defined as the CD of the
mixture of protein and ligand minus the CD of the protein
alone at the same wavelengths and is displayed as q (ellip-
ticity) in units of milidegrees (mdeg). The concentration of
HSA solution in induced CD experiments was 15.04 mmol/L.
During the CD spectroscopic measurements, ethanol content
(added with the ligand) never exceeded 1.5% (v/v). It has
been controlled and we observed no considerable changes
due to the addition of alcohol.

Results and discussion

Fluorescence studies
Fluorescence quenching is a procedure that decreases the

fluorescence quantum yield of fluorophores by a variety of
molecular interactions such as excited state reactions, energy
transfer, molecular rearrangement, formation of a nonfluor-
escent ground state complex (static quenching), and colli-
sional encounter between the fluorophore and quencher
(dynamic quenching). The fluorescence quenching technique
can reveal the nature of binding of small molecules with
proteins. The fluorescence quenching data can be analyzed
by the Stern–Volmer equation as follows:33

½1� F0

F
¼ 1þ kQt0½Q� ¼ 1þ KSV½Q�

where F0 and F are the fluorescence intensities of fluoro-
phore in the absence and presence of a quencher, respec-
tively, [Q] is the quencher concentration, and KSV is the
Stern–Volmer quenching constant, which can be written as

Scheme 1. (a) Chemical structure of curcumin (CUR). (b) Chemical structure of bisdemethoxycurcumin (BDMC). (c) Chemical structure of
diacetylbisdemethoxycurcumin (DABC).
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KSV = kQt0, where kQ is the bimolecule quenching rate con-
stant and t0 is the average lifetime of the biomolecule with-
out a quencher (t0 = 10–8s).34 The concentration of a
quencher should be the free concentration, but in our experi-
ments, the total concentration of the ligand (BDMC or
DABC) was used. The total fluorescence intensity is usually
expressed by the peak height, but it is more reasonable to
use the total area of the fluorescence emission. So, in our
results, we used the peak area of protein fluorescence spec-
tra without or with ligand, S0 and S, respectively, instead of
F0 and F in the Stern–Volmer equation.

It has been shown that both of the considered ligands in
the current study (BDMC and DABC) have a quenching ef-
fect on the fluorescence emission of HSA. Only one trypto-
phan, Trp-214, located in subdomain IIA, is the predominant
source of fluorescence emission in the UV region. However,
minor contribution of tyrosine residue in fluorescence emis-
sion could be eliminated by adjusting the excitation wave-
length at 295 nm. Figure 1 shows the quenching effect of
BDMC on the fluorescence emission of HSA (data for
DABC is not shown).

Figure 2 shows the percentage of quenching versus molar
ratios of the ligand to protein (L/P) and the corresponding
Stern–Volmer plots. As can be seen, the extent of quenching
of HSA by BDMC is considerably greater than that by
DABC. The estimated KSV values are listed in Table 1. It is
clear that quenching rate constants initiated by BDMC and
DABC are greater than the maximum scatter quenching con-
stant of various quenchers with the biopolymers (kQ = 2 �
1010 L mol–1 s–1).35 So, the fluorescence quenching was not
related to dynamic collision but it results from the formation
of a nonfluorescent compound.

Based on the assumption that the fluorescence quenching
of protein is a static process, and there are n substantive
binding sites on protein to accommodate the ligand mole-

cules, the equilibrium between free and bound molecules
can be given by the following equation:36

½2� ln
F0 � F

F
¼ ln KA þ nln ½Q�

where F0, F, and [Q] are the same as the parameters in the
Stern–Volmer equation. KA is the apparent binding constant
reflecting the reaction extent of protein and ligand. The va-
lue of n specifies the number of ligand molecules bound to a
HSA macromolecule. The values of KA and n derived from
the intercept and slope of ln F0�F

F
versus ln[Q] plot (Fig. 2)

are listed in Table 1. From the values of n, it can be inferred

Fig. 1. The fluorescence spectra of HSA (3 mmol/L) at different con-
centrations of BDMC: (a) 0 mmol/L, (b) 0.7 mmol/L, (c) 1.4 mmol/L,
(d) 2.2 mmol/L, (e) 2.8 mmol/L, (f) 3.5 mmol/L, (g) 4.2 mmol/L,
(h) 4.9 mmol/L, (i) 5.6 mmol/L, (j) 6.3 mmol/L, and (k) 7.0 mmol/L
measured in 0.050 mol/L phosphate buffer, pH 6.4, lex = 280 nm.

Fig. 2. Fluorescence quenching of HSA by (a) BDMC and
(b) DABC in 0.050 mol/L phosphate buffer, pH 6.4, lex = 280 nm
and [HSA] = 3 mmol/L.

Table 1. The Stern–Volmer constant, KSV, bimolecule
quenching rate constant, KQ, number of substantive binding
sites, n, and the binding constant, KA, for the interaction of
BDMC and DABC with HSA obtained from the fluores-
cence quenching measured in 0.050 mol/L phosphate buf-
fer, pH 6.4 at lex = 280 nm and [HSA] = 3 mmol/L.

BDMC DABC
KSV ((mol/L)–1) 1.77 � 105 2.60 � 104

KQ ((mol/L)–1 s–1) 1.77 � 1013 2.60 � 1012

n 0.99 0.63
KA ((mol/L)–1) 1.49 � 105 4.08 � 10
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that there is one binding site on HSA for BDMC and
DABC. The values of KA reveal lower binding affinity of
DABC than BDMC to HSA. The considerable different
binding affinities of BDMC and DABC toward binding to
HSA indicates the important role of the phenolic OH groups
of BDMC, which are acylated in DABC, in the binding pro-
cess.

We predict that the only fluorophore, Trp-214, is buried
to some extent inside the protein in the hydrophobic envi-
ronment. This prediction is based on the fact that the emis-
sion lmax of Trp-214 was 330 nm (Fig. 1), which is the
emission region of hidden tryptophan molecules that are
known to be usually around 320–325 nm,37 while fluores-
cence emission of the exposed tryptophan molecules is
around 340 nm due to solvent relaxation. The HSA confor-
mation seems to bury Trp-214 in a hydrophobic environ-
ment. The alteration in fluorescence intensity of Trp-214 in
the presence of a ligand may arise as a direct quenching ef-
fect or as a result of conformational changes induced after
ligand binding. In the case of the DABC ligand, the emis-
sion lmax at 330 nm is not changed. No spectral shift was
observed for the emission spectra upon DABC–HSA interac-
tion, indicating that Trp-214 was not exposed to any altera-
tion in polarity. For BDMC–HSA, the emission lmax slightly
shifted to shorter wavelengths (Fig. 1). If the tryptophan res-
idue becomes hydrogen bonded or exposed to water, the
maximum emission shifts to longer wavelengths.32 Hence, if
tryptophan moves to a more hydrophilic environment upon
binding to the drugs, it is expected to observe a redshift in
the emission maximum. Due to the slightly blueshifted
emission spectra of HSA in the presence of BDMC, it can
be concluded that the binding of BDMC to HSA has
changed the Trp-214 to a more hydrophobic environment.

Since there is no report on the interaction of BDMC and
DABC with HSA, we compared our findings in the present
work with the results of CUR or its derivatives binding to
HSA. A recently published study by Mandeville et al.38 re-
vealed the moderate binding affinity of CUR to HSA with
the association binding constant, K = 5.5 � 104 (mol/L)–1,
which is comparable to the values reported by Pulla Reddy et
al.,21 K = 2.0 � 105 (mol/L)–1, Kunwar et al.,25 K = 6.1 � 104

(mol/L)–1, and also Zsila et al.,22 K = 0.93 � 105 (mol/L)–1.
The results of these studies indicated that the most probable
binding site for CUR on HSA is in the vicinity of Trp-214 in
a hydrophobic cavity of subdomain IIA.

The order of the current calculated binding constant be-
tween BDMC and HSA, K = 1.49 � 105 (mol/L)–1, is com-
parable to that of CUR. Also, the number of substantive
binding sites for BDMC, n = 0.99, is comparable to that of
CUR (n = 1.33) reported by Mandeville et al.38 using the
same double logarithmic plot of ln F0�F

F
versus ln[Q]. There-

fore, we deduced that the binding mode, binding affinity,
and binding site of BDMC on HSA are very similar to those
of CUR. This conclusion implies that the methoxy groups of
CUR have a negligible role in the interaction with HSA, and
the phenolic hydroxyl groups play an important role in the
drug–protein interactions. This implication can be confirmed
by comparing the results of a CUR derivative such as
DABC, which lacks the methoxy groups and its phenolic
OH groups are acetylated. Both the apparent binding con-
stant value, K = 4.08 � 10 (mol/L)–1, and number of the

bound DABC to HSA, n = 0.63, reflect the weak drug–
protein interaction.

In a similar way, we analyzed the binding interaction of
CUR and DAC with HSA and BSA.39 We showed that there
was a great difference between CUR and DAC in their bind-
ing affinity toward both serum albumins. The association
binding constants for DAC were of the order of 102,
whereas for CUR, they were in the range of 105–106 (in ac-
cordance with the previous studies). So, the main conclusion
on the essential role of the phenolic hydroxyl groups of
CUR in the binding process can be confirmed on the basis
of the great difference between binding parameters of CUR
and DAC, and also BDMC and DABC. It is of considerable
interest to notice that the difference between our approaches
and that of others is that they have carried out the experi-
ments at neutral and alkaline pH, in which CUR has low
stability and decomposes relatively fast.40 Though there is
no evidence on the stability of CUR derivatives compounds
such as BDMC, DAC, and DABC at different pHs, we have
done all the experiments at pH 6.4 to remove the interfer-
ence of probable decomposition products of CUR or its de-
rivatives and also to gain logical comparison for the
considered ligands. The interaction of DAC with BSA has
been studied by Sahoo et al.28 They obtained a binding con-
stant in the range of 105 (mol/L)–1, which is in contrast with
our results. This discrepancy may have arisen from the ex-
perimental procedures, for instance, they analyzed the UV
absorption spectra to calculate the binding constant, whereas
we analyzed the fluorescence spectra.

Energy transfer from HSA to BDMC
The fluorescence quenching of HSA, after its binding

with BDMC, indicated the occurrence of energy transfer be-
tween ligand and protein. It is important to recognize that
the valuable parameters concerning the molecular details of
the donor–acceptor pair can be obtained by using fluores-
cence resonance energy transfer (FRET).33 FRET occurs
whenever the emission spectrum of the fluorophore (donor)
overlaps with the absorption spectrum of another molecule
(acceptor). The extent of overlap between the emission spec-
trum of the donor (protein) and the absorption spectrum of
the acceptor (ligand), and the relative orientation of the do-
nor and acceptor transition dipoles determine the rate of en-
ergy transfer. Due to the important effect of the distance
between the donor and acceptor on the extent of energy
transfer, numerous applications of energy transfer in bio-
chemical research have been found. According to Förster’s
theory, the efficiency of energy transfer, E, is described by
the following equation:41

½3� E ¼ 1� F

F0

¼ R6
0

R6
0 þ r6

where F and F0 are the fluorescence intensity of the donor
in the absence and presence of an equal amount of acceptor,
r is the distance from the bound ligand on protein to the
tryptophan residue, and R0 is the Förster critical distance at
which 50% of the excitation energy is transferred to the ac-
ceptor and can be calculated by the following equation:

½4� R6
0 ¼ 8:8� 10�2K2N�4FJ
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where K2 is a factor describing the relative orientation of the
transition dipoles of the donor and acceptor (for a random
orientation as in fluids, K2 = 2/3), N is the average refractive
index of the medium in the wavelength range where spectral
overlap is significant, F is the fluorescence quantum yield
of the donor, and overlap integral, J, expresses the extent of
overlap between the normalized fluorescence emission spec-
trum of the donor and the acceptor absorption spectrum. J is
given by the following equation:

½5� J ¼
X

FðlÞ3ðlÞl4DlX
FðlÞDl

In this equation, F(l) is the fluorescence intensity of the
fluorescent donor at wavelength l and is dimensionless,
3(l) is the molar absorption coefficient of the acceptor at
wavelength l.

In our recent study, we prepared the solutions containing
equimolar concentrations of ligand (BDMC or DABC) and
HSA and recorded their UV–vis absorption spectra. As the
fluorescence emission of protein is affected by the excitation
light at 280 nm, the spectrum ranged from 300 to 500 nm
and was chosen to obtain the overlapping integral. As shown
in Fig. 3, the overlapping between the fluorescence emission
of free HSA and absorption spectrum of BDMC is consider-
able. The UV–vis spectrum of the solution containing
DABC and HSA did not show any absorption in the wave-
length range of 300–500 nm (data are not shown), so, the
energy transfer could not be calculated. The efficiency of
energy transfer and overlapping integration can be easily
calculated using eqs. [3] and [5]. For calculating the Förster
critical distance in eq. [4], K2 is 2/3, N is 1.336, and F is
0.118.42 By using the obtained value for R0 from eq. [4]
and E from eq. [3], the r value can be calculated. HSA has
a single tryptophan residue (Trp-214) and the determined r
is the distance from the bound ligand to this residue. The
determined parameters for the interaction of human serum
albumin with BDMC using FRET are reported in Table 2.
It can be seen from this table that the distance from the
bound ligand to tryptophan are less than 7 nm, indicating a
nonradiative energy transfer mechanism for quenching.33

However, the value of r is higher than the respective critical

distance (R0), so, the static quenching is more likely respon-
sible for fluorescence quenching than the other mechanism
of nonradiative energy transfer.

The R0 = 2.167 nm and r = 2.816 nm for the binding of
BDMC to HSA and are comparable to the R0 = 2.744 nm
and r = 3.095 nm for the case of CUR–HSA reported by
Barik et al.,26 which are in good agreement with our results
for CUR–HSA (R0 = 2.80 nm and r = 3.10 nm) and CUR–
BSA (R0 = 2.94 nm and r = 3.16 nm).39 The calculated För-

Fig. 4. Far-UV circular dichroism spectra of 4.0 mmol/L HSA in
the absence and presence of different concentrations of (a) BDMC
and (b) DABC measured in 0.050 mol/L phosphate buffer, pH 6.4.

Fig. 3. Fluorescence emission and UV–vis absorption of solutions
containing BDMC as ligand and HSA as protein measured in
0.050 mol/L phosphate buffer, pH 6.4, lex = 280 nm, and [HSA] =
[BDMC] = 6 mmol/L.

Table 2. Förster critical distance, R0, the binding distance to
the tryptophan residue of protein, r, the overlap integral, J,
and the energy transfer efficiency, E, upon the interaction of
BDMC with HAS using fluorescence resonance energy trans-
fer (FRET) measured in 0.050 mol/L phosphate buffer,
pH 6.4, lex = 280 nm, and [HSA] = [BDMC] = 6 mmol/L.

R0 (nm) r (nm) J (cm3 mol/L) E
2.167 2.816 4.761 � 10–15 0.172
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ster critical distance (R0) and distance between the donor
and acceptor (r) in the BDMC–HSA interaction are in the
range of 2–3 nm, which are really close distances. This indi-
cates that the energy transfer from Trp-214 to BDMC occurs
with high possibility.

Circular dichroism studies
Circular dichroism (CD) spectroscopy is a chiroptical

method to study the binding of biologically active natural
and synthetic compounds to biomacromolecules, including
proteins, nucleic acids, and polysaccharides. Various aspects
of protein structure and their ligand-binding characteristics
can be explored by CD technique. The secondary structure
of proteins can be investigated in the far-UV region (190–
250 nm). The main absorbing groups in this region are pep-
tide bonds. In the near-UV region, the aromatic amino acid
side chains are placed in a chiral environment by the tertiary
folding of the polypeptide chain and thus, rise to CD spec-
tra, which can serve as characteristic finger prints of the na-
tive structure.43,44 The induced optical activity of the achiral
ligand molecules during the reversible binding interaction
can be monitored by CD spectroscopy in the visible range
of light absorption. The conformational adaptation of ligand
to its asymmetric binding site(s), and also the interaction be-
tween ligand molecules held in chiral arrangement relative
to each other by the protein sites, results in one or more in-
duced CD bands with a different shape, sign, and intensity,
which are called Cotton effects.45

The far-UV circular dichroism spectra of HSA in six L/P
molar ratios (0, 0.25, 0.50, 0.75,1.00, and 1.50) of two
studied ligands in this research are shown in Figs. 4a and
4b and the secondary structure contents are listed in Table 3.
The far-UV CD spectra of HSA exhibited characteristic fea-
tures of the typical a-helical structure of the protein and its
complex to BDMC and DABC with negative bands at
208 nm and 220 nm (Figs. 4a and 4b). According to
Fig. 4a and Table 3, the a-helix content of HSA in the pres-
ence of different concentrations of BDMC is less than that
of free HSA. The most decreasing in the a-helix content is
in the case of 0.25 L/P and with increasing the L/P ratios
the a-helix content gradually increases. The minor decrease
in the a-helix structure is accompanied by an increase in the
b-sheet and random coil contents, whereas the turn content
is not changed. Reduction of the a-helix content and in-
crease of the random coil structure represents the protein un-
folding. The changes in the secondary structure contents of
HSA in the presence of different concentrations of DABC

are not regular. The a-helix content in 0.25 L/P is decreased,
in the case of 0.75 L/P is not changed and in other L/P val-
ues is increased again. However, these unusual changes in
the secondary structure of HSA during the binding to
BDMC and DABC are not considerable. The minor changes
in the secondary structure contents of HSA indicated that li-
gand-induced conformational changes are localized in the
binding site and do not involve great alterations in protein
folding.

The far-UV CD results that showed the minor alteration
in the secondary structure content of HSA are consistent
with the recent study on the CUR–HSA interaction by Man-
deville et al.38 The results of the binding of the two CUR
derivatives, DAC and isoxazolcurcumin, to BSA also repre-
sented minor changes in BSA conformation during the bind-
ing process.28

The near-UV and visible range CD spectra (260–550 nm)
in addition to the far-UV region, was investigated in the
presence of the two studied ligands. The induced CD spectra
are presented in Fig. 5. The results of control experiments
show that both BDMC and DABC are achiral molecules
and do not exhibit any CD spectra (data are not shown).
The optical activities shown in Fig. 5 indicate the well-
known phenomenon of protein-induced chirality, which
arises from conformational adaptation to the asymmetric
protein binding sites. This phenomenon can also be caused
by the interaction between ligand molecules held in chiral
arrangement relative to each other by the protein sites. Con-
sequently, being bound to the protein, BDMC and DABC
behave as chiral molecules and exhibit optical activities.
From Fig. 5a, we can see that in the near-UV range (260–
350 nm), there is a very weak positive band for 0.25 and
0.5 molar ratios. This positive band disappears and a new
negative band appears at 0.75 L/P. In the visible range close
to 350 nm, there are two opposite signed Cotton effects. The
positive Cotton band is centered around 430 nm and its in-
tensity increases with increasing L/P molar ratio. The nega-
tive Cotton band does not show a definite trend with
increasing of L/P molar ratios.

From Fig. 5b, it can be seen that unlike BDMC, induced
CD spectra of DABC have an intense positive Cotton effect
centered at 480 nm. The intensity of this band has no regu-
lar increasing trend with increasing DABC concentration.
Another positive Cotton band with much lower intensity in
the near-UV region at 300 nm can be detected with consid-
erable intensities in 0.5 and 0.75 L/P. The difference be-
tween the induced CD spectra of BDMC and DABC

Table 3. Content of the secondary structure of HSA upon interaction with (a) BDMC and (b) DABC in different molar
ratios of ligand to protein measured in 0.050 mol/L phosphate buffer, pH 6.4 and [HSA] = 4.0 mmol/L.

(a) BDMC (b) DABC

Ligand to protein
molar ratios

a-Helix
(%)

b-Sheet
(%)

b-Turn
(%)

Random
coil (%)

a-Helix
(%)

b-Sheet
(%)

b-Turn
(%)

Random
coil (%)

0 62.9 7.5 13.3 16.3 62.9 7.5 13.3 16.3
0.25 56.7 9.2 14.0 20.1 59.4 8.5 13.8 18.3
0.50 58.1 8.8 13.9 19.2 64.8 6.9 12.7 15.6
0.75 59.9 8.2 13.6 18.3 62.1 7.7 13.3 16.9
1.00 60.7 8.0 13.4 17.9 65.0 6.8 12.6 15.6
1.50 60.2 8.2 13.5 18.1 63.8 7.1 13.0 16.1
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indicated the different configuration of these ligands in the
binding site of HSA.
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(23) Zsila, F.; Bikádi, Z.; Simonyi, M. Tetrahedron Asymmetry
2003, 14 (16), 2433. doi:10.1016/S0957-4166(03)00486-5.

(24) Barik, A.; Priyadarsini, K. I.; Mohan, H. Photochem. Photo-
biol. 2003, 77 (6), 597. doi:10.1562/0031-8655(2003)
077<0597:PSOBOC>2.0.CO;2. PMID:12870844.

(25) Kunwar, A.; Barik, A.; Pandey, R.; Priyadarsini, K. I. Bio-
chim. Biophys. Acta 2006, 1760 (10), 1513. PMID:
16904830.

(26) Barik, A.; Mishra, B.; Kunwar, A.; Priyadarsini, K. I. Chem.
Phys. Lett. 2007, 436 (1–3), 239. doi:10.1016/j.cplett.2007.
01.006.

(27) Wang, F.; Yang, J.; Wu, X.; Liu, S. Spectrochim. Acta, Part
A 2005, 61 (11–12), 2650. doi:10.1016/j.saa.2004.10.007.

(28) Sahoo, B. K.; Ghosh, K. S.; Dasgupta, S. Biophys. Chem.
2008, 132 (2–3), 81. doi:10.1016/j.bpc.2007.10.007. PMID:
18037556.

(29) Pace, C. N.; Vajdos, F.; Fee, L.; Grimsley, G.; Gray, T. Pro-
tein Sci. 1995, 4 (11), 2411. doi:10.1002/pro.5560041120.
PMID:8563639.

(30) Lin, S. Y.; Li, M. J.; Wei, Y. S. Spectrochim. Acta, Part A

Fig. 5. Induced CD spectra of HSA complex with (a) BDMC and
(b) DABC measured in 0.050 mol/L phosphate buffer, pH 6.4 and
[HSA] = 15.04 mmol/L.

162 Can. J. Chem. Vol. 88, 2010

Published by NRC Research Press



2004, 60 (13), 3107. doi:10.1016/j.saa.2004.03.001. PMID:
15477151.

(31) Manavalan, P.; Johnson, W. C. J. R., Jr. Anal. Biochem.
1987, 167 (1), 76. doi:10.1016/0003-2697(87)90135-7.
PMID:3434802.

(32) Yang, J. T.; Wu, C. S. C.; Martinez, H. M. Methods Enzy-
mol. 1986, 130, 208. doi:10.1016/0076-6879(86)30013-2.
PMID:3773734.

(33) Lakowicz, J. R. Principles of Fluorescence spectroscopy;
Kluwer Academic: New York, 1999.

(34) Lakowicz, J. R.; Weber, G. Biochemistry 1973, 12 (21),
4161. doi:10.1021/bi00745a020. PMID:4795686.

(35) Ware, W. R. J. Phys. Chem. 1962, 66 (3), 455. doi:10.1021/
j100809a020.

(36) Jiang, M.; Xie, M.-X.; Zheng, D.; Liu, Y.; Li, X.-Y.; Cheng,
X. J. Mol. Struct. 2004, 692 (1–3), 71. doi:10.1016/j.
molstruc.2004.01.003.

(37) Sulkowska, A. J. Mol. Struct. 2002, 614 (1–3), 227. doi:10.
1016/S0022-2860(02)00256-9.

(38) Mandeville, J. S.; Froehlich, E.; Tajmir-Riahi, H. A. J. Phar-

maceut. Biomed. 2009, 49 (2), 468. doi:10.1016/j.jpba.2008.
11.035.

(39) Mohammadi, F.; Bordbar, A. K.; Divsalar, A.; Mohammadi,
K.; Saboury, A. A. Protein J. 2009, 28 (3–4), 117. doi:10.
1007/s10930-009-9171-6. PMID:19189206.

(40) Wang, F.; Yang, J.; Wu, X.; Liu, S. Spectrochim. Acta, Part
A 2005, 61 (11–12), 2650. doi:10.1016/j.saa.2004.10.007.
PMID:16043060.

(41) Modern Quantum Chemistry; Förster, T., Sinanoglu, O.,
Eds.; Academic Press: New York, 1996; p 93.

(42) Epps, D. E.; Raub, T. J.; Caiolfa, V.; Chiari, A.; Zamai, M.
J. Pharm. Pharmacol. 1999, 51 (1), 41. doi:10.1211/
0022357991772079. PMID:10197416.

(43) Kelly, S. M.; Price, N. C. Curr. Protein Pept. Sci. 2000, 1
(4), 349. doi:10.2174/1389203003381315. PMID:12369905.

(44) Kelly, S. M.; Price, N. C. Biochim. Biophys. Acta 1997,
1338 (2), 161. PMID:9128135.
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Silica-bonded S-sulfonic acid as a recyclable
catalyst for the silylation of hydroxyl groups with
hexamethyldisilazane (HMDS)

Khodabakhsh Niknam, Dariush Saberi, Hajar Molaee, and Mohammad Ali Zolfigol

Abstract: Silica-bonded S-sulfonic acid (SBSSA) was prepared by the reaction of 3-mercaptopropylsilica (MPS) and
chlorosulfonic acid in tert-butylmethyl ether, and used as a catalyst for the silylation of hydroxyl groups. A good range of
primary, secondary alcohols and phenolic hydroxyl groups were effectively converted into their corresponding trimethyl-
silyl ethers with hexamethyldisilazane (HMDS) in the presence of catalytic amounts of SBSSA under mild conditions at
room temperature with short reaction times and in good-to-excellent yields. An excellent chemoselective silylation of hy-
droxyl groups in the presence of other functional groups was also observed. The heterogeneous catalyst was recycled for
30 runs upon the reaction of benzyl alcohol with HMDS without lossing its catalytic activity.

Key words: silylation, silica-bonded S-sulfonic acid, hydroxyl groups, alcohols, catalyst.

Résumé : On a préparé de l’acide S-sulfonique lié à de la silice par (ASSLS) par réaction du 3-mercaptopropylsilicium
(MPS) et de l’acide chlorosulfonique dans le éther de tert-butylméthyle et on l’a utilisé comme catalyseur pour la silyla-
tion de groupes hydroxyles. On a ainsi pu transformer un ensemble représentatif de groupes hydroxyles d’alcools primaires
et secondaires et phénoliques en éthers triméthylsilyles correspondants par réaction avec de l’hexaméthyldisilazane
(HMDS) en présence de quantités catalytiques d’acide S-sulfonique lié à de la silice, dans des conditions douces, à la tem-
pérature ambiante, avec des courts temps de réaction et avec des rendements allant de bons à excellents. On a pu aussi ob-
server une excellent silylation chimiosélective de groupes hydroxyles en présence d’autres groupes fonctionnels. Le
catalyseur hétérogène a pu être recyclé au moins trente fois, sans perte d’activité, pour la réaction de l’alcool benzylique
avec le HMDS.

Mots-clés : silylation, acide S-sulfonique lié à de la silice, groupes hydroxyles, catalyseur.

[Traduit par la Rédaction]

Introduction

In recent years, there has been much attention on the
search for environmentally benign chemical processes or
methodologies, because they are essential for the conserva-
tion of the global ecosystem. The development of heteroge-
neous catalysts for fine chemical synthesis has become a
major area of research, as the potential advantages of these
materials (facile recovery and reusability; the potential for
incorporation in continuous reactors and micro reactors)
over homogeneous systems can lead to novel environmen-
tally benign chemical procedures for academia and indus-
try.1 Application of solid acids in organic transformations is
desirable, owing to their simplicity in handling, decreased
reactor and plant corrosion problems, and more environmen-
tally safe disposal.2–10 Green chemistry not only requires the
use of environmentally benign reagents and solvents, but

also requires the use of recyclable catalysts. One way to
overcome the problem of recyclability of the traditional
acid catalysts is to chemically anchor their reactive center
onto an inorganic solid carrier with a large surface area to
create new organic–inorganic hybrid catalyst.5,6 The reactive
centers in these solid-supported catalysts are highly mobile
similar to homogeneous catalysts, and at the same time
have the advantage of recyclability like heterogeneous cata-
lysts. In this view, several types of solid sulfonic-acid-func-
tionalized silica (both amorphous and ordered) have been
synthesized and applied as an alternative to traditional sul-
fonic acid resins and homogeneous acids in catalyzing
chemical transformations.5,7

Herein, we wish to describe the preparation of silica-
bonded S-sulfonic acid (SBSSA) as illustrated in Scheme 1,
and its use as catalyst for the conversion of alcohols into cor-
responding trimethylsilyl ethers. Sulfur content of SBSSA by
conventional elemental analysis was 16.12%. Typically, a
loading at ~0.35 mmol/g is obtained. On the other hand,
when the washed sulfonated product 2 was placed in an
aqueous NaCl solution, the pH of the solution dropped virtu-
ally instantaneously to pH 1.85, as ion exchange occurred
between protons and sodium ions (proton exchange capacity:
0.33 mmol/g of sulfonic acid 2), which is in good agreement
with the result obtained from TGA and titration.

Protection and deprotection of functional groups are in-
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evitable processes for the synthesis of polyfunctional com-
pounds. Silylation of alcohols and polyols is one of the
most commonly used methods for their protection.11 Trime-
thylsilylation is a classic way to produce volatile derivatives
of alcohols and polyols, as required for their vapor-phase
chromatography/mass spectrometric analysis.12 Another ap-
plication is the conversion of trimethylsilyl ethers into the
corresponding ethers.13 Generally, the formation of trime-
thylsilyl ethers has been carried out by treatment of alcohols
with trimethylsilyl chloride or trimethylsilyl triflate in the
presence of a base,14 Li2S,15 and sometimes a nonionic super
base catalyst.16 However, some of these methods have fre-
quently suffered from drawbacks, such as lack of reactivity
or the difficulty in removal of amine salts derived from the
reaction of by-produced acid and co-bases during the silyla-
tion reaction. 1,1,1,3,3,3-Hexamethyldisilazane (HMDS) is a
stable, commercially available, and inexpensive reagent for
trimethylsilylation of hydrogen-labile substrates,17 giving
ammonia as the only byproduct. On the other hand, silyla-
tion, using this silazan-type reagent, is nearly neutral and
does not need any special precautions. However, the weak
silylating ability of HMDS is a main drawback for its appli-
cation, which needs forceful conditions and long reaction
times in many instances. A variety of catalysts, such as
(CH3)3SiCl,18 silica chloride,19 ZnCl2,20 LiClO4,21 H-b zeo-
lite,22 tungestophosphoric acid,23 poly(N-bromobenzene-1,3-
disulfonamide),24 ultrasound,25 CuSO4�5H2O and
Cu(OTf)2,26 Al(HSO4)3,27 KBr,28 silica-supported perchloric
acid,29 sulfonic-acid-functionalized silica,30 silica sulfuric
acid,31 1,3-dibromo-5,5-diethylbarbituric acid,32 tribromoiso-
cyanuric acid and DABCO-Br2,33 Fe(F3CCO2)3,34 tetrabuty-
lammonium bromide,35 tribromomelamine,36 and alumina
sulfuric acid37 have been reported for the silylation of hy-
droxyl groups using HMDS. In addition to the previously re-
ported procedures, the facile and general synthetic
methodology for the silylation of alcohols under essentially
neutral conditions is desirable, so this subject encouraged us
to develop an efficient, convenient, and practical procedure
for the protection of hydroxyl groups under mild and hetero-
geneous conditions.

Results and discussion
The trimethylsilylation of hydroxyl groups is easily car-

ried out at room temperature under mild conditions in the
presence of SBSSA as a catalyst (Scheme 2). First, we
studied the reaction of 4-bromobenzyl alcohol with HMDS

in the presence of SBSSA in CH3CN at room temperature.
The optimal amount of the catalyst was 0.015 g per 1 mmol
of 4-bromobenzyl alcohol and 0.8 mmol of HMDS. Next,
we prepared a range of silylethers under the following reac-
tion conditions: hydroxyl compound (1 mmol), HMDS
(0.8 mmol), SBSSA (0.015 g), and acetonitrile (2 mL)
(Table 1). A wide range of alcohols underwent silylation by
this procedure to provide the corresponding TMS ethers in
good-to-excellent yields. Generally, benzylic alcohols, phe-
nols, and primary and secondary alcohols are faster than ter-
tiary alcohols. Trimethylsilylation of hydroxyl groups
produce corresponding trimethylsilylated compounds under
these conditions, whereas substituted thiophenol, 1-butantiol
(Table 1, entries 8, 25, and 26), aniline derivatives, aliphatic
amines (Table 1, entries 22–24), and N-phenyl acetamide
(Table 1, entry 27) remained intact under the reaction condi-
tions. It is worth mentioning that in the case of p-aminophe-
nol, only the phenolic group reacted under these conditions
and the amino group remains intact (Table 1, entry 19).

We investigated the selective silylation of different binary
mixture of alcohols and also alcohols and phenols in the
presence of amine, amide, and thiols. This method was
shown to be highly selective for primary alcohols, such as
benzyl alcohol and 2-phenylethanol. Primary alcohols were
completely converted to the corresponding silyl ethers, while
tertiary alcohols were converted to the corresponding sily-
lated products with 0% yield (Scheme 3).

Excellent chemoselectivity was also observed for the con-
version of secondary alcohols and phenols in the presence of
tertiary alcohols such as a-terpinene, 1-phenyl-2-methyl-2-
propanol (Scheme 3). We also explored the chemoselectivity
of SBSSA in the silylation method. Alcohols and phenols in
the presence of an amine, amide, and thiols were completely
converted to the corresponding trimethylsilyl ethers as sole
product.

To show the efficiency of the SBSSA in comparison with
previously reported procedures, Table 2 compares some of
our results with LiClO4’/SiO2,21 H-b zeolite,22 HClO4/
SiO2,29 sulfonic-acid-functionalized silica,30 silica sulfuric
acid,31 and alumina sulfuric acid37 with respect to reaction
times and yields of obtained products. It is clear from the
results shown in Table 2, that silylation reactions carried
out with SBSSA require shorter reaction times and lower
catalyst loading.

In all reactions studied, fast evolution of ammonia gas
was observed (HMDS is stronger base than NH3). With this
observation, we have proposed a mechanism in which the
generation of NH3 and catalytic role of SBSSA in a catalytic
cycle is clarified (Scheme 4).29,34

The possibility of recycling the catalyst was examined.
For this purpose, the reaction of benzyl alcohol and HMDS

Scheme 1. Preparation of silica-bonded S-sulfonic acid. Scheme 2. Conversion of different kinds of hydroxyl groups into
corresponding silyl ethers
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was studied in acetonitrile at room temperature in the pres-
ence of SBSSA. When the reaction was complete, the mix-
ture was filtered and the solid was washed with
dichloromethane, and the recycled catalyst was saved for
the next reaction. The recycled catalyst could be directly
reused 30 times without any treatment. No observation of
appreciable loss in its catalytic activities was noticed
(Fig. 1).

Conclusion
In conclusion, a practical, efficient, and convenient

method for the silylation of hydroxyl compounds was de-
scribed. One major advantage of our described method is us-
ing very low molecular ratio of the catalysts in comparison
with the reported procedures in the literature. Therefore, we
think that this method can be a useful addition to the present
methodologies for the silylation of hydroxy groups.

Experimental

General
Chemicals were purchased from Merck, Fluka, and Al-

drich Chemical Companies. IR spectra were run on a Shi-
madzu IR-435 FTIR spectrophotometer. 1H NMR was run
on JEOL NMR spectrometer (FX 90Q) and Bruker Avance
(DRX 500 MHz). Melting points were recorded on a Melt-
ing Point SMP1 apparatus in open capillary tubes and are
uncorrected. The progress of reaction was followed with
TLC, using silica gel SILG/UV 254 plates. All the products
are known and were characterized by comparison of their
spectral (IR, 1H NMR), TLC, and physical data with those
reported in the literature.22–36 3-Mercaptopropylsilica 1
(MPS) was prepared according to the previously reported
procedure.5a

Catalyst preparation
To a magnetically stirred mixture of 3-mercaptopropylsil-

ica 1 (5 g) in tert-buylmethyl ether (20 mL), chlorosulfonic
acid (1.00 g, 9 mmol) was added dropwise at 0 8C for 2 h.
After addition was complete, the mixture was stirred for 2 h
until HCl gas evolution was stopped. Then, the mixture was
filtered and washed with methanol (30 mL) and dried at
room temperature to obtain silica-bonded functionalized sul-
fonic acid 2 (SBSSA) as cream powder (5.22 g). Sulfur con-
tent of the samples was 16.12% by conventional elemental
analysis. TGA analysis of SBSSA shows a first mass loss
due to the desorption of water below 100 8C (Fig. 2). This

Fig. 1. Recyclability of solid silica-bonded S-sulfonic acid as cata-
lyst in the silylation reaction of benzyl alcohol (1 mmol) and
HMDS (1 mmol) at room temperature. Reaction time = 5 min.

Scheme 3. Chemoselectivity between primary, secondary alcohols,
and phenols in the presence of tertiary alcohols and amides using
SBSSA with HMDS.

Scheme 4. Proposed mechanism for the conversion of alcohols into
the corresponding silyl ether by using SBSSA.
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is followed by a second mass loss starting at 140 8C, corre-
sponding to the loss of the covalently bound organic group.
From this mass loss, it is calculated that the loading of the
organic group bound to silica surface was 1.78 mmol g–1.

pH analysis of the SBSSA
To an aqueous suspension of 0.1 g SBSSA, NaOH

(1.8 mL, 0.1 mol/L) was added. This is equal to a loading
of 1.8 mmol SO3H g–1. So, all of the SH functional groups
in 3-mercaptopropylsilica 1 were sulfonated. According to
previous reports,5 the loading of 3-mercaptopropylsilica 1 is
0.33 mmol/g.

General procedure for the silylation of alcohols
To a stirred solution of the compound containing hy-

droxyl groups (1 mmol) and HMDS (0.8 mmol) in CH3CN
(2 mL) was added SBSSA (0.015 g) and stirred at room
temperature. When the reaction was complete by GC (or
TLC, n-hexane/EtOAc, 9:1) analysis, CH2Cl2 was added
(10 mL), and SBSSA was removed by filtration. The solvent
was evaporated and the trimethylsilyl ether was isolated al-
most as a pure crude product. Further purification was car-
ried out by short column chromatography on silica gel
eluting with ethyl acetate/petroleum ether, if necessary.

Trimethyl(benzyloxy)silan (Table 1, entry 1)
Purified on short column of silica gel using petroleum

ether/ethyl acetate (10:1) as eluent. Colorless liquid;29 bp
212 8C/760 torr (1 torr = 133.322 Pa). 1H NMR (500 MHz,
CDCl3, ppm) d: 0.19 (s, 9H), 4.72 (s, 2H), 7.35–7.36 (m,
5H).

Trimethyl(4-methoxybenzyloxy)silan (Table 1, entry 2)
Purified on short column of silica gel using petroleum

ether/ethyl acetate (10:1) as eluent. Colorless liquid;29 bp
257–258 8C/760 torr. 1H NMR (500 MHz, CDCl3, ppm) d:
0.18 (s, 9H), 3.81 (s, 3H), 4.66 (s, 2H), 6.91 (d, 2H, J =
8.5 Hz), 7.44 (d, 2H, J = 8.4 Hz). 13C NMR (125 MHz,
CDCl3, ppm) d: 0.30, 55.21, 64.41, 113.75, 128.13, 133.16,
158.90.

Trimethyl(4-bromobenzyloxy)silan (Table 1, entry 3)
Purified on short column of silica gel using petroleum

ether/ethyl acetate (10:1) as eluent. Colorless liquid;36 bp
250 8C/760 torr. 1H NMR (90 MHz, CDCl3, ppm) d: 0.17

(s, 9H), 4.65 (s, 2H), 7.20 (d, 2H, J = 8.4 Hz), 7.46 (d, 2H,
J = 8.6 Hz).

Trimethyl(4-chlorobenzyloxy)silan (Table 1, entry 4)
Purified on short column of silica gel using petroleum

ether/ethyl acetate (10:1) as eluent. Colorless liquid;36 bp
228 8C/760 torr. 1H NMR (90 MHz, CDCl3, ppm) d: 0.19
(s, 9H), 4.68 (s, 2H), 7.28–7.30 (m, 4H).

Trimethyl(4-nitrobenzyloxy)silan (Table 1, entry 5)
Purified on short column of silica gel using petroleum

ether/ethyl acetate (10:1) as eluent. Colorless liquid;25 bp >
300 8C/760 torr. 1H NMR (500 MHz, CDCl3, ppm) d: 0.22
(s, 9H), 4.83 (s, 2H), 7.52 (d, 2H, J = 8.8 Hz), 8.22 (d, 2H, J
= 8.7 Hz). 13C NMR (125 MHz, CDCl3, ppm) d: –0.10,
63.95, 123.95, 127.00, 147.49, 149.16.

Trimethyl(2-phenylethoxy)silan (Table 1, entry 6)
Purified on short column of silica gel using petroleum

ether/ethyl acetate (10:1) as eluent. Colorless liquid;29 bp
230 8C/760 torr. 1H NMR (500 MHz, CDCl3, ppm) d: 0.11
(s, 9H), 2.87 (t, 2H, J = 7.3 Hz), 3.81 (t, 2H, J = 7.3 Hz),
7.23–7.33 (m, 5H).

Trimethyl(3-phenylpropyloxy)silan (Table 1, entry 7)
Purified on short column of silica gel using petroleum

ether/ethyl acetate (10:1) as eluent. Colorless liquid;25 bp
245 8C/760 torr. 1H NMR (500 MHz, CDCl3, ppm) d: 0.22
(s, 9H), 1.92–1.98 (m, 2H), 2.77 (t, 2H, J = 7.8 Hz), 3.70 (t,
2H, J = 6.4 Hz), 7.26–7.29 (m, 3H), 7.35–7.38 (m, 2H). 13C
NMR (125 MHz, CDCl3, ppm) d: 0.03, 32.60, 34.70, 62.36,
126.17, 128.75, 128.91, 142.58.

Trimethyl(2-mercaptoethoxy)silan (Table 1, entry 8)
Purified on short column of silica gel using petroleum

ether/ethyl acetate (10:1) as eluent. Colorless liquid;38 bp
146 8C/760 torr. 1H NMR (90 MHz, CDCl3, ppm) d: 0.06
(s, 9H), 1.43 (t, 1H, J = 8.1 Hz), 2.44–2.82 (m, 2H), 3.49–
3.82 (m, 2H).

Trimethyl(diphenylmethoxy)silan (Table 1, entry 9)
Purified on short column of silica gel using petroleum

ether/ethyl acetate (10:1) as eluent. Colorless liquid;29 bp >
300 8C/760 torr. 1H NMR (500 MHz, CDCl3, ppm) d: 0.20
(s, 9H), 5.88 (s, 1H), 7.32 (t, 2H, J = 7.3 Hz), 7.40 (t, 4H, J
= 7.6 Hz), 7.46 (t, 4H, J = 7.5 Hz). 13C NMR (125 MHz,
CDCl3, ppm) d: 0.65, 77.00, 127.04, 127.53, 128.68, 145.35.

Trimethyl(1-phenylethoxy)silan (Table 1, entry 10)
Purified on short column of silica gel using petroleum

ether/ethyl acetate (10:1) as eluent. Colorless liquid;29 bp
212 8C/760 torr. 1H NMR (500 MHz, CDCl3, ppm) d: 0.15
(s, 9H), 1.51 (d, 3H, J = 6.3 Hz), 4.93 (q, 1H, J = 6.3 Hz),
7.28 (t, 1H, J = 6.9 Hz), 7.34–7.40 (m, 4H).

Trimethyl(1-phenyl-2-methyl-2-propyloxy)silan (Table 1,
entry 11)

Purified on short column of silica gel using petroleum
ether/ethyl acetate (10:1) as eluent. Colorless liquid;36 bp
245 8C/760 torr. 1H NMR (90 MHz, CDCl3, ppm) d: 0.05
(s, 9H), 1.20 (s, 6H), 2.71 (s, 2H), 7.12–7.38 (m, 5H).

Fig. 2. TGA diagram for a sample of silica-bonded S-sulfonic acid
under nitrogen stream.
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Trimethyl[1-methyl-1-(4-methyl-cyclohex-1-
enyl)ethoxy]silan (Table 1, entry 12)

Purified on short column of silica gel using petroleum
ether/ethyl acetate (10:1) as eluent. Colorless liquid;32 bp
256 8C/760 torr. 1H NMR (90 MHz, CDCl3, ppm) d: 0.09
(s, 9H), 0.94–2.00 (m, 16H), 5.27–5.44 (m, 1H).

Trimethylphenoxy silan (Table 1, entry 13)
Purified on short column of silica gel using petroleum

ether/ethyl acetate (10:1) as eluent. Colorless liquid;29 bp
211 8C/760 torr. 1H NMR (500 MHz, CDCl3, ppm) d: 0.34
(s, 9H), 6.92 (d, 2H, J = 7.8 Hz), 7.02 (t, 1H, J = 7.3 Hz),
7.31 (t, 1H, J = 8.0 Hz).

Table 1. Silylation of alcohols, phenols, and naphthols with HMDS in the presence of SBSSA as catalyst at room temperature.
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Trimethyl(biphenyl-2-yloxy) silan (Table 1, entry 14)
Purified on short column of silica gel using petroleum

ether/ethyl acetate (10:1) as eluent. Colorless liquid;39 bp
281 8C/760 torr. 1H NMR (500 MHz, CDCl3, ppm) d: 0.05
(s, 9H), 6.92 (dd, 1H, J1 = 8.0 Hz, J2 = 0.7 Hz), 7.06 (dt, 1H

J1 = 7.5 Hz, J2 = 0.8 Hz), 7.21–7.26 (m, 1H), 7.31 (t, 1H,
J = 7.4 Hz), 7.36 (dd, 1H, J1 = 7.5 Hz, J2 = 1.5 Hz), 7.40
(t, 2H, J = 7.5 Hz), 7.54 (d, 2H, J = 8.3 Hz). 13C NMR
(125 MHz, CDCl3, ppm) d: 0.51, 121.03, 122.35, 127.16,
128.26, 128.81, 130.06, 133.78, 139.49, 152.73.

Table 1. Concluded.
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Trimethyl(4-methylphenoxy) silan (Table 1, entry 15)
Purified on short column of silica gel using petroleum

ether/ethyl acetate (10:1) as eluent. Colorless liquid;29 bp
206 8C/760 torr. 1H NMR (500 MHz, CDCl3, ppm) d: 0.32
(s, 9H), 2.33 (s, 3H), 6.80 (d, 2H, J = 8.1 Hz), 7.08 (d, 2H,
J = 8.0 Hz).

Trimethyl(2-naphtaleneoxy) silan (Table 1, entry 16)
Purified on short column of silica gel using petroleum

ether/ethyl acetate (10:1) as eluent. Colorless liquid;29 bp
282 8C/760 torr. 1H NMR (500 MHz, CDCl3, ppm) d: 0.41
(s, 9H), 7.18 (dd, 1H, J1 = 8.8 Hz, J2 = 2.3 Hz), 7.31 (d, 1H,
J = 2.1 Hz), 7.41 (t, 1H, J = 7.3 Hz), 7.50 (dt, 1H, J1 =
7.6 Hz, J2 = 0.8 Hz), 7.77–7.85 (m, 3H).

Trimethyl(2,4,6-thrimethylphenoxy) silan (Table 1, entry 17)
Purified on short column of silica gel using petroleum

ether/ethyl acetate (10:1) as eluent. Colorless liquid;40 bp
241 8C/760 torr. 1H NMR (500 MHz, CDCl3, ppm) d: 0.25
(s, 9H), 2.17 (s, 6H), 2.23 (s, 3H), 6.78 (s, 2H). 13C NMR
(125 MHz, CDCl3, ppm) d: 1.37, 18.02, 20.94, 128.51,
129.47, 130.70, 150.63.

Trimethyl(4-chloro-3-methylphenoxy) silan (Table 1, entry
18)

Purified on short column of silica gel using petroleum
ether/ethyl acetate (10:1) as eluent. Colorless liquid;39 bp
243 8C/760 torr. 1H NMR (500 MHz, CDCl3, ppm) d: 0.26
(s, 9H), 2.32 (s, 3H), 6.62 (dd, 1H, J1 = 8.6 Hz, J2 =
2.8 Hz), 6.72 (d, 1H, J = 2.8 Hz), 7.17 (d, 1H, J = 7.9 Hz).

13C NMR (125 MHz, CDCl3, ppm) d: 0.58, 20.60, 119.13,
122.96, 127.10, 130.03, 137.42, 154.14.

Trimethyl(4-aminophenoxy) silan (Table 1, entry 19)
Purified on short column of silica gel using petroleum

ether/ethyl acetate (10:1) as eluent. Colorless liquid;29 bp
255 8C/760 torr. 1H NMR (500 MHz, CDCl3, ppm) d: 0.22
(s, 9H), 3.34 (s, 2H), 6.51 (d, 2H, J = 8.5 Hz), 6.61 (d, 2H,
J = 8.5 Hz).

Trimethyl(4-fluorophenoxy) silan (Table 1, entry 20)
Purified on short column of silica gel using petroleum

ether/ethyl acetate (10:1) as eluent. Colorless liquid;29 bp
208 8C/760 torr. 1H NMR (500 MHz, CDCl3, ppm) d: 0.25
(s, 9H), 6.75–6.77 (m, 2H), 6.89–6.92 (m, 2H). 13C NMR
(125 MHz, CDCl3, ppm) d: 0.53, 116.10, 121.26, 151.52,
159.08.
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MINIREVIEW / MINISYNTHÈSE

Engineering of nanometer-sized cross-linked
hydrogels for biomedical applications

Jung Kwon Oh

Abstract: Microgels/nanogels (micro/nanogels) are promising drug-delivery systems (DDS) because of their unique prop-
erties, including tunable chemical and physical structures, good mechanical properties, high water content, and biocompati-
bility. They also feature sizes tunable to tens of nanometers, large surface areas, and interior networks. These properties
demonstrate the great potential of micro/nanogels for drug delivery, tissue engineering, and bionanotechnology. This mini-
review describes the current approaches for the preparation and engineering of effective micro/nanogels for drug-delivery
applications. It emphasizes issues of degradability and bioconjugation, as well as loading/encapsulation and release of ther-
apeutics from customer-designed micro/nanogels.

Key words: microgels, nanogels, hydrogels, drug delivery, degradation, bioconjugation.

Résumé : Les microgels/nanogels (micro/nanogels) correspondent à des systèmes prometteurs d’administration des médi-
caments (SAM) en raison de leurs propriétés particulières, dont des structures physiques et chimiques accordables, de bon-
nes propriétés mécaniques, un niveau élevé d’eau et leur biocompatibilité. Ils comportent aussi des tailles ajustables
jusqu’à des dizaines de nanomètres, des grandes superficies de surface et des réseaux intérieurs. Ces propriétés démontrent
le grand potentiel de minco/nanogels comme systèmes d’administration des médicaments, l’ingénierie des tissus et la bio-
nanotechnologie. Cette minirevue décrit les approches actuelles à la préparation et à l’ingénierie de micro/nanogels adé-
quats pour les applications d’administration des médicaments. Elle fait ressortir les sujets de dégradabilité et de
bioconjugaison ainsi que de chargement/encapsulation et de libération des produits thérapeutiques pour des microgels/na-
nogels répondant à des spécificités imposées par un client.

Mots-clés : microgels, nanogels, hydrogels, administration des médications, dégradation, bioconjugaison.

[Traduit par la Rédaction]

Introduction

Hydrogels can form a cross-linked polymer network that
has tunable chemical and physical structures, good mechan-
ical properties, high water content, and biocompatibility.
These unique properties suggest the enormous potential of
their use in regenerative medicine, tissue engineering, bio-
medical implants, and drug delivery.1–7 Recently, the design
and preparation of unique hydrogels has also been explored

for the development of biosensors,8 intracellular thermome-
try,9 drug conjugates,10 microfluidic biomaterials,11–13 and
photonic crystals.14

Microgels are a class of hydrogels that are submicron-
sized cross-linked particulates.15 The term ‘‘nanogel’’ is de-
fined as a nanometer-sized microgel. While microgels share
the unique properties of hydrogels, micro/nanogels have ad-
ditional unique features: they are of a size tunable to tens of
nanometers; have a large surface area; and possess an inte-

Received 26 August 2009. Accepted 14 October 2009. Published on the NRC Research Press Web site at canjchem.nrc.ca on
24 December 2009.
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rior network.16 Micro/nanogels have great potential for vari-
ous biorelated applications, including drug delivery, tissue
engineering, and bionanotechnology, because of these prop-
erties.17–20 Micro/nanogels are compositionally classified
into two categories: synthetic and biopolymer-based.21 Syn-
thethic nanogels are based on hydrocarbon-based water-solu-
ble or water-swellable (hydrophilic) polymers. In contrast,
biopolymer-based micro/nanogels (biomicro/nanogels) are
based on naturally occurring biopolymers including polysac-
charides, such as chitosan (CS), hyaluronan (HA), dextran
(Dex), cellulose (CeL), pullulan (PuL), chondroitin sulfate
(ChS), and alginate (Alg), as well as proteins, gelatins, and
poly(amino acid)s.22,23 Such biopolymers are intrinsically bi-
odegradable, abundant in nature, renewable, and nontoxic.
They also possess a large amount of functional groups that
can be utilized for further bioconjugation.24–26

Many strategies for the preparation of effective micro/
nanogels have been developed. They have been designed
and engineered to achieve a high degree of control over sev-
eral criteria for in vitro and in vivo biomedical applications.
Controllable features include dimension (diameter <
200 nm), degradability, bioconjugation to target disease
cells, high-loading efficiency, and controllable release of en-
capsulated biomolecules (therapeutics), stability for pro-
longed circulation in blood, and non-toxicity to cells. This
mini-review will describe the current approaches for the
preparation and engineering of micro/nanogels for drug-de-
livery applications, with an emphasis on recent advances in

degradability, bioconjugation, loading/encapsulation, and re-
lease.

Preparation of micro/nanogels
Current approaches for the preparation of cross-linked mi-

cro/nanogels can be largely classified into physical cross-
linking, chemical cross-linking, and heterogeneous con-
trolled/living radical cross-linking polymerization (CRCP).

Physical cross-linking approach
Physical cross-linking approach is achieved through elec-

trostatic interactions, hydrogen bonds, crystallized domains,
hydrophobic interactions, stereocomplexation, temperature-
induced sol–gel transitions, host–guest interactions, aggrega-
tions, and self-assembly/self-associations. Physical cross-
linking has two primary advantages: reversibility and no re-
quirement that other chemicals be used to link chains. Sev-
eral methods of physical cross-linking have been developed
for the successful preparation of micro/nanogels. One gen-
eral method involves aqueous homogeneous gelation. In
most experiments, electrostatic interactions of polysacchar-
ide-based polymers with various polyelectrolytes in water
have been explored. These polyelectrolytes include polye-
thyleneimine (PEI),27 sodium tripolyphosphate (TPP),28–30

poly(ethylene oxide) (PEO)-b-poly(N,N-dimethylaminoethyl
methacrylate) block copolymer,31 and biopolymer-based pol-
yelectrolyte32 to yield CS-based nanogels. In addition, vari-
ous other polysaccharide-based microgels have been

Fig. 1. Chemical structures of disulfide-functionalized cross-linkers used for preparation of degradable microgels/nanogels.

Fig. 2. Chemical structures of acetal-functionalized cross-linkers used for preparation of degradable microgels/nanogels.
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Fig. 3. Differential interference contrast (DIC) (left) and epifluorescent (right) images of HeLa cells after 24 h incubation with rhodamine
6G-loaded microgels that were not conjugated to any protein (a), conjugated to albumin (b), and conjugated to transferrin (c). Reprinted
with permission from ref. 16. Copyright 2006 Wiley InterScience.

Fig. 4. Scanning electron micrograph of plasmid-loaded acid-labile PAAm microgels (a) and analysis of the released DNA by agarose gel
electrophoresis. Line 1: Lambde Hind III ladder. Line 2: original plasmid DNA. Line 3: DNA released from microgels upon degradation.
Reprinted with permission from ref. 149. Copyright 2004 American Chemical Society.
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prepared. They include cyclodextran (CyDex)-based nano-
gels and core-cross-linked Alg-based microcapsules for cell
encapsulation in water,33,34 mannose-bearing CS micro-
spheres containing PEI/DNA complexes in emulsion,27 and
Dex-based microgels in double emulsion.35

A microfluidic method has also been employed for the
preparation of physically cross-linked microgels. Microflui-
dic devices are designed with inlets for monomers, continu-
ous liquids and optional cross-linkers, microchannels, and a
tapered junction. Ionic cross-linking by external cross-link-
ing appears to be a promising method for the microfluidic
preparation of Alg-based microgels. Carboxylic acid resi-
dues (COOH) of Alg have been cross-linked with Ca2+ ions
in droplets, yielding shape- and size-controlled Alg-micro-
gels,36–38 cell-encapsulated microgels,39 and microcapsules
with controlled morphology.40,41

Polysaccharide derivatives have also been modified with
hydrophobic molecules or oligomers, yielding amphiphilic bi-
opolymers that can self-assemble in water to form micellar

nanoparticles. Such nanoparticles include hydroxyethylcellu-
lose (HECeL),42 cellulose acetate (CeL-Ac),43 PuL,44–47 PuL
acetate (PuL-Ac),48 glycol CS,49 and Dex.50 Further, self-
association of two polymers in water yields supramolecular
nanogels. Examples include inclusion of b-CyDex with
lauryl-modified Dex in water,51,52 hydrogen bonds between
poly(vinyl pyrrolidone) (PVP) and poly(acrylic acid)-cysteine
(PAA-Cys),53 HPCeL with carboxylic-acid-containing surfac-
tant,54 and temperature (or heat)-induced self-association of
hydroxypropyl cellulose (HPCeL) in water.55–57 In addition,
the reverse micellar method has produced Alg-based micro-
gels that are physically cross-linked with Ca2+ ions for the
controlled delivery of vascular endothelial growth factor
(VEGF).58

Chemical cross-linking approach
The chemical cross-linking approach is the general

method for the preparation of micro/nanogels. Specific tech-
niques of this approach have included polycondensation re-

Fig. 5. Schematic illustration of the loading of CdTe QDs in P(NIPAM-VP) microgels and their release upon pH change (a). (b) Hydrody-
namic diameter of microgels vs. pH in water at 25 8C (inset: TEM micrograph of microgels; scale bar = 500 nm). (c) Loading of 3 nm QDs
into microgels (inset: fluorescence image of microgels loaded with QDs at pH = 4). (d) Release of 3 nm QDs from microgels vs. time at
pH = 10 (1), 11 (2), 13 (3), and 13 with 0.05 mol/L NaCl (4) (inset: fluorescence image of microgels loaded with QDs at pH = 11). Rep-
rinted with permission from ref. 179. Copyright 2005 Wiley InterScience.
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actions as well as radical polymerizations in water and het-
erogeneous media. Polycondensation reactions are mainly
utilized for the preparation of biomicro/nanogels. This is be-
cause functional groups are plentiful in polysaccharides, ge-
latins, and proteins and can react with external cross-linkers
such as glutardialdehyde, divinyl sulfone, and adipic dihy-
drazide. In addition, the residual functional groups can be
further used for bioconjugation with cell-targeting biomole-
cules, allowing for the exploration of specific biological
processes. Various water-in-oil (W/O) heterogeneous gelat-
ion methods, including inverse miniemulsion,59–68 inverse
microemulsion,69,70 and membrane emulsification,71–73 have
been explored for the preparation of HA, CS, and Alg-based
micro/nanogels. Other methods include aqueous homogene-
ous gelation74,75 and continuous reactive extrusion.76 Details
of these methods have been described in a recent review.21

Heterogeneous free-radical polymerization (FRP) of hy-
drocarbon-based water-soluble monomers in the presence of
multifunctional cross-linkers has been extensively explored
for the preparation of synthetic micro/nanogels. Typical
FRP methods include precipitation, inverse (mini)emulsion,
and inverse microemulsion polymerization. Precipitation
polymerization in water has been utilized for the preparation
of hydrogels and microgels based on poly(N-isopropylacry-
lamide) (PNIPAM)77–82 and, more recently, poly[oligo(ethy-
lene glycol) monomethyl ether methacrylate] (POEOMA)
including its copolymers with 2-(2-methoxyethoxy)ethyl
methacrylate (MEO2MA),83,84 for biomedical applications.
The thermosensitive properties of these polymers, which
undergo volume change at a lower critical solution temper-
ature (LCST) in water, make them good candidates for use
in vivo. Above the LCST, they are hydrophobic and expel
water; below LCST, they are hydrophilic and swell in water.
These unique properties facilitate the loading of drugs into
microgels and enhance the controllable release of encapsu-
lated drugs.85 In addition, copolymerization of NIPAM with
various functional monomers under precipitation-polymer-
ization conditions has been shown to yield functional micro-
gels.86 Examples of comonomers include more hydrophilic
or hydrophobic monomers for tuning the volume phase tran-
sition of the resultant microgels87,88 and acid-containing
monomers such as AA, methacrylic acid, and undecanoic
acid for targeted drug delivery16,89–91 as well as for use as a
glucose sensor.92–94 (4-Vinyl-4’-methyl-2,2’-bipyridine)-
bis(2,2’-bipyridine)ruthenium(II) complex has also been in-
corporated into PNIPAM-based nanogels for self-
flocculating/self-dispersing oscillation.95

Inverse emulsion, miniemulsion, and microemulsion poly-
merization have been explored for the preparation of cross-
linked micro/nanogels. This interest is due to the facile con-
finement of water-soluble drugs in aqueous droplets
dispersed in continuous organic solvents. Examples include
micro/nanogels based on PNIPAM,96 polyacrylamide
(PAAm),97 acrylated triblock copolymer of poly(ethylene
glycol)-b-poly(propylene glycol)-b-poly(ethylene glycol)
(PEO-b-PPO-b-PEO),98 poly(magnesium acrylate),99 and
diacrylated Pluronic-oligo(lactic acid) copolymer100,101 by
inverse (mini)emulsion polymerization. In addition, well-
defined nanogels based on PAAm,102 PVP,103,104

poly(hydroxyethyl acrylate-co-2-acryloxyethyltrimethylam-
monium chloride),105 and a,b-poly(N-2-hydroxyethyl)-D,L-as-

partamide106 have been prepared by inverse microemulsion
polymerization.

Particle replication in nonwetting templates (PRINT)107

was developed to fabricate submicron-sized microgels with
control over particle size, shape, and composition. This
method uses photolithography to create photocurable per-
fluoropolyether (PFPE) replica molds, in which various mul-
tifunctional monomers are cross-linked by photo-radical
polymerization. PRINT has yielded monodisperse microgels
of poly(ethylene glycol diacrylate) (PEGDA), triacrylate
resin, polylactide (PLA), and polypyrrole, with sizes ranging
from 200 nm to micron-scale in diameter and achieving var-
ious shapes, such as trapezoidal, bar, conical, and arrow.

Heterogeneous controlled/living radical cross-linking
polymerization

The utilization of controlled/living radical polymeriza-
tion (CRP) techniques108–113 allows for the development of
cross-linked microgels, nanogels, and hydrogels with well-
controlled polymer segments and high swelling ra-
tios.114–119 Few papers have reported on the use of CRP
methods to prepare well-defined micro/nanogels. Atom
transfer radical polymerization (ATRP)120,121 in water has
yielded PNIPAM nanogels at 25 8C.122 Reversible addition
fragmentation transfer (RAFT) polymerization123,124 has
produced poly(vinyl acetate)-based nanogels,125 acid-cleav-
able core-shell nanoparticles,126 and thermally responsive127

and double hydrophilic128 block copolymer nanogels. Re-
cently, an effective method utilizing ATRP, inverse minie-
mulsion polymerization, and disulfide–thiol exchange has
been developed for the preparation, functionalization, and
application of well-defined biodegradable nanogels for the
goal of targeted drug delivery. The novel approach has al-
lowed for the preparation of biomaterials with many useful
features. They include uniform network, high loading effi-
ciency, novel distributed functionality of bromine end
groups, and degradation by hydrolysis or through a disul-
fide–thiol exchange.129–135 The details are reported else-
where.136

Degradation
Degradation cannot only modulate the release of encapsu-

lated biomolecules, such as drugs, for a desired period of
time, but also can enable the removal of an empty device
after drug release from the body. Degradation is generally
achieved by introducing degradable linkages as multifunc-
tional cross-linkers into micro/nanogels. These degradable
linkages are then cleaved in response to external stimuli,
such as chemicals, pH, hydrolysis, enzymes, and light. Con-
sequently, a significant amount of work has been directed
toward the development of cross-linkers functionalized with
degradable linkages, leading to degradable micro/nanogels
for targeted drug-delivery applications.

Disulfides have been degraded into the corresponding thi-
ols in the presence of water-soluble reducing agents, such as
dithiothreitol137–139 and glutathione,140 through the disulfide–
thiol change. In particular, glutathione is a biocompatible
tripeptide found within cells at millimolar concentra-
tions.141,142 It has been reported that the viability of C2C12
cells in the presence of 10 mmol/L glutathione was over
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91% for 2 days, suggesting that, at this concentration, gluta-
thione exhibits insignificant cytotoxicity.130 Nanogels pre-
pared in the presence of disulfide-functionalized cross-
linkers can be degraded in the presence of glutathione in
cellular environments, releasing anticancer drugs to kill can-
cer cells. Well-defined nanogels of POEOMA have been
prepared by inverse miniemulsion ATRP in the presence of
dithiopropionyl poly(ethylene glycol) dimethacrylate.129,130

Trojan horse PRINT particles have also been prepared in
the presence of N,N’-cystamine bisacrylamide.143 Figure 1
shows the chemical structures of disulfide-functionalized
cross-linkers.

An acetal is an acid-labile linkage that can be degraded
under acidic conditions (pH < 6.5).144 Acetal chemistry is ex-
tremely promising for targeted drug-delivery applications be-
cause acid-labile linkages can be sufficiently stable to sustain
drugs in the bloodstream (pH = 7–7.5), but then cleaved in
cancer cells (pH < 5.7), releasing drugs to kill a tumor.145,146

Several reports have described the preparation of acetal-func-
tionalized micro/nanogels mainly by inverse emulsion poly-
merization. Examples include nanogels based on PAAm and
its copolymers prepared in the presence of acetal-functional-
ized diacrylamide cross-linkers,147–150 poly(2-hydroxymethyl
methacrylate) microgels with acetal-functionalized dimetha-
crylates,151 and poly(N-vinylformamide) nanogels with 2-
bis[2,2-N-vinylformamido]ethyl propane.152 Figure 2 shows
the chemical structures of acetal-functionalized cross-linkers.

Microgels cross-linked with oligolactate linkages have
been prepared by inverse suspension polymerization of oli-
golactate-functionalized diacrylates. In this case, the micro-
gels were degraded upon hydrolysis of oligolactate linkages
in physiological conditions at pH = 7.0 at 37 8C.100 Enzyme-
responsive microgels were prepared by precipitation copoly-
merization of AAm with an amine-functionalized AAm de-
rivative in water. The amine groups in the microgels
reacted with enzyme-cleavable peptide linkers that were
cleaved in the presence of a protease enzyme.80,81 Light-re-
sponsive microgels were prepared by photo-induced dimeri-
zation (l > 310 nm) of coumarin groups in micellar
nanoparticles produced from amphiphilic block copolymers
consisting of PEO hydrophilic block and pendent cumarin-
containing hydrophobic block.153 Upon the irradiation of
light (l < 260 nm), the dimers of coumarin side groups
were cleaved, leading to microgel degradation.153

In addition, many reports have demonstrated the prepara-
tion of effective degradable hydrogels cross-linked with di-
sulfides,140,154 acetals,155,156 peptides,157–160 oligolactate
esters,85,161–164 and other degradable linkages, including peri-
odates,165 polyphosphoesters,166,167 anhydrides,168 polyperox-
ides,169 and poly(3-hydroxybutyrate).170

Bioconjugation
Bioconjugation of micro/nanogel surfaces with specific li-

gands that can recognize receptors on diseased cells has al-
lowed for active targeting to specific cells. Effective ligands
for cancer cells include folic acid derivatives, peptides, pro-
teins, and antibodies. To achieve effective bioconjugation, a
novel functionality must be incorporated into micro/nano-
gels. CS-based microgels physically cross-linked with TPP
were prepared by aqueous homogeneous gelation. They

were bioconjugated with transferrin in water. The bioconju-
gation was characterized using ninhydrin solution.171 Micro-
gels of P(NIPAM-AA) had a hydrodynamic diameter of 110
and 156 nm at pH = 4.5 and 7.4, respectively. Acid groups
in microgels reacted with amino groups of proteins, such as
albumin and transferrin, yielding microgel–protein bioconju-
gates. Interestingly, only transferrin-conjugated microgels
entered HeLa cancer cells through receptor-mediated endo-
cytosis (Fig. 3).16 The preparation of P(NIPAM-AA) micro-
gels bioconjugated with folic acids have also been
reported.89

Well-defined biodegradable OH-functionalized nanogels
of POEOMA have been prepared by ATRP in inverse mini-
emulsion. Two approaches have been proposed: copolymer-
ization of OEOMA with OH-functional monomers,
particularly 2-hydrxoyethyl acrylate (HEA),130 and the use
of OH-functionalized ATRP initiators such as 2-hydrox-
yethyl 2-biromisobutyrate (OH-EBiB).132 Hydroxyl (OH)
groups of nanogels have been reacted with carboxylic acid
groups of biotins. The resulting biotin-functionalized nano-
gels were subsequently bioconjugated with avidin through a
specific biotin–avidin interaction.130 Biotin-functionalized
nanogels can also be conjugated with an avidin-functional-
ized antibody for receptor-mediated endocytosis. In addition,
OH groups in POEOMA nanogels have been converted to
the corresponding carboxylic acids. The resulting COOH-
POEOMA nanogels were subsequently conjugated with
RGD-NH2 tripeptide, yielding RGD-conjugated POEOMA
nanogels.132 Recently, the reversible surface switching of
CS-based nanogels triggered by temperature was prepared
by cross-linking reaction of CS with TPP at physiological
pH = 7.4. The nanogels were conjugated with transferrin in
aqueous media for receptor-mediated endocytosis.171,172

Loading/encapsulation and release
Micro/nanogels have an interior network for the incorpo-

ration of biorelated molecules. Several methods have been
utilized to incorporate various water-soluble and dispersible
biomolecules into nanogels. They include physical loading
and in situ physical incorporation. The entrapment of bioac-
tive molecules in the polymeric network as well as their in
vitro release have been extensively investigated as possible
routes for drug delivery in biomedical applications. In gen-
eral, load/release is achieved through electrostatic interac-
tions, hydrophobic and hydrophilic interactions, stimuli
response, and degradation.21

Physical loading has generally been utilized for low mo-
lecular weight bioactive molecules. Examples include anti-
cancer drugs, like doxorubicin (Dox)16,143,173,174 and
methotrexate,75,171 as well as polypeptides including insu-
lin.175 To accomplish physical loading, micro/nanogels are
mixed with drugs in water. Excess drugs are removed by
centrifugation or dialysis. In one study, a hydrophilic and
hydrophobic interaction was utilized to load Dox into biode-
gradable POEOMA nanogels cross-linked with disulfide
linkages in water. Here, the loading level of Dox was deter-
mined using the extinction coefficient of Dox
(3 = 7 600 mol/L–1 cm–1 at l = 497 nm) in water. It in-
creased from 5.4 to 16.4 wt% as the initial ratio of Dox/
nanogel in the mixture increased from 0.07/1 to 0.35/1.130
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Results were similar to those for nanogels based on Pluronic
F127 containing hydrophobic poly(propylene glycol). The
amount of Dox loaded into the nanogels increased from 2.7
to 8.9 wt% as the initial ratio of Dox/nanogel increased from
0.1/1 to 0.2/1.98 Thermoresponsiveness was also utilized to
load Dox into P(NIPAM-AA) microgels at pH = 7.4 where
the microgels were swollen. However, at pH = 4.5, the mi-
crogels shrank and Dox was then released.16 The loading
and release of insulin into PNIPAM-based microgels by
thermal responsiveness has also been explored.175

In situ physical incorporation has been utilized to load
relatively high molecular weight biomolecules, such as pro-
teins, carbohydrates, and genes. In this case, the pore size of
micro/nanogels is not sufficiently large to allow high molec-
ular weight biomolecules to diffuse into the network. Two
methods are generally employed. The more promising
method involves the use of inverse (mini)emulsion and in-
verse microemulsion polymerization where water-soluble bi-
omolecules are confined in water-soluble droplets. As an
example, plasmid DNA was loaded into acid-labile PAAm-
based microgels prepared by inverse emulsion polymeriza-
tion. Subsequently, the plasmid DNA was released from the
microgels upon degradation in response to pH change. The
release behavior was characterized using agarose gel electro-
phoresis (Fig. 4).149 In addition, ovalbumin,148 BSA,133 lyso-
zyme,152 and antisense105 as well as various carbohydrate
model drugs103,104,131 have also been incorporated into mi-
cro/nanogels using the same method. The second method in-
volves the use of aqueous gelation by physical cross-linking.
Bioactive molecules are incorporated into micro/nanogels
during gelation in aqueous solution. Examples include insu-
lin loaded in microgels based on CS/CyDex hybrid34 and
PVP/PAA,53 as well as BSA172 and Dex29 in CS-based mi-
crogels. Meta-tetra(hydroxyphenyl)chlorine has also been
encapsulated into PAAm nanogels for photodynamic therapy
(PDT).176

Incorporation of inorganic nanoparticles into
micro/nanogels

The incorporation of inorganic nanoparticles (NPs) into
micro/nanogels allows for the retention of the unique struc-
tural and optical properties that have been attributed to
nanoscale phenomena of inorganic NPs.177,178 Examples of
colloidal inorganic NPs include quantum dots (QDs) for flu-
orescent imaging, iron oxide NPs for magnetic resonance
imaging (MRI), and silver and gold NPs for optical imaging
and therapy. Three approaches are generally utilized: physi-
cal loading, in situ polymerization, and in situ formation.

For physical loading, the pH-responsive swelling property
of P(NIPAM-VP) in water at pH = 3 has been utilized to in-
corporate water-soluble CdTe QDs into microgels, yielding
CdTe-loaded microgels for multicolor-coded microspheres.
At pH > 11, QDs have been released by thermal-responsive-
ness (shrinking) of P(NIPAM-VP) (Fig. 5).179 Similarly,
CdTe-loaded PNIPAM gels,180 poly(NIPAM-AA),181 and
P(NIPAM-vinyl imidazole)182 microgels have been prepared
in response to temperature and pH stimuli. In addition, Au
nanorods have been incorporated into P(NIPAM-AA) micro-
gels for photodynamic therapy.183 As an example of in situ
polymerization, dispersion and inverse emulsion polymeriza-

tion of NIPAM in the presence of g-Fe2O3 NPs yielded
magnetic PNIPAM-based microgels loaded with g-Fe2O3
NPs.184 Magnetic PHEMA-based microgels have been simi-
larly prepared.185

For in situ formation of inorganic NPs inside the microgel
network, ionic precursors of inorganic NPs are added first to
react with functional groups such as amines and carboxylic
acids in microgels. A subsequent addition of counter ions
yields inorganic NPs inside the microgel network. Examples
include PNIPAM microgels loaded with Au NPs,186 poly(N-
vinyl caprolactam) microgels loaded with poly(3,4-ethylene-
dioxythiophene) nanorods,187 P(NIPAM-AA) microgels with
Ag NPs,188 and P(NIPAM-AA-HEA) microgels with CdS
QDs, Ag, and Fe3O4 NPs.189 Recently, magnetic P(NIPAM-
AA-HEA) microgels containing Fe3O4 NPs were utilized as
stimuli-responsive emulsifiers for the remote control of sep-
aration and stability of oil-in-water emulsions.190

Summary
Various methods for the preparation of micro/nanogels for

drug-delivery applications have been developed using physi-
cal cross-linking, chemical cross-linking, and heterogeneous
CRCP approaches. Micro/nanogels have been designed and
engineered to achieve a high degree of control of properties
for biomedical applications. To accomplish this high level of
control, nanogel diameters should be <200 nm. This facili-
tates cellular uptake through receptor-mediated endocytosis
to cross cell membranes, and reduces nanoparticle uptake
by the mononuclear phagocyte system (MPS). Second, de-
gradability enables modulation of drug release for a desired
period of time and enables the removal of the empty device
after drug release. This has generally been achieved by in-
troducing degradable linkages as multifunctional cross-link-
ers into micro/nanogels. The degradable linkages can then
be cleaved in response to external stimuli. Effective degrad-
able linkages include disulfide (glutathione); acid-labile
groups, including acetal, polyphosphoester, and hydrazone
(pH change); oligolactate (hydrolysis); peptide (enzyme);
and photo-cleavable groups (light). Third, functionality al-
lows for the bioconjugation of microgel surfaces with spe-
cific ligands that can recognize receptors on diseased cells.
Effective ligands for cancer cells include folic acid deriva-
tives, peptides, proteins, and antibodies. Fourth, loading and
release of biorelated molecules is achieved through electro-
static interactions, hydrophobic and hydrophilic interactions,
stimuli-responsiveness, and degradation. General methods
include (i) physical loading for both low molecular weight,
bioactive molecules, and polypeptide, and (ii) in situ physi-
cal incorporation for relatively high molecular weight bio-
molecules, including proteins, carbohydrates, and genes. In
addition, inorganic nanoparticles (NPs) have been incorpo-
rated into micro/nanogels for fluorescence, MRI, optical
imaging, and therapy. In the future, more research effort
will be directed toward the design and development of ef-
fective nanogels with better control over those criteria most
critical for in vivo drug-delivery applications.
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A sensitive fluorescence method for monitoring
the kinetics of microemulsion polymerization

Haike Feng, Yi Dan, and Yue Zhao

Abstract: We present a fluorescence method that allows one to monitor the kinetics of microemulsion polymerization of
very low monomer contents (water-to-monomer ratio can readily be superior to 1000). The microemulsion polymerization
of methyl methacrylate (MMA) was investigated using N-(2-anthracene)methacrylamide (AnMA) as the probe whose fluo-
rescence emission intensity was proportional to the conversion of MMA into the polymer. The real-time-measurement re-
sults show that in the regime of very low monomer contents, the surfactant exerted a profound effect on the kinetic
process. In a microemulsion containing 0.1 wt% of MMA with respect to water, with the anionic surfactant of sodium do-
decyl sulfate (SDS), the fast polymerization was preceded by an induction period whose length increased with reducing
the concentration of the water-soluble initiator of potassium persulfate (KPS). By contrast, with the non-ionic surfactant of
polyoxyethylene (20) oleyl ether (Brij98), the induction period was short and the decrease in the KPS concentration mainly
resulted in a decrease of the reaction rate. The unprecedented sensitivity of this fluorescence method made it possible to
access kinetic data of microemulsion polymerization with very low monomer contents for the first time, providing new in-
sight into the effects of surfactant and initiator on this heterophase polymerization process.

Key words: microemulsion polymerization, reaction kinetics, fluorescence spectroscopy, characterization method.

Résumé : On a mis au point une méthode de fluorescence qui permet de suivre la cinétique de polymérisation en microé-
mulsion à des teneurs très faibles de monomères dans lesquelles le rapport d’eau à monomère peut facilement être supé-
rieur à 1000. On a étudié la polymérisation en microémulsion de méthacrylate de méthyle (MAM) en utilisant le N-(2-
anthracène)méthacrylamide (AnMA) comme sonde dont l’intensité d’émission de fluorescence était proportionnelle à la
conversion du méthacrylate de méthyle en polymère. Les résultats de mesures en temps réel montrent que dans le régime
impliquant de très faibles teneurs en monomère, l’agent de surface exerce un effet important sur le processus cinétique.
Dans une microémulsion contenant 0,1 % en poids de MAM par rapport à l’eau et du dodécylsulfate de sodium (DSS)
comme agent de surface anionique, la polymérisation rapide est précédée d’une période d’induction dont la longueur aug-
mente avec la réduction de la concentration du persulfate de potassium (PSK), l’initiateur soluble dans l’eau. Par opposi-
tion, avec l’éther oléyle du polyoxyéthylène (20) (Brij98), un agent de surface non ionique, la période d’induction est
courte et une diminution de la concentration de persulfate de potassium conduit à une réduction de la vitesse de réaction.
La sensibilité sans précédent de cette méthode de fluorescence permet d’obtenir pour la première fois des données cinéti-
ques pour la polymérisation en microémulsion avec de très faibles teneurs en monomère et d’en tirer des conclusions sur
les effets des agents de surface et de l’initiateur sur le processus de polymérisation en hétérophase.

Mots-clés : polymérisation en microémulsion, cinétique de la réaction, spectroscopie de fluorescence, méthode de caracté-
risation.

[Traduit par la Rédaction]

Introduction

The kinetics of microemulsion polymerization has been
extensively investigated.1–10 Generally, to monitor the ki-
netics, aliquots of the oil (monomer) in water (o/w) reaction
mixture are removed over the course of polymerization at

various time intervals; by measuring the polymer concentra-
tion formed over time, kinetic data can be obtained. Using
this method, understandably, one needs a large volume of
the reaction solution and a high monomer content (e.g., > 3
wt% with respect to water) to obtain data with an appreci-
able precision. There are also several real-time monitoring
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techniques that have been utilized to study the kinetics of
microemulsion (and miniemulsion) polymerizations. These
include the dilatometry that measures the volume change of
the reaction liquid in a capillary upon polymerization,3 the
reaction calorimetry that measures the heat released from
the polymerization over time,8,9 and the laser Raman spec-
troscopy that probes the breaking of C=C double bonds in a
vinyl polymerization.2 In terms of sensitivity, the calorimet-
ric method is better, allowing the use of low monomer con-
tents around 0.5 wt%.8

Although a microemulsion is a thermodynamically stable,
transparent solution, the polymerization is a heterophase re-
action process, since it takes place inside nanometer-sized
monomer droplets (~5–10 nm) stabilized by a large number
of surfactant molecules. In a microemulsion, there are also
empty micelles, dissolved surfactant molecules, and either a
water-soluble or monomer-soluble initiator.1–10 It is of fun-
damental interest to know what happens when the monomer
content becomes very low. For instance, is the polymeriza-
tion kinetics affected by reducing the monomer concentra-
tion while keeping the same concentrations of surfactant and
initiator? Can the kinetics reveal some sort of transition from
a heterogeneous to homogeneous polymerization when the
monomer concentration is extremely diluted? The above-
mentioned experimental techniques cannot access this re-
gime of very low monomer contents. In this paper, we report
a very sensitive fluorescence-based method that can yield ki-
netic data on microemulsion (or miniemulsion) polymeriza-
tion using monomer content as low as 0.0035 wt% (or
water-to-monomer ratio of 28 000)!

The method used is based on previous reports of Warman
and co-workers.11–14 They have developed a series of fluo-
rescent probes and used them to study radiation-induced pol-
ymerization. The fluorescent probes are polymerizable
monomers (with a C=C double bond) and have the distinct
feature to be completely nonfluoresecnt in the monomer

form but become fluorescent upon polymerization as the
double bond is saturated. In particular, Frahn et al. showed
that N-(2-anthracene)methacrylamide (AnMA) could be
used as a fluorescent probe to monitor the Gamma-ray in-
duced free-radical polymerization of methyl methacrylate
(MMA) in bulk and in solution, and found that the ratio of
the chain-propagating rate constants for the reactions of an
MMA free radical with AnMA and with MMA is 0.96.14

This means that the increase in the fluorescence emission in-
tensity over time could reflect closely the kinetic process of
the free-radical polymerization of MMA. In the present
study, we used AnMA as the probe to investigate the micro-
emulsion polymerization of MMA with very low monomer
contents. The great sensitivity of the fluorescence appearing
upon polymerization, as schematically illustrated in Fig. 1,
allowed us to access kinetic data in this regime for the first
time. Among the results, the real-time measurements show a
more important effect of the used surfactant on the kinetics
with very low monomer content than with relatively high
monomer content.

Experimental

Materials
Unless otherwise stated, all chemicals were purchased from

Aldrich. For the monomers, methyl methacrylate (MMA,
98%) was passed through a basic alumina column prior to
use. N-(2-Anthracene)methacrylamide (AnMA) was synthe-
sized using a literature method,13 it was purified by recrystal-
lization from a methylene chloride/hexane mixture (4:1, v/v).
The two used surfactants were sodium dodecyl sulfate (SDS,
99%), which is an anionic surfactant, and polyoxyethylene
(20) oleyl ether (Brij98, 99%), which is a non-ionic surfac-
tant. For the free-radical initiators, the water-soluble potas-
sium persulfate (KPS, 99.99%) was used as received, and the
water-insoluble 2,2’-azobis(isobutyronitrile) (AIBN) (from
Polysciences) was recrystallized twice from ethanol. For

Fig. 1. Chemical structures of the monomers and schematic illustration of the microemulsion-polymerization-induced fluorescence emission.
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other chemicals, tetrahydrofuran (THF, 99%) was distilled
from sodium benzophenone, while hexadecane (99%) and
hexyl alcohol (98%) were used without further purification.

Preparation and monitoring of microemulsion
polymerization

An example of experiment is detailed as follows: SDS
(0.3 g, 1.04 mmol) was dissolved in 10 g of deionized water
(0.56 mol) in a 25 mL round-bottom flask. AnMA (0.15 mg,
0.00057 mmol) was dissolved in a solution of hexyl alcohol,
a costabilizer, (0.03 g, 0.29 mmol), and MMA (0.3 g,
3 mmol). Then, the liquid mixture of monomers containing
AnMA was added dropwise into the aqueous solution at
room temperature. After 5 min ultrasound sonication (60 W,
40 KHz), KPS (5 mg, 0.0185 mmol) was added. After an-
other 1 min sonication, an aliquot of the microemulsion was
transferred into a standard quartz fluorescence cuvette
(1 cm � 1 cm � 3 cm), purged with argon gas for 15 min
and sealed with a Teflon stopper and a Parafilm tape. After-
wards, the cuvette was placed in the spectrometer’s sample
holder, pre-heated to 60 8C, and the fluorescence emission
(whole spectrum or intensity at a wavelength) was recorded
after 1 min required for thermal equilibrium of the solution.

In case where Brij98 was the surfactant, hexadecane was
used as costabilizer (10 wt% with respect to Brij98). In all
reactions, the same extremely low fluorescent-probe concen-
tration was used (0.19 mmol AnMA in 1 mol MMA) to en-
sure that AnMA remained part of the monomer even with a
very low monomer content in the microemulsion. In the con-
trol test using relatively high monomer content, the increase
in the amount of polymer over time was determined by using
the conventional method. Aliquots of the reaction solution
were taken at various time intervals, poured into cold metha-
nol (cooled by ice), and the precipitated polymer was filtered,
dried under vacuum, and weighed to calculate the monomer
conversion defined as: Conversion (%) = Wp/Wm � 100%,
where Wp is the mass of the obtained PMMA and Wm is
the known mass of the monomer. In this paper, the mono-
mer content and the surfactant concentration are mass-
percentages with respect to water, while the concentration
of initiator is mass-percentage with respect to the monomer.

Characterizations
Steady-state fluorescence emission spectra were recorded

using a fluorescence spectrophotometer (Varian Cary
Eclipse). The excitation and emission slit widths were set at
5 nm, and the scan rate was 10 nm s–1. Real-time monitor-
ing of the emission intensity at a chosen wavelength could
also be carried out. For all measurements, the excitation
wavelength was 337 nm; and for the kinetic data, the emis-
sion intensity at 425 nm was measured. Unless otherwise
stated, the reported fluorescence intensities were not scaled.
They were recorded under the same conditions (same vol-
ume of reaction solution, same excitation and emission slit
widths). Since the concentration of AnMA was kept constant
in MMA, the different fluorescence intensities result from
different monomer concentrations in the microemulsion.

Results and discussion
We first attempted to validate the fluorescence method by

using a microemulsion containing 3% of the monomer, with
which the conventional method can be utilized to determine
the reaction kinetics. Figure 2 shows the results, together
with the composition of the solution. In Fig. 2a, the fluores-
cence emission spectra of the solution were recorded as a
function of time. While the solution was virtually nonfluor-
escent before the reaction, the fluorescence emission in-
creased over time, indicating a growing number of AnMA
monomers polymerized with MMA. In Fig. 2b, the plot of
fluorescence intensity, f, at 425 nm vs. time is given, show-
ing a fast increase within the first 10 min before reaching a
plateau. The first derivative of the plot, df/dt, yielded the
change of the reaction rate over time (the profile of the rate
curve is better seen from the smoothed line). The result is
typical of a microemulsion polymerization, showing that the
polymerization rate rose to a maximum value and then de-
creased to zero without an interval of constant reaction rate.
Shown in Fig. 2c is the conversion curve obtained by meas-
uring the polymer concentrations at various reaction times.
It is seen that within experimental error, the plot of fluores-
cence intensity vs. time corroborates well the kinetics meas-
ured using the conventional method. However, it should be
emphasized that the fluorescence result represents better the
reaction kinetics due to its sensitivity. Using the conven-
tional method, oligomers can be washed away upon polymer
precipitation, while with the fluorescence method, they can
be detected. Apparently, the maximum fluorescence inten-
sity corresponds to a monomer conversion of about 60%.
These results indicate that this fluorescent probe reveals cor-
rectly the kinetics of microemulsion polymerization of
MMA. We mention that for the experiments with very low
monomer contents to be discussed below, we were mainly
focused on the kinetic aspects. Due to the few nanoparticles
formed, the characterizations of actual conversion, molecu-
lar masses, and particle morphology could not be performed
with certainty.

Before discussing the results obtained with low monomer
contents, Fig. 3 is meant to emphasize that, with the used
surfactant concentration, all polymerizations were performed
with a microemulsion. The highest MMA content used was
3%, and with 3% of either SDS or Brij98, the solutions are
basically transparent (Fig. 3, images A and B), in contrast
with, for comparison, a solution with only 0.3% of SDS
(Fig. 3, image C). However, the microemulsion with the
non-ionic surfactant Brij98 appears less transparent than the
solution with the anionic surfactant SDS, reflecting the dif-
ference between the two surfactants. The surfactant concen-
tration was kept the same with lower MMA contents.

In a microemulsion, with the same concentrations of sur-
factant and water-soluble initiator, what could be the effect
on the kinetics by diluting the monomer to a very low con-
centration? Fig. 4 shows the results obtained with a set of
experiments designed to answer the question, using two dif-
ferent surfactants and, for each of them, three monomer con-
centrations (actual compositions of the solutions are shown
in the figure). The fluorescence curves obtained with 0.5%
and 0.1% of MMA are magnified by a factor as indicated in
the figure, since a lower monomer content means less fluo-
rescent AnMA units in the polymer. While the kinetics ap-
pears similar with the two surfactants at the rather high
monomer content of 3%, it is drastically different at the low
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contents of 0.5% and 0.1%. With SDS as the surfactant,
there appeared an induction period before the reaction took
place, which became longer with reducing the monomer
concentration. By contrast, using Brij98 as the surfactant,
the reduction of the monomer concentration resulted in a de-
crease in the rate of polymerization. In all cases, the poly-
merization rate profiles (dotted lines) are also shown. A
couple of analyses can be made. On the one hand, with the
same surfactant, if only the number of monomer droplets
was diminished with lower monomer content (more empty
micelles in the solution), each droplet would be surrounded
by initiator molecules of the same concentration and, conse-
quently, the kinetics should not be changed. The results in
Fig. 4 show that this is not the case, suggesting that at a
very low concentration of monomer, the monomer droplet

size and the concentration of surfactant molecules adsorbed
at the interface may be different, which changes the dy-
namic nature of the monomer-swollen micelles and the entry
of primary free radicals in the droplets to initiate the poly-
merization. On the other hand, the very different kinetic be-
haviours observed with the two surfactants should reflect,
among others, their different micellization abilities and in-
teraction natures with MMA. The kinetic results indicate
that the initiation of polymerization takes place more rapidly
with Brij98 than with SDS, but after the initiation, the poly-
merization rate is slower with the former than with the lat-
ter. With SDS, the monomer droplets are covered by an
outer layer of anionic sulfate groups, while with Brij98,
they are surrounded with nonionic ethylene glycol units.
The two surfactants are also very different in size (molar
mass of 288 g for SDS as compared with about 1150 for
Brij98), which means, at the same mass-based concentration,
very different numbers of surfactant molecules interacting
with the monomer droplets. These differences could affect
the number and size of monomer droplets and the entry of
primary radicals required to initiate the polymerization. It
may appear more reasonable to use the same molar concen-
tration for the two surfactants, but still this may just have a
different effect on the number and size of monomer drop-
lets, and on the density of adsorbed surfactant molecules.
Clearly, it is the combination of those factors that dictates
the reaction kinetics. At this point, we can only speculate
the reasons for the observed differences; a clear understand-
ing requires further studies by varying systematically the re-
action conditions.

We then investigated the effect of the initiator concentra-
tion on the kinetic process with a very low monomer content
of 0.1%, while keeping the surfactant concentration un-
changed. Again, the two surfactants were utilized, and the
results are shown in Fig. 5. With SDS as surfactant, the de-
crease of the water-soluble initiator concentration resulted in
an increase in the induction period preceding the starting of
polymerization and a slight decrease in the polymerization
rate as well. At the lowest KPS concentration (2% with re-
spect to the monomer), no polymerization was observed

Fig. 2. (a) Fluorescence emission spectra (lex = 337 nm) recorded at various polymerization times; (b) plots of fluorescence emission in-
tensity at 425 nm, (f) and the first derivative (df/dt) vs. time; and (c) plot of conversion (%) vs. time for a microemulsion containing 3 wt%
of MMA with respect to water (the composition of the reaction solution is indicated).

Fig. 3. Photographs of a microemulsion containing 3% MMA with
3% SDS (image A), a microemulsion containing 3% MMA with
3% Brij98 (image B), and an emulsion containing 3% MMA and
0.3% SDS (image C).
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after 90 min, indicating the great difficulty in starting the
polymerization when both monomer and initiator concentra-
tions are small. While with Brij98 as surfactant, the decrease
in the initiator concentration mainly resulted in a decrease in
the polymerization rate and, on a closer inspection, a slight

increase of the induction period (the polymerization rate
profiles are not shown for the sake of clarity). The effect of
surfactant in this regime of very low monomer contents is
evident for all initiator concentrations, but most strikingly at
the lowest initiator concentration (2% with respect to mono-

Fig. 4. Fluorescence emission intensity at 425 nm ((lex = 337 nm) vs. reaction time for microemulsions containing 3%, 0.5%, and 0.1%
MMA with (a) SDS and (b) Brij98 as surfactant. All solutions have the same surfactant and initiator (KPS) concentrations. The curves
obtained at lower monomer contents are magnified by a factor as indicated in the figure.

Fig. 5. Fluorescence emission intensity at 425 nm (lex = 337 nm) vs. reaction time for microemulsions containing 0.1% MMA and three
different initiator (KPS) concentrations with (a) SDS and (b) Brij98 as surfactant. The compositions of all reaction solutions are shown.
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mer). We emphasize that all the experiments reported in
Figs. 4 and 5 were carried out under the same experimental
conditions, so that the induction period cannot be caused by
the residual oxygen presented in the reaction solutions.

A microemulsion features an excess of surfactant mole-
cules, and as the polymerization progresses, more empty mi-
celles of the surfactant coexist with polymer latex particles.9

It is known that when more monomers are added into the
solution at the end of a microemulsion polymerization, the
reaction could resume, resulting in more polymer particles.
We found that this could also happen with very low mono-
mer contents. Figure 6 shows the result obtained with a sol-
ution containing 0.1% of MMA, with both SDS and Brij98
as the surfactant. In the case of SDS, after the fluorescence
intensity reached the plateau level for some time, the same

Fig. 6. Fluorescence emission intensity at 425 nm (lex = 337 nm) vs. reaction time for microemulsions containing 0.1% MMA with three
successive additions of the monomer: (a) with SDS and (b) with Brij98 as surfactant.

Fig. 7. Plots of fluorescence emission intensity at 425 nm (lex =
337 nm) vs. reaction time for a microemulsion containing 0.1%
MMA with AIBN as initiator and for a THF solution containing
0.1% MMA with AIBN as initiator (the compositions of the two
reaction solutions are indicated).

Fig. 8. Fluorescence emission intensity at 425 nm ((lex = 337 nm)
vs. reaction time for a microemulsion containing 0.0035% MMA
(water-to-monomer ratio: 28 000) (the composition of the reaction
solution is shown).
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amount of MMA was injected into the solution using a sy-
ringe through a parafilm covering the cuvette containing the
solution; it took about 1 min before resuming the fluores-
cence intensity measurement (in other words, there was a 1
min delay between the cycles of polymerization). The result
shows that within experimental error, at the end of the initial
microemulsion polymerization, the two successive additions
of more monomers proceeded with the same kinetics and a
similar conversion degree, but with no induction period.
This observation suggests that at the end of the first poly-
merization cycle, free radicals could be in empty micelles
of the surfactant, so that once more monomers were added
in the solution and solubilized by the micelles, new poly-
merization could take place immediately. Basically, the
same conclusion can be drawn with Brij98 even though the
kinetic process is different (slower polymerization rate with
almost no induction period).

With an extremely low monomer content and in the pres-
ence of an excess amount of surfactant molecules, can the
microemulsion polymerization get close to a homogeneous
(single-phase) polymerization? An experiment was con-
ducted with 0.1% MMA to get an answer to the question.
Figure 7 compares the apparent kinetics of the polymeriza-
tion of 0.1% MMA in a microemulsion with Brij98 as sur-
factant and in THF, with AIBN as initiator in both cases.
The polymerization in THF solution started quickly but pro-
ceeded very slowly due to the low monomer concentration,
while the microemulsion polymerization was much faster
but started only after an induction period. These results indi-
cate that at this low monomer content, the microemulsion
polymerization is still a heterophase polymerization. The re-
action inside monomer droplets is faster than the reaction in
a homogeneous solution in which monomer molecules are
much diluted. This result also gives a hint on the different
kinetics by using SDS and Brij98 (Figs. 4 and 5). It would
be possible that with very low monomer content, the reac-
tion solution with Brij98 was closer to a homogeneous sys-
tem than the solution with SDS, which accounts for the
different induction periods. Finally, to highlight the unprece-
dented sensitivity of this fluorescence method in monitoring
the kinetics of microemulsion polymerization, Fig. 8 shows
the result obtained with 0.0035% of MMA, i.e., at a water-
to-monomer ratio > 28 000! Even with this extremely low
content of monomer, the typical kinetic process of the mi-
croemulsion polymerization of MMA with SDS as surfactant
could still be detected, with of course a weak fluorescence
signal. In principle, the sensitivity can further be improved
by increasing the concentration of AnMA in the monomer.

Conclusions
We presented a fluorescence method that made it possible

to monitor the kinetics of microemulsion polymerization
with very (or even extremely) low monomer contents. Using
AnMA as the fluorescent probe, kinetic data of polymeriza-
tion of MMA in a microemulsion with a water-to-monomer
ratio as high as 28 000 could be obtained. The results show
that with low monomer content, such as 0.1% of MMA with
respect to water, the surfactant had a more profound effect
on the kinetics than with a relatively high monomer content,

such as 3%. Using the anionic surfactant of SDS, the poly-
merization rate was fast, but there was an induction period,
while with the non-ionic surfactant of Brij98, the polymer-
ization started much earlier, but the reaction rate was
slower. A decrease in the concentration of the water-soluble
initiator KPS either further lengthened the induction period
or slowed down the polymerization. With the unprecedented
sensitivity, this fluorescence method is well-suited for ki-
netic study in the regime of low monomer contents. It can
also be explored for monitoring polymerization systems, for
which other methods are inaccessible or can be utilized with
difficulties.
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Design, synthesis, and properties of
benzobisthiadiazole-based donor––p–acceptor––
p–donor type of low-band-gap chromophores and
polymers

Gang Qian and Zhi Yuan Wang

Abstract: A novel low-band-gap chromophore (5, 0.86 eV) having fluorene as a donor, benzobisthiadiazole (BBTD) as an
acceptor, and pyrrole as a p-spacer was successfully designed and synthesized, to probe the effect of p-spacer on the
band-gap level of the donor–p–acceptor–p–donor type of chromophores. Compared with the thiophene spacer analogue
(in compound 3), the intramolecular hydrogen bonding between the pyrrole and the neighboring BBTD unit pushes the ab-
sorption maximum and fluorescence emission of chromophore 5 into the near-infrared spectral region with a red shift of
172 and 158 nm, respectively. The same red-shift phenomenon can also be realized by addition of Lewis acid (e.g., BF3)
to the BBTD-containing chromophores with other spacers. Attempt of using low-band-gap chromophore 5 in bulk hetero-
junction (BHJ) solar cells was made, showing a non-optimized photovoltaic device with the power conversion efficiency
of 0.01%. A precursor approach to introduction of the alkaline-labile BBTD acceptor into the polymer backbone has been
demonstrated by successful synthesis of low-band-gap polymer P2. The same strategy can be in principle applied to the
synthesis of a series of low-band-gap chromophores or polymers with strong acceptors.

Key words: donor–p–acceptor–p–donor, chromophore, low band gap, bulk heterojunction (BHJ), precursor polymer.

Résumé : Afin de pouvoir étudier l’effet d’un espaceur p sur le niveau d’énergie interbande des chromophores de type
donneur–p–accepteur–p–donneur, on a développé et synthétisé un nouveau chromophore de basse énergie interbande (5,
0,86 eV) comportant un fluorène comme donneur, un benzobisthiadiazole (BBTD) comme accepteur et un noyau pyrrole
comme espaceur p. Par comparaison avec l’analogue comportant un espaceur thiophène (dans le composé 3), la liaison hy-
drogène intramoléculaire entre le pyrrole et l’unité adjacente BBTD déplace le maximum d’absorption et l’émission de
fluorescence du chromophore 5 dans la région spectrale du proche infrarouge avec des déplacements vers le rouge de res-
pectivement 172 et 158 nm. On peut observer le même phénomène de déplacement vers le rouge par l’addition d’un acide
de Lewis (tel le BF3) à des chromophores comportant du BBTD et d’autres espaceurs. On a essayé d’utiliser le chromo-
phore 5 à faible énergie interbande dans des cellules solaires à hétérojonction globale (HJG); on a obtenu un dispositif non
voltaı̈que non optimisé ayant une efficacité de conversion de pouvoir de 0,01 %. On a démontré l’applicabilité d’une autre
approche à l’introduction de l’accepteur BBTD labile aux produits alcalins dans le squelette d’un polymère en effectuant
avec succès la synthèse du polymère P2 de faible énergie interbande. En théorie, la même stratégie peut être appliquée à
la synthèse d’une série de chromophores ou de polymères de faible énergie interbande avec des accepteurs forts.

Mots-clés : donneur–p–accepteur–p–donneur, chromophore, faible énergie interbande, hétérojonction globale (HJG),
polymère précurseur.

[Traduit par la Rédaction]

Introduction

Research on low-band-gap organic materials (e.g., chro-
mophores and polymers), whose band-gap levels, defined as
the difference between the highest occupied molecular orbi-
tal (HOMO) and the lowest unoccupied molecular orbital
(LUMO) energy levels, are typically below 1.8 eV, has
been the focal point in a number of technologically impor-

tant areas. Low-band-gap organic materials absorb light
with wavelengths longer than 700 nm or within the near-in-
frared (NIR) spectral region of 750–2000 nm.

In the area of solar-energy conversion, it is essential that
the absorption of the light-harvesting material matches the
spectral characteristics of the sun.1 For the polythiophene
(P3HT)-based bulk heterojunction (BHJ) solar cells, P3HT
has a band gap of ~1.90 eV and a rather narrow absorption
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band (FWHM & 150 nm) and can absorb only a limited
fraction of the solar photons (~30%). Thus, the NIR-absorb-
ing chromophores and polymers have the possibility to im-
prove the efficiency of organic BHJ solar cells owing to a
better overlap with the solar spectrum.2

Near-infrared fluorescent organic materials may find ap-
plications as NIR-fluorescent tags for bio-imaging3 and
chemical sensing4 or emitters in NIR light-emitting diodes
(LED) for information-secured display and background
lighting. To date, most of organic materials that have been
shown to emit the light around 700–1000 nm are mainly
with lanthanide complexes,5 transition-metal complexes,6

ionic dyes,7 and low-band-gap polymers.8 NIR organic pho-
tovoltaic materials have recently been demonstrated for use
in NIR photodetectors.9

Among various types of low-band-gap organic materials,
much effort has been focused on the design and synthesis
of the chromophores and polymers consisting of powerful
electron donor (D) and acceptor (A) units. Some of the
best-performing BHJ organic solar cells are fabricated with
the D–A type of conjugated polymers.10 Some of these
D–A polymers contain benzo-2,1,3-thiadiazole (BT) as the
acceptor unit.11 Recently, we have shown that the D–p–A–
p–D type of chromophores, where p is a spacer or linking
unit, can absorb light with the wavelength around 1000 nm
and fluoresce above 1000 nm, such as compounds 1–3 in
Fig. 1.12 The band-gap levels of this class of chromophores
depend on the strength of the donor and acceptor. Those
containing a strong electron-withdrawing heterocyclic
quinoid, namely, benzo[1,2-c:4,5-c’]bis([1,2,5]thiadiazole)
(BBTD), tend to have a lower band gap than other
acceptor-containing chromophores, since the BBTD unit is
known to posses a substantial quinoidal character within a
conjugated backbone, allowing for greater electron delocali-
zation, and thus lowering the band gap.13 However, the
scope and limitations of the acceptor strength and the role
of the spacer in tuning the band gap are still not fully under-
stood. For example, a recent work shows that the band gap
of the D–A type of benzothiadiazole (BT)-containing chro-
mophores can be significantly lowered by the introduction
of Lewis acids as a result of changing the electronic proper-
ties of the BT fragment via interactions with Lewis acids
that bind nitrogen.14

Considering the D–p–A–p–D system such as compounds
1–3, by diminishing the electron density on the nitrogen of
the BBTD unit, a further decrease in band gap or red shift
in absorption and emission spectra of the chromophores
should be expected. Conceivably, the BBTD acceptor
strength can be increased through either the intermolecular
or intramolecular interaction by addition of Lewis acid or
other electron-accepting species. In this work, we intend to
show that by the introduction of pyrrole as a spacer, the
band gap of the D–p–A–p–D chromophores can be further
lowered due to the intramolecular hydrogen bonding with
the neighboring BBTD unit, which is similar to the effect
of adding a Lewis acid to the chromophores having other
spacers. Accordingly, a new D–p–A–p–D chromophore (5,
Fig. 1) is designed, synthesized, and characterized. Further-
more, for potential applications in thin-film devices, such as
polymer BHJ solar cells, a new general approach to low-

band-gap polymers having the D–p–A–p–D unit in the
backbone is demonstrated.

Experimental section

Materials
All chemicals and reagents were used as received from

commercial sources without purification. Solvents for chem-
ical synthesis were purified by distillation. All chemical
reactions were carried out under an argon atmosphere. 2-
Bromo-9,9-dioctylfluorene (6),15 N-(tert-butoxycarbonyl)-
2-(trimethylstannyl) pyrrole (7),16 4,8-dibromobenzo[1,2-
c:4,5-c’]bis([1,2,5]thiadiazole) (10),13d 4,7-bis[4-(N-phenyl-
N-(4-methylphenyl)amino)phenyl]-5,6-diamino-2,1,3-benzo-
thiadiazole (11),12b and 9,9-dioctyl-2,7-bis(trimethyleneboro-
nate)fluorene (13)17 were prepared according to literature
methods.

Methods
1H NMR spectra were recorded using a Bruker Avance

300 NMR spectrometer. The high-temperature NMR experi-
ments were performed on a Varian Unity-400 MHz spec-
trometer. High-resolution mass spectrometry (HRMS) was
obtained from 7.0 T Actively Shielded Fourier Transform
Ion Cyclotron Resonance Mass Spectrometers. The number-
and weight-average molecular weights of the polymers were
determined by gel-permeation chromatography (GPC) with a
Waters 410 instrument and polystyrene as a standard and
THF as eluent. Absorption and fluorescence spectra were
recorded with a Shimadzu UV-3600 or Lambda 900 Perkin-
Elmer spectrophotometer and a PTI fluorescence spectro-
photometer, respectively. IR spectra were recorded on a
Bio-Rad FTS-135 spectrophotometer. Cyclic voltammetry
(CV) was performed on a CHI660b electrochemical work-
station, in dry dichloromethane containing n-Bu4NPF6
(0.1 mol/L) with a scan rate of 50 mV/s at room temperature
under argon, using a Pt disk (2 mm diameter) as the working
electrode, a Pt wire as the counter electrode and a Ag/AgCl
electrode as the reference electrode.

Photovoltaic device fabrication and characterization
The solar-cell devices were fabricated with the device

structure of [indium tin oxide (ITO)/poly(3,4-ethylene diox-
ythiophene):poly(styrenesulfonate) (PEDOT:PSS)/Compound
5:PCBM/Al]. The ITO glass was pre-cleaned and coated
with PEDOT:PSS. Then, the active layer was spin-coated
from the chlorobenzene solution of compound 5 and PCBM
(1:1, w/w) on the substrate. Finally, the Al cathode was de-
posited at a vacuum level of 4 � 10–4 Pa. The effective area
of the unit cell is 16 mm2. The current–voltage (I–V) meas-
urement of devices was conducted on a computer controlled
Keithley 236 Source meter. A xenon lamp (500 W) with
AM 1.5 filter was used as the white light source, and the
optical power at the sample was 100 mW/cm2.

N-(tert-Butoxycarbonyl)-2-(9,9-dioctylfluoren-2-yl)pyrrole
(8)

2-Bromo-9,9-dioctylfluorene (6) (4.7 g, 10 mmol), N-
(tert-butoxycarbonyl)-2- (trimethylstannyl)pyrrole (7) (6.6 g,
12 mmol), and tetrakis(triphenylphosphane) palladium(0)
(115.5 mg, 0.1 mmol) were dissolved in a mixture of tol-
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uene (20 mL) and a 1 mol/L aqueous solution of sodium
carbonate (20 mL). The mixture was stirred at 110 8C for
60 h. After cooling, the resulting solution was extracted
with dichloromethane. The combined organic layers were
washed with water and dried with anhydrous MgSO4. Evap-

oration of the solvent and subsequent column chromatogra-
phy (silica gel, dichloromethane/petroleum ether = 1/5)
afforded the product as pale yellow oil (1.1 g, 20%). 1H
NMR (300 MHz, CDCl3) d (ppm): 7.74–7.68 (m, 2H),
7.40–7.26 (m, 6H), 6.30–6.24 (m, 2H), 1.98 (t, 4H, J =

Fig. 1. Chemical structures of D–p–A–p–D chromophores 1–5.
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8.37 Hz), 1.41 (s, 9H), 1.40–1.10 (m, 20H), 0.89–0.87 (m,
6H), 0.73–0.61 (m, 4H).

Tributyl[N-(tert-butoxycarbonyl)-5-(9,9-dioctylfluoren-2-
yl)pyrrole-2-yl]stannane (9)

A 100 mL three-necked flask was charged with dry THF
(20 mL) and 2,2,6,6-tetramethylpiperidine (1.85 mL,
11 mmol). The mixture was cooled to –78 8C and n-BuLi
(2.5 mol/L in hexane, 4.8 mL, 12 mmol) was added drop-
wise. The mixture was stirred at –78 8C for 10 min, then
warmed to 0 8C and stirred for additional 10 min. At this
point, the mixture was cooled again to –78 8C, a solution of
N-(tert-butoxycarbonyl)-2-(9,9-dioctylfluoren-2-yl)pyrrole
(8) (5.5 g, 10 mmol) in dry THF (10 mL) was added, and
the mixture was stirred for 1.5 h while keeping the temper-
ature below –65 8C. Bu3SnCl (3.7 mL, 13 mmol) was added
dropwise. The mixture was stirred for 40 min at –75 8C and
for additional 40 min at 0 8C, and then for 12 h at room
temperature. The mixture was poured into water and ex-
tracted with diethyl ether. The organic extracts were dried
over anhydrous MgSO4. Upon evaporation of the solvent,
the crude product was obtained as pale yellow oil and used
for the next step without further purification. 1H NMR
(300 MHz, CDCl3) d (ppm): 7.75–7.67 (m, 2H), 7.40–7.24
(m, 5H), 6.44 (d, 1H, J = 3.75 Hz), 6.33 (d, 1H, J =
3.00 Hz), 1.99 (t, 4H, J = 8.10 Hz), 1.65–1.62 (m, 6H),
1.40–1.37 (m, 6H), 1.24 (s, 9H), 1.18–1.08 (m, 26H), 0.97–
0.92 (m, 9H), 0.89–0.83 (m, 6H), 0.73–0.61 (m, 4H).

4,8-Bis[N-(tert-butoxycarbonyl)-5-(9,9-dioctylfluoren-2-
yl)-2-pyrrolyl]benzo[1,2-c:4,5-c’]bis([1,2,5]thiadiazole) (4)

To a solution of compound 9 (1.0 g, 1.2 mmol) and 4,8-
dibromobenzo[1,2-c:4,5-c’]bis([1,2,5]thiadiazole) (10)
(0.18 g, 0.5 mmol) in toluene (40 mL) was added Pd(PPh3)4

(71 mg, 0.061 mmol). The mixture was stirred for 36 h at
110 8C. After cooling, the mixture was poured into water
and extracted with dichloromethane. The organic layer was
washed with saturated aqueous potassium fluoride and brine
before being dried over anhydrous MgSO4. After evapora-
tion of the solvent, the residue was purified by column chro-
matography on silica gel with dichloromethane/petroleum
ether (1:1) as the eluent to afford the product (0.13 g, 20%)
as black solid. 1H NMR (400 MHz, o-C6D4Cl2, 403 K) d

(ppm): 7.78–7.72 (m, 4H), 7.54–7.46 (m, 4H), 7.41–7.35
(m, 6H), 7.05 (d, 2H, J = 3.5 Hz), 6.56 (d, 2H, J = 3.5 Hz),
2.05–2.00 (m, 8H), 1.59 (s, 18H), 1.29–1.00 (m, 40H), 0.86
(t, 12H, J = 6.7 Hz), 0.70 (br, 8H).

4,8-Bis[5-(9,9-dioctylfluoren-2-yl)-2-pyrrolyl]benzo[1,2-
c:4,5-c’]bis([1,2,5]thiadiazole) (5)

Thermolysis of compound 4 (98 mg) at 200 8C under re-
duced pressure (10–5 torr, 30 min) (1 torr = 133.322 Pa) af-
forded 92 mg (94% yield) of product as black solid. 1H
NMR (400 MHz, o-C6D4Cl2, 403 K) d (ppm): 11.72 (br,
2H), 8.04 (br, 2H), 7.78–7.67 (m, 8H), 7.55–7.37 (m, 6H),
6.96 (br, 2H), 2.15–2.11 (m, 8H), 1.23–1.15 (m, 40H),
0.85–0.80 (m, 20H). HRMS (for [M]+) calcd.: 1100.65119;
found: 1100.64015.

4,7-Bis[4-(N-(4-bromophenyl)-N-(4-
methylphenyl)amino)phenyl]-5,6-diamino-2,1,3-
benzothiadiazole (12)

A solution of tetrabutylammonium tribromide (0.96 g,
2.0 mmol) and 4,7-bis[4-(N-phenyl-N-(4-methylphenyl)ami-
no)phenyl]-5,6-diamino-2,1,3-benzothiadiazole (11) (0.61 g,
9.0 mmol) in freshly distilled dichloromethane (45 mL) was
stirred at room temperature for 3 h. The precipitates were
filtrated and washed with dichloromethane. The solid was
dried under vacuum to give the product as orange solid
(0.55 g, 73%). 1H NMR (300 MHz, CDCl3) d (ppm): 7.43
(d, 4H, J = 8.3 Hz), 7.34 (d, 4H, J = 8.7 Hz), 7.19 (d, 4H,
J = 8.5 Hz), 7.12 (d, 4H, J = 8.6 Hz), 7.08 (d, 4H, J =
9.1 Hz), 7.04 (d, 4H, J = 8.7 Hz), 2.33 (s, 6H).

Polymer P1
To a mixture of 9,9-dioctyl-2,7-bis(trimethyleneboronate)-

fluorene (13) (0.279 g, 0.500 mmol) and 4,7-bis[4-(N-(4-
bromophenyl)-N-(4-methylphenyl)amino)phenyl]- 5,6-dia-
mino-2,1,3-benzothiadiazole (12) (0.419 g, 0.500 mmol)
was added Aliquat 336 (0.120 g), Pd(PPh3)4 (7.9 mg,
0.007 mmol), degassed toluene (7 mL), and aqueous
2 mol/L potassium carbonate (3 mL) under a dry argon at-
mosphere. The mixture was heated to 95 8C and stirred in
the dark for 48 h. After cooling, the mixture was poured
into methanol. The precipitate was collected by filtration
and then dissolved in dichloromethane. The solution was
washed with water, dried with anhydrous MgSO4, and
then concentrated to an appropriate volume. The fiber-like
brown polymer (0.500 g, 94%) was obtained by pouring
the concentrated solution into methanol. 1H NMR
(300 MHz, CDCl3) d (ppm): 7.74 (d, 2H, J = 7.9 Hz),
7.61–7.55 (m, 8H), 7.47 (d, 4H, J = 8.7 Hz), 7.29–7.25
(m, 8H), 7.20–7.13 (m, 8H), 2.36 (s, 6H), 2.00 (br, 4H),
1.20–1.00 (m, 20H), 0.80–0.75 (m, 10H).

Polymer P2
To a solution of polymer P1 (0.107 g, 0.1 mmol) in dry

pyridine (10 mL) was added N-sulfinylaniline (0.5 mL,
4 mmol) and chlorotrimethylsilane (0.5 mL, 3.6 mmol) in
argon atmosphere. The mixture was heated to 80 8C and
stirred overnight. After workup, excess chlorotrimethylsilane
was distilled off. The solution was concentrated to 5 mL and
poured into methanol. The fiber-like dark blue polymer P2
(98.0 mg, 89%) was collected by filtration, washed with
ethanol, and dried under vacuum. 1H NMR (300 MHz,
CDCl3) d (ppm): 8.20 (d, 4H, J = 8.5 Hz), 7.75 (d, 2H, J =
7.4 Hz), 7.63–7.56 (m, 8H), 7.34–7.16 (m, 16H), 2.37 (s,
6H), 2.06 (br, 4H), 1.06 (br, 20H), 0.80–0.75 (m, 10H).

Results and discussion

Design and synthesis of low-band-gap chromophores

Design concept and synthesis
The concept for designing low-band-gap chromophores is

based on the use of a strong electron acceptor, namely, ben-
zobisthiadiazole, and electron donors that are linked through
a p-conjugated spacer. In particular, the D–p–A–p–D type
of chromophores, such as compounds 1–3 (Fig. 1), previ-
ously reported by our group,12a is the focal point of design
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and study. With the same acceptor, the absorption wave-
length of chromophores 1–3 varies according to the strength
of donors and the nature of spacer. Between compounds 2
and 3, the difference in band-gap levels is attributed to the
different donors. However, a larger difference in the band-
gap levels or absorption (Dlmax = 157 nm) between chro-
mophores 1 and 2 is clearly due to the presence of different
p-spacers (thiophene vs. benzene or nil). Therefore, the
p-spacer or linking moiety in the D–p–A–p–D type of
chromophores can play an important role in band-gap tun-
ing, which may lead to further band-gap lowering or spectral
red shift relative to chromophores 1–3. Accordingly, in this
work, pyrrole was introduced as p-spacer in a new chromo-
phore 5 (Fig. 1) to study the scope and limitations of the
p-spacer regarding the band-gap tuning. Any additional con-
tribution to a better D–A interaction or lowering the LUMO
level of the acceptor unit that may be brought by the use of
a new p-spacer is likely to result in a further red shift in ab-
sorption in reference to the structurally analogous chromo-
phore 3 (lmax = 848 nm).

Scheme 1 outlines the synthetic route to compounds 4 and
5. Compound 4 was readily synthesized by the Stille cou-
pling reaction of dibromo-BBTD 10 with tributyltin com-
pounds 9 derived from the donor. It should be noted that
aqueous sodium carbonate solution was not added, as re-
quired to suppress the C–Sn bond cleavage in the Stille cou-
pling reaction,18 due to instability of the BBTD group in
alkaline solution, which caused a rather poor yield (20%)
for compound 4. Removal of the tert-butoxycarbonyl
(t-Boc) protecting group in 4 by heating under reduced pres-
sure afforded the target compound 5 with high yield.

Optical and electrochemical properties
The absorption and photoluminescence of compounds 4

and 5 in toluene are shown in Fig. 2, and the data are pre-
sented in Table 1. As for compounds 1–3, compound 5 has
mainly two absorption bands. The peaks from 300 to
500 nm are attributed to the p–p* transition and the possi-
ble n–p* transition of the conjugated aromatic segments,
and those at longer wavelengths are due to the intramolecu-
lar charge transfer (ICT) transitions between the donor and
acceptor. Compared with compound 3, the maximum ab-
sorption of compound 4 is blue-shifted. Since pyrrole is
more electron-donating than thiophene, the observed blue

shift is mainly due to non-planarity between the BBTD and
the pyrrole induced by t-Boc group. After removal of the
t-Boc group, both the maximum absorption and emission
wavelengths were red-shifted dramatically (about 183 and
121 nm, respectively; Fig. 2) relative to its precursor 4. The
pyrrole spacer and the neighboring BBTD core in compound
5 are expected to be completely coplanar by virtue of hydro-
gen bonding (Fig. 3), which should facilitate the charge
transfer from donor to acceptor, and thus lowers the band-
gap level. This intramolecular hydrogen bonding also con-
tributes to altering the energy level of the BBTD acceptor
by sharing or removing partial electrons on the nitrogen in
BBTD. In the 1H NMR spectra of compound 5, the pyrrole
N–H signal is found at the low field (d = 11.68, Fig. 4),
which is an indication for strong intramolecular hydrogen
bonding.19

Similar to the effect of hydrogen-bonding interaction, ad-
dition of Lewis acids should also alter the band gap as a re-
sult of binding with the nitrogen in BBTD. Figure 5 shows
the absorption spectra of compound 3 and a mixture of 3
with excess BF3. The spectrum of compound 3 exhibits an
absorption maximum (lmax) at 834 nm with an onset (lonset)
at 958 nm. Upon addition of an excess of BF3, a color
change took place immediately, going from yellowish green

Scheme 1. Synthetic route to intermediates and chromophores 4 and 5. Reagents and conditions: (i) Pd(PPh3)4, Na2CO3 (aq., 1 mol/L),
toluene, 110 8C, 60 h; (ii) N-lithium-2,2,6,6-tetramethylpiperidine, –70 8C, (Bu)3SnCl, THF, –70 8C to room temperature; (iii) Pd(PPh3)4,
toluene, 110 8C, 36 h; (iv) 200 8C, 30 min, 10–5 torr.

Fig. 2. Normalized absorption (10–5 mol/L) and fluorescence emis-
sion (10–4 mol/L) spectra of compounds 4 and 5 in toluene.
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to dark blue visually. Consequently, the lmax and lonset of
compound 3-BF3 adduct appeared at 1260 nm and
1580 nm, being red-shifted by 426 nm and 622 nm, respec-
tively. According to the confirmed structure of the complex
of benzothiadiazole derivatives with Lewis acid,14 in the
3-BF3 adduct, BF3 should bind to the nitrogen of each thia-

diazole rings (Fig. 3), effectively pulling the electron density
away from the BBTD unit, enhancing the ICT transition be-
tween peripheral donor and acceptor core, and thus leading
to a significant bathochromic shift in absorption. Addition-
ally, there is a synergistic lowering of the absolute energies
of the two frontier molecular orbitals, thereby giving rise to
the narrower band gap.

Considering the potential application of the D–p–A–p–D
type of low-band-gap chromophores in photovoltaic cells,
compound 5 was blended with PCBM and cast into films.
Figure 6 shows the absorption spectrum of the blend film
(1:1, w/w; solid line) and displays mainly three peaks cen-
tered at 333, 428, and 1046 nm, respectively. Compared
with the absorption spectrum of 5, the peak at 333 nm in-
creases, which was due to the absorption of PCBM. Addi-
tionally, the ICT transition peak becomes broad and is
red-shifted (about 26 nm). Thus, there is additional charge
transfer interaction in the blend, which is likely due to the
one between the acceptor and PCBM and similar to the ef-
fect of adding a Lewis acid to the chromophores.

The electrochemical properties of compounds 4 and 5
were investigated by CV (Fig. 7), and the data are summar-
ized in Table 1. They are all electrochemically active, hav-
ing two reversible oxidation and two reduction waves in the
cyclic voltammogram, respectively. The first reduction po-
tential is from the reduction of the BBTD core, and the first

Fig. 3. Hydrogen bonding in compound 5 and the 3-BF3 adduct.

Fig. 4. 1H NMR spectra (400 MHz, o-C6D4Cl2, 403 K) of com-
pounds 4 and 5.

Table 1. Optical and electrochemical data of chromophores.

Compound lmax
abs (nm)a Log 3a lmax

PL (nm)b Stokes shift (nm) Ff (%)c HOMO (eV)d LUMO (eV)d Energy gap (eV)

1e 763 4.38 1065 302 7.1 4.95 3.76 1.19
2e 920 4.86 1125 205 5.3 4.77 3.94 0.83
3e 848 4.71 1055 207 18.5 5.14 3.99 1.15
4 837 4.53 1092 255 NA 4.96 3.85 1.11
5 1020 4.57 1213 193 0.3 4.75 3.89 0.86

aMeasured in toluene with a concentration of 10–5 mol/L.
bMeasured in toluene with a concentration of 10–4 mol/L. Excitation wavelengths for 1–4 are at their maximum absorption wavelengths, and at

980 nm for 5.
cFluorescence quantum yield measured relative to IR-125 (Ff = 0.13 in DMSO).
dCalculated from the formula, E(HOMO)= –(Eox + 4.34) (eV), E(LUMO) = –(Ered + 4.34) (eV).
eSee ref. 12a.

Fig. 5. Normalized absorption spectra of compound 3 (10–4 mol/L
in THF) and a mixture of 3 with excess BF3.
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oxidation wave is attributed to the oxidation of the donors
and p-spacers. For chromophore 5, the first oxidation poten-
tial increases significantly (about 0.2 eV); however, the re-
duction potentials keep nearly unchanged. The HOMO and
LUMO levels of compounds 4 and 5 were calculated ac-
cording to empirical equations of E(HOMO)= –(Eox + 4.34)
(eV) and E(LUMO) = –(Ered + 4.34) (eV), respectively. As
shown, compound 5 has the band gap of 0.86 eV and ab-
sorbs at the longest wavelength (1020 nm) among chromo-
phores 1–5.

Photovoltaic property
Organic BHJ photovoltaic cells were fabricated using

compound 5 as electron donor and PCBM as electron ac-
ceptor, with a structure configuration of ITO/PEDOT:PSS/
5:PCBM/Al. Typical performance data of the devices are
listed in Table 2, and the corresponding current–voltage
curves are illustrated in Fig. 8. Without optimization, the de-
vice gave power conversion efficiency (PCE) of 0.01% with
an open-circuit voltage (Voc) of 0.27 V and a short-circuit

current (Jsc) of 0.13 mA/cm2 under AM 1.5 solar simulator
(100 mW/cm2). Accordingly, a fill factor (FF) was calcu-
lated to be 0.28. For BHJ devices, Voc is linearly correlated
with the energy difference of the HOMO of the donor and
the LUMO of the acceptor. Our result (0.27 V) coincides
well with the empirical calculation.20 The relatively low Voc
is likely due to the high HOMO level of the donor (Fig. 8,
inset). The Jsc is determined by the amount of absorbed light
and the internal conversion.21 The absorption profile of the
active layer shows a quiet mismatch to the solar photon
flux, thus leading to the quite low Jsc. Nevertheless, the de-
vice based on low-band-gap chromophore 5 is still compara-
ble well to some other solution-processed molecular BHJ
solar cells.

Design and synthesis of low-band-gap polymer
The band gap of polymers can be reduced by incorporat-

ing alternating donor and acceptor moieties in the polymer
main chain. BBTD is a strong electron acceptor and can be
used by design to construct many different kinds of low-
band-gap polymers. However, because the BBTD unit is
unstable in alkaline solution and readily attacked by nucleo-
philes (e.g., OH?), the polymers containing the BBTD moi-
ety are often difficult to be synthesized by the Suzuki
coupling reaction or other methods that need to use a base.
Up to now, several polymers containing BBTD have been
reported,22 and are mainly synthesized by the Stille coupling
reaction or electrochemical polymerization. However, the re-
quired tributylstannane monomers for the Stille polymeriza-
tion are toxic and difficult to purify, and electrochemical
polymerization is difficult to produce high-molecular-weight
soluble polymers. Therefore, it remains a challenge to syn-
thesize high-molecular-weight low-band-gap polymers con-
taining BBTD unit.

Fig. 6. Absorption spectra of the blend film of compound 5 with
PCBM (1:1, w/w; solid line) and compound 5.

Fig. 7. Cyclic voltammograms of compounds 4 and 5 (1 mmol/L
concentration).

Table 2. Performance of photovoltaic device under illumination of
100 mW/cm2 white light.

Material Voc (V) Jsc (mA/cm2) FF PCE (%)

5:PCBM (1:1, w/w) 0.27 0.13 0.28 0.01

Fig. 8. Current density–voltage curves of solar-cell devices in dark
and under illumination of 100 mW/cm2 white light. Inset: Proposed
energy-level scheme of compound 5 and PCBM.
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In this work, we intend to explore a precursor approach to
introduction of the BBTD unit in polymers. The feasibility
of such a precursor approach is based on the fact that the
monomers containing the 1,2-diaminophenylene group can
be utilized in the Suzuki coupling reaction to produce high-
molecular-weight polymers,23 and the 1,2-diaminophenylene
group can be converted into various electron-deficient
groups (e.g., quinoxaline and benzothiadiazole).24 Therefore,
we demonstrated this precursor strategy by making the pre-
cursor polymer P1 and subsequently converting to the
BBTD-containing polymer P2 (Scheme 2). The monomer
12 was prepared by bromination of compound 11 with tetra-
butylammonium tribromide. Because of the presence of the

methyl group on one of the two phenyl groups, bromination
only takes place at one of the phenyl rings of the diphenyla-
mino moiety in 11. Using the Suzuki cross-coupling reac-
tion, polymerization of monomers 12 and 13 gave the
precursor polymer P1. By simple treatment of P1 with
N-sulfinylaniline and chlorotrimethylsilane in dry pyridine,
the target low-band-gap polymer P2 was readily obtained
with high yield (89%).

Structural characterization
The chemical structures of polymers P1 and P2 were fully

characterized by NMR and IR spectroscopic methods. Fig-

Scheme 2. Synthetic routes to polymers P1 and P2. Reagents and conditions: (i) Bu4NBr3, CH2Cl2, 25 8C, 3 h; (ii) Pd(PPh3)4, K2CO3 (aq.,
2 mol/L), toluene, Aliquat 336, 95 8C, 24 h; (iii) PhNSO, TMSCl, pyridine, 80 8C, overnight.

Fig. 9. 1H NMR spectra (300 MHz, CDCl3) of polymers P1 and
P2.

Fig. 10. IR spectra of polymers P1 and P2.
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ure 9a shows the 1H NMR spectrum of polymer P1. A peak
at d 4.18 ppm is assigned to the amine hydrogen and the ali-
phatic and aromatic hydrogens are observed at d 0.6–2.5 and
d 7.1–7.7 ppm, respectively. After conversion of the diamine
into the thiadiazole group, the peak at d 4.18 disappeared
(Fig. 9b), indicating that the transformation reaction was
successful and the amino group was converted completely.
A new peak at d 8.20 is assigned to the hydrogens in the
phenylene that is adjacent to the BBTD core (Ha shown in
Scheme 2). Because of the strong electron-withdrawing
BBTD unit, the signal of Ha shifted to a lower field. The ob-
served chemical shift (d 8.20) coincides well with that of a
small compound with similar structure (d 8.18),12b further
demonstrating the formation of the BBTD unit in P2. The
IR spectrum of polymer P1 (Fig. 10) shows two distinct
n(NH) bands at 3442 and 3357 cm–1, which, as expected,
are absent in the spectrum of P2 (Fig. 10).

The molecular weights were estimated by gel-permeation
chromatography (THF as eluent) relative to polystyrene
standards. Polymer P1 shows high molecular weight with
the number-average molecular weight (Mn) of 56 000 g/mol
and a polydispersity index of 3.2 (Table 3). The apparent Mn
of P2 was found to be only 28 000 g/mol, although it should
be the same or similar to that of P1, which was mainly due
to poor solubility of the high-molecular-weight fraction of
P2 in THF.

Optical property
The absorption and photoluminescence of polymers P1

and P2 were recorded in chlorobenzene. Without a strong
acceptor or strong intramolecular charge transfer, P1 absorbs
in the visible spectral region with a maximum (lmax) at
440 nm and emits at 558 nm. In comparison, owing to the
presence of the BBTD acceptor, the absorption and emission
maxima of P2 were red-shifted dramatically to 749 and
980 nm, respectively (Table 3 and Fig. 11). Similar to chro-
mophores 1–5, the absorption bands of polymer P2 mainly
have two parts. The peaks in the higher energy region are
attributed to the p–p* and also possible n–p* transitions of
the conjugated aromatic segments. The high molar extinc-
tion coefficient (Log 3 = 4.39) of the ICT band of P2 is
ideal for photovoltaic application. The optical band-gap lev-
els of P1 and P2 were estimated from the onset wavelength
(lonset) of the optical absorption spectra to be 2.7 and
1.4 eV, respectively.

Conclusions
A novel D–p–A–p–D type of low-band-gap (0.86 eV)

chromophore 5 has been successfully designed and synthe-
sized. The use of pyrrole as p-spacer is proven to be effec-

tive and beneficial in further lowering the band-gap level of
the D–p–A–p–D chromophores. Compared with the thio-
phene spacer (in compound 3), the pyrrole spacer provides
the intramolecular hydrogen bonding to the BBTD acceptor,
which pushes the absorption maximum and fluorescence
emission of chromophore 5 into the near-infrared spectral
region with a red shift of 172 and 158 nm, respectively. A
precursor approach to the introduction of the alkaline-labile
BBTD acceptor into the polymer backbone has been demon-
strated by successful synthesis of low-band-gap polymer P2.
The same strategy can be in principle applied to the synthe-
sis of a series of low-band-gap polymers with the structures
and properties similar to chromophores 1–5.
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NMR imaging study of cross-linked high-amylose
starch tablets — The effect of drug loading

Y.J. Wang, F. Ravenelle, and X.X. Zhu

Abstract: NMR imaging techniques were used to study the effect of drug loading in cross-linked high-amylose starch tab-
lets. The tablets contained acetaminophen with loading levels from 10 to 40 wt%. The absolute amount of the drug re-
leased increased with a larger amount of drug loading, but the percentages of drug released had only minor differences for
the different tablets, probably due to the rapid formation of a gel layer for all the tablets, which slowed down drug release
significantly. The release of drugs from the tablets in all cases is dominated by a diffusion mechanism before the disap-
pearance of the dry core of the tablets. Radial and axial swelling and water uptake were found to increase with the amount
of drug loading. The diffusion rates of water were comparable at the initial stage for all the tablets with different loadings,
but became faster later for the tablets with higher amounts of drug loading as water diffusion may be facilitated by the hy-
drophilicity of the drug.

Key words: NMR imaging, diffusion coefficient, high-amylose starch, drug loading.

Résumé : Les techniques d’imagerie RMN ont été utilisées pour étudier l’effet de la charge en médicament dans les ta-
blettes d’amidons réticulés riche en amylose. Les tablettes contenaient un médicament, l’acétaminophène, de 10 à 40 pour-
cent en poids. La quantité absolue du médicament libéré augmente avec une augmentation de la charge en médicament,
mais les pourcentages de médicament libéré n’ont que des différences mineures pour les différentes tablettes, probablement
à cause d’une formation rapide d’une couche de gel autour de toutes les tablettes qui ralentit d’une façon significative la
libération du médicament. Les libérations de médicaments sont dominées dans tous les cas par un mécanisme de diffusion
avant la disparition du coeur sec des tablettes. On a trouvé que les gonflements radiaux et axiaux ainsi que l’absorption
d’eau augmentent avec une augmentation de la charge en médicament. Les vitesses de diffusion de l’eau dans la période
initiale sont comparables pour toutes les tablettes comportant des charges différentes de médicament, mais plus tard elles
deviennent plus rapides pour les tablettes portant une quantité plus élevée de médicament, probablement en raison du fait
que la diffusion est peut-être facilitée par le caractère hydrophile du médicament.

Mots-clés : imagerie RMN, coefficient de diffusion, amidon à forte concentration d’amylose, charge en médicament.

Introduction
Cross-linked high-amylose starch (CHAS) has been dem-

onstrated to be an effective controlled release matrix.1–4

Once the CHAS tablets are hydrated, a consistent gel layer
is formed very rapidly around the tablet core, leading to re-
tarded release of drugs.5 The integrity of the CHAS tablets
is sustained for over 48 h.6 We have used NMR imaging to
study the effects of tablet size, temperature, and drug load-
ing on the tablet swelling and water diffusion.5–8 The effect
of moisture content on the swelling of high-amylose starch
films was also studied by the use of NMR imaging by Russo
et al.9 In addition, the conversion from V-type (single helix)
to B-type (double helices), which limits the swelling of
starch, was also revealed by CP-MAS 13C solid-state NMR
spectroscopy.10

The drug release mechanism is classified into three cases:

diffusion mechanism, polymer relaxation mechanism, and a
mechanism that lies between the two cases. It was found
for ethyl cellulose tablets that drug release is controlled by
a diffusion mechanism at a high loading of acetaminophen
(APAP, 49.5 wt%), while the effect of the polymer relaxa-
tion becomes significant at a low loading (9.9 wt%).11 In
the case of poly(ethylene oxide) (PEO) tablets, the drug dis-
solution and diffusion through the swollen gel layer con-
trolled the release at loading levels of 39% and 20%,
respectively.12 Previously, we have studied the release of
two drugs, ciprofloxacin and acetaminophen, loaded at
10 wt% in CHAS.5 The amount of drug loading may also
have a significant effect on the amount released from the
polymer tablets. APAP is an analgesic (pain reliever) and
an antipyretic (fever reducer), which has been used as a
probe to study controlled release properties of some matri-
ces, including hydroxypropyl methyl cellulose (HPMC),13
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HPMC-polyvinylpyrrolidone,14 and high-amylose sodium
carboxymethyl starch matrices.15 We also chose APAP in
this study with loadings of 10, 20, and 40 wt% in the
CHAS tablets. In vitro drug release from the matrix tablets
was determined and the results were correlated with swel-
ling and water uptake of the tablets. The diffusion coeffi-
cients of water can be obtained from profile fitting and
diffusion-weighted NMR images.

Experimental

Preparation of tablets
The polymer (CHAS) was made of chemically modified

high-amylose starch (70% amylose), cross-linked with
0.075 wt% phosphorous oxychloride in a mild alkaline me-
dium first and further functionalized with 6 wt% of propy-
lene oxide followed by washing and drying. Gelatinization
of the starch under 160 8C and 5.5 bar (1 bar = 100 kPa)
was then conducted immediately prior to spray drying. An
appropriate amount of granulated acetaminophen (Compap,
MW 151 g/mol, Rh 0.37 nm) and CHAS were mixed for
4 min. The blend was compressed to form tablets of
200 mg, each with a dimension of 9.0 mm � 3.0 mm. To
achieve the target weight and thickness for the tablets, the
press parameters were adjusted to 1330 kg/cm2 for 10–
20 wt% drug loadings and 785 kg/cm2 for 40 wt% drug
loading along the axial direction. Dosages with drug load-
ings of 10, 20, and 40 wt% were obtained.

NMR imaging
All NMR imaging experiments were carried out at

37.0 8C on a Bruker Advance-400 NMR spectrometer oper-
ating at a frequency of 400.27 MHz for protons equipped
with a microimaging probe having a 20 mm inner diameter.
A standard spin-echo pulse sequence was used to obtain spin
density images of the tablets in a 20 mm o.d. NMR tube
containing 20 mL of distilled water. A slice of 0.5 mm in
thickness was selected either perpendicular or parallel to the
main magnetic field using a sinc-shaped pulse. Eight scans
were accumulated to obtain 128 � 128 pixel images for a
field of view of 2.0 cm, leading to an in-plane resolution of
156 mm. An echo time (TE) of 3 ms and a repetition time
(TR) of 1 s were fixed leading to an acquisition time of
about 17 min for each image.

Diffusion-weighted images were acquired by combining
the spin-echo pulse sequence with the pulsed-gradient spin-
echo (PGSE) pulse sequence developed by Stejskal and Tan-
ner.16 The diffusion time (D) and the length of the gradient
pulse (d) were 10 ms and 2 ms, respectively. The gradient
strength varied from 5 to 100 G/cm.

Solubility tests of CHAS
The CHAS powder (300 mg) was mixed with 20 mL dis-

tilled water in a 50 mL centrifuge tube, which was then
placed in a shaking bath and agitated at 100 rpm and 37 8C
for 30 min. The samples were centrifuged (4000 rpm, 1 h)
and the supernatant was collected and dried at 70 8C for
soluble fraction quantification. The test was performed in
triplicate.

Water uptake experiments
Water uptake studies were carried out in a water bath at

37 8C with mild agitation. Each tablet was immersed in
20 mL distilled water and the weight was measured in tripli-
cate at predetermined time intervals. The percentage of mass
uptake is defined as

½1� St ¼
Mt �M0

M0

� 100%

where St is the water uptake in percentage, M0 and Mt are
the initial weight of a tablet and its weight at time t, respec-
tively.

In vitro drug release tests
The tablets were placed individually in 900 mL of dis-

tilled water at 37 8C in a U.S.P. XXIV dissolution apparatus
2 (Distek Premiere 5100 dissolution system) equipped with
a rotating paddle (100 rpm). The amount of drug released
from the tablet in 24 h was determined spectrophotometri-
cally (244 nm) at intervals of 30 min. The sampling liquid
flowed back to the vessels. All tablets were tested in tripli-
cate.

The fitting of the data from NMR imaging experiments
and of the drug release tests was carried out with Microsoft
Excel 2003 using the Newton method to minimize the sum
of the squared errors. A summation of 30 roots of the Bessel
function was used.

Fig. 1. NMR images of CHAS tablets immersed in water at 37 8C for 1, 2, 5, 10, 15, and 20 h. The purple part at the bottom of images is
the Teflon support.
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Results and discussion
Figure 1 shows the NMR images of CHAS tablets ac-

quired from 1 to 20 h in water at 37 8C. A gel layer formed
quickly, within a few minutes after the tablets came into
contact with water. All three images at 1 h clearly show the
gel layer, the hydrated layer, and the dry core (with the low-
est water signal). The formation of the gel layer is essential
for the controlled release of the CHAS tablets. The apparent
high water signal shown by the reddish periphery of the tab-
lets is caused by the shorter longitudinal relaxation time, T1
(ca. 800 ms), of the hydrated layer compared with that of
the free water (the green-bluish part, ca. 5 s). As the water
front advanced towards the center, the dry core gradually di-
minished in dimension with immersion time. The effect of
drug loading levels is visible on the images acquired at 5 h

and onward. At 20 h, water is distributed almost evenly in
the tablet of 40% APAP, while the tablet of 10% APAP is
still far from reaching equilibrium (Fig. 1). NMR imaging
experiments showed the tablets with 10% APAP loading
reached equilibrium after 50 h. Therefore, the diffusion of
water inside the tablets depends on the amount of APAP in-
side. It is to be noted that the movement of water into the
tablet in the presence of the drug may not be strictly diffu-
sional as the contribution of osmotic convection at the be-
ginning stages of the process is present.

Figure 2A shows the mass uptake of tablets. Overall, the
amount of mass change is contributed by the weight gain
due to water diffused into the tablets and by the weight loss
due to drug release from the tablets. The solubility of CHAS
in water (2.6 mg/mL) is much lower than that of APAP
(14.5 mg/mL, U.S.P. XXIV) so that the amount of dissolved
CHAS can be neglected, but frequent manipulations may
also cause weight loss and thus the mass uptake may be
underestimated. In general, the tablets with a higher amount
of drug loading had a lower gain in mass. The difference be-
tween the mass uptake at equilibrium is close to the differ-
ence between drug loading levels. The tablet with low drug
loading had a faster increase in mass and reached an equili-
brium earlier in time. Clearly, the tablets of 40% APAP
undergo the highest weight loss due to drug release. In addi-
tion, the gel layers formed on these tablets are softer than
the gel layers formed on tablets with lower drug loading lev-
els, which is clearly visible, so these layers are less resistant
to erosion.

Figures 2B and 2C show the radial and axial swelling of
the tablets, respectively. The extent of axial swelling is al-
most three times that of the radial swelling for all the tab-
lets, which has been observed for the CHAS tablets with
and without the drug.5,6 The higher axial swelling is caused
by the compression along the axial direction during the
preparation process. To prevent the floating and movement
of the tablets in the liquid media, a piece of cotton ball was
placed above the tablet to keep it in place during the NMR
imaging experiments, which may have caused the relatively
higher standard deviations of axial swellings in comparison
to those of radial swellings. The tablets with 10% loading
have the lowest swelling, while the other two swell at a sim-
ilar rate and reached a similar size. The drug APAP has a

Fig. 2. (A) Mass uptake, (B) radial swelling, and (C) axial swelling
of the CHAS tablets loaded with 10% (&), 20% (*), and 40%
(!) acetaminophen. Note that the mass uptake is the combined ef-
fect of the mass gain by the absorption of water and the mass loss
by the release of the drug.

Fig. 3. The water proton spin density profile (solid line) and the fit
to eq. [2] (dashed line) of a CHAS tablet with 20% acetaminophen
swelled in water at 37 8C for 30 min.
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higher hydrophilicity than the matrix, which facilitates the
penetration of water and enhances the overall swelling in
both axial and radial directions.

The measurement of diffusion coefficients of water (D)
inside of the CHAS tablets may provide quantitative infor-
mation on the effect of drug loading on the mobility of the
polymer matrix. The initial diffusion coefficient of water
can be obtained from the water proton image profiles, an ex-
ample of which is shown in Fig. 3. At the initial stage of
swelling, a tablet can be treated as an infinite cylinder in
which water diffusion follows Fick’s second law of diffu-
sion.6,17 The initial diffusion coefficients of water (shown in
Table 1) can be obtained from fitting the data to

½2� C

C0

¼ 1� 2
X1
n¼1

J0ðxan=rÞ
anJ1ðanÞ

e
�D

a2
n

r2 t

� �

where C and C0 are the concentrations of water at distance x
and at the surface of the cylinder, respectively, r is the ra-
dius of the cylinder, D the diffusion coefficient of water, t
the immersion time, J0 the Bessel function of the first kind
of the order 0, J1 the Bessel function of the first kind of the
order 1, and an the nth root of J0 = 0.18–21

At the beginning of immersion, the assumption of infinite
cylinder is applicable and good fits to eq. [2] can be easily
obtained, as exemplified by Fig. 3. The initial diffusion co-
efficients of water in CHAS tablets are comparable for all
three tablets with different drug loading levels along both
directions (Table 1). But the cylinder assumption becomes
invalid with the further advancement of water inside the tab-
lets. Alternatively, the average diffusion coefficient (D) can
be calculated from the mass uptake by substituting the kd
value obtained from eq. [3] into eq. [4]:17,22

½3� M

M1
¼ kdtn

½4� D ¼ kdpr

4

� �2

where M and M? are the amount of water penetrated in a
tablet at time t and at equilibrium, respectively, and kd is a
parameter related to the diffusion.

Mass uptake could be obtained from either gravimetric
analyses or the integration of water signals in NMR images.
The tablets become fragile after immersion in water, and
manipulations during the weighing process may introduce
errors, yielding less consistent results than the integration of
signals of the NMR images. The latter method may also be
difficult to apply for the system here since eq. [3] becomes
invalid at ca. 60% of water uptake,9,23 which can be accom-
plished within 3 h for the tablets. The rapid water uptake

Table 1. The initial diffusion coefficients of water fitted to eq. [2] and the average diffusion
coefficients fitted to eq. [5] in the CHAS tablets.

Drug loading (%) Axial D0 Radial D0 D0 (10–11 m2 s–1) D1 (10–11 m2 s–1)
10 6.50±0.16 5.15±1.06 2.38±0.21 13.6±2.1
20 7.11±0.45 3.32±0.62 1.82±0.04 12.3±0.1
40 7.63±0.30 4.19±0.53 1.98±0.19 16.2±2.5

Fig. 4. Diffusion coefficients of water in the inner core of the ta-
blets loaded with 10% (&), 20% (*), and 40% (!) acetamino-
phen obtained by diffusion-weighted imaging. The values
corresponding to the hydrated gels of the tables are shown by
closed symbols.

Fig. 5. Release of drugs of CHAS tablets loaded with 10% (&),
20% (*), and 40% (!) acetaminophen. The amount of the drug
released is quite different while the percentage remained similar.
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during the first 3 h and the long acquisition time of each im-
age with good S/N ratio (17 min) add up to the difficulty of
obtaining an accurate D.

To overcome such difficulties, diffusion-weighted images
were acquired from which average diffusion coefficients
may be obtained. This method produces images weighted
with the local characteristics of water diffusion. The diffu-
sion coefficients of both the gel part and the core of the tab-
lets with various drug loading levels are shown in Fig. 4.
Reliable values of D cannot be obtained for an immersion
time of less than 10 h when the signal attenuation is too
low to be accurately detected even if a high gradient
strength is applied. Figure 4 shows that the self-diffusion co-
efficients of water in the outer gel changes only slightly
with time and the values are comparable for different tab-
lets, while those in the inner part of the tablets changed
with time and vary significantly with different drug loading
levels. The signal in the core for the tablets with 40% drug
loading increased faster than the tablets of lower loadings.
The faster water diffusion in these tablets agrees well with
the faster swelling of the tablets. Since APAP is more hy-
drophilic than the CHAS matrix, a higher loading of APAP
facilitates the diffusion of water towards the core.

The percentage of drug released at 37 8C (Fig. 5A) shows
only minor differences among the tablets of different drug
loading levels, even though the absolute amount of the drug
released are very different (Fig. 5B). A small initial burst
could be attributed to the release of the drug at the surface
and surface erosion of the matrix prior to the formation of a
gel layer. The drug release curves can be fitted to the equa-
tion F = ktn. The value of the power index, n, serves as a
criterion to determine whether the release is controlled by a
diffusion mechanism (n = 0.5) or polymer relaxation mecha-
nism (n = 1). For the CHAS tablets with 10%, 20%, and
40% APAP, the n values are found to be 0.51, 0.55, and
0.56, respectively, indicating the drug release process is do-
minated by a diffusion mechanism in all the tablets.

The average diffusion coefficients (D) may be obtained
by fitting the dissolution test results to the following equa-
tion:24

½5� MðtÞ
Mð1Þ ¼ 1� 8

l2a2

X
m

a�2
m expð�Da2

mtÞ

�
X
n

b�2
n expð�Db2

ntÞ

where M(t) and M(?) are the amount of drug released at
time t and infinite time, respectively, l is the half-thickness
of the tablet, r the radius, and D the diffusion coefficient; a
and b are parameters defined in J0(ra) = 0 and bn ¼ ð2nþ1Þp

2l
,

where J0 is a zero-order Bessel function. The model is ap-
plicable to tablets of a shape ranging from a flat disk to a
cylinder. It is important to note that the validity of the equa-
tion is based on the hypotheses that there is no dimension
change of the tablets, no variation of the diffusion coeffi-
cient of water from the outer gel to inner core, and no gra-
dual increase of diffusion coefficients of water in the tablets
over time. For comparison purposes, the fitting was per-
formed on two stages, yielding the ‘‘initial’’ average diffu-
sion coefficient (D0) using the initial dimension of the
tablet (l and r) during the drug release of 0%–60% (corre-

sponding to an immersion time from 0 to 3.5 or 4 h, depend-
ing on the amount of drug loading) and the average
diffusion coefficient at equilibrium (D1) using the final di-
mension during the drug release of 80%–100% (corre-
sponding to an immersion time period of ca. 7–18 h). The
results are shown in Table 1. The assumption of a constant
diffusion coefficient leads to lower D0 values than those ob-
tained by spin density profile fitting, but still in the same or-
der of magnitude. Moreover, the values for 10%–40% drug
loadings are similar to each other, which is consistent with
the trend obtained from NMRI profile fitting. At equili-
brium, the water diffuses much faster than at the beginning
and thus D1 is almost an order of magnitude higher than
D0. The trend is also reflected by the diffusion-weighted
imaging experiments (Fig. 4). The difference between the
two series of diffusion coefficients may be explained by the
low repetition time used during the diffusion-weighted ima-
ging experiments. Strictly speaking, this model is not applic-
able because of the gradual size change of the tablets and
the heterogeneous diffusion process involved.

Conclusion

We have studied the effect of drug loading for the case of
cross-linked high-amylose starch with APAP. In this case,
the amount of drug released is higher with a higher level of
drug loading, but the percentage of the drug released re-
mained similar, making the prediction of drug release easier.
This is likely due to the formation of a protective gel layer
upon hydration of the tablets, which serves as a key factor
in such a controlled release process. The NMR imaging re-
sults also show that the radial and axial swelling and water
uptake of the CHAS tablets increased with the drug loading
level. Diffusion of water is faster for the tablets of high drug
loadings due to the hydrophilicity of APAP, especially at a
later stage of the release process. The dissolution tests dem-
onstrated that the release of APAP from the CHAS tablets
followed a diffusion mechanism. The results of this study
may be useful in the study of the controlled release of drugs
from pharmaceutical tablets made of starch.
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(6) Thérien-Aubin, H.; Baille, W. E.; Zhu, X. X.; Marchessault,
R. H. Biomacromolecules 2005, 6 (6), 3367. doi:10.1021/
bm0503930. PMID:16283767.

(7) Baille, W. E.; Malveau, C.; Zhu, X. X.; Marchessault, R. H.
Biomacromolecules 2002, 3 (1), 214. doi:10.1021/
bm015621e. PMID:11866576.

(8) Malveau, C.; Baille, W. E.; Zhu, X. X.; Marchessault, R. H.
Biomacromolecules 2002, 3 (6), 1249. doi:10.1021/
bm025576q. PMID:12425662.

(9) Russo, M. A. L.; Strounina, E.; Waret, M.; Nicholson, T.;
Truss, R.; Halley, P. J. Biomacromolecules 2007, 8 (1), 296.
doi:10.1021/bm060791i. PMID:17206820.
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Mixed micelles of poly(styrene-b-3-
(methacryloylamino)propyltrimethylammonium
chloride-b-ethylene oxide) and anionic
amphiphiles in aqueous solutions

Jingjing Liu, Airi Yoneda, Dian Liu, Yuuichi Yokoyama, Shin-ichi Yusa, and
Kenichi Nakashima

Abstract: The micelles of poly(styrene-b-3-(methacryloylamino)propyltrimethylammonium chloride-b-ethylene oxide)
(PS-b-PMAPTAC-b-PEO) have been successfully prepared in aqueous solutions. The micelles have a PS core, cationic
PMAPTAC shell, and PEO corona. Due to the short PS chain (degree of polymerization = 8), the formation of micelles is
difficult at a low concentration, and the micelles are detected only at concentrations higher than 1 g L–1. The addition of
anionic amphiphiles, such as sodium dodecyl sulfate (SDS) and poly(methacrylic acid) (PMAA), induces the formation of
mixed micelles at a low concentration level of the polymer (~0.005 g L–1). This can be ascribed to insolubilization of the
cationic PMAPTAC block due to charge neutralization by the anionic amphiphiles. The binding of SDS or PMAA to the
PMAPTAC block is confirmed by zeta-potential measurements. The mixed micelles are characterized by dynamic light
scattering (DLS), scanning electron microscopy (SEM), and fluorescence measurements. Based on DLS measurements, it
is revealed that the hydrodynamic diameter of the mixed micelles falls in the range of 120–130 nm. SEM measurements
provided clear pictures of mixed micelles with a spherical morphology. The kinetics of exchange of organic dyes between
the micelle particles was investigated by fluorescence techniques. The result indicates that the exchange of the dyes be-
tween the micelle particles takes places within a time scale of seconds.

Key words: polymeric micelles, amphiphilic ABC triblock copolymer, mixed micelles, sodium dodecyl sulfate (SDS),
poly(methacrylic acid) (PMAA).

Résumé : Opérant en solutions aqueuses, on a préparé avec succès des micelles de poly(styrène- chlorure de b-3-(métha-
cryloylamino)propyltriméthylammonium- b-oxyde d’éthylène) (PS-b-CPMAPTA-b-POE). Les micelles comportent un
squelette de polyéthylène (PS), une coquille cationique de chlorure de polyméthacryloylaminopropyltriméthylammonium
(CPMAPTA) et une couronne de polyoxyde d’éthylène (POE). En raison de la courte longueur de la chaise de polystyrène
(degré de polymérisation = 8), la formation de micelles est difficile à faible concentration et les micelles ne peuvent être
détectées qu’à des concentrations supérieures à 1 g L–1. L’addition d’amphiphiles anioniques, tel le dodécylsulfate de so-
dium (DSS) et l’acide poly(méthacrylique) (APMA), induisent la formation de micelles mixtes à des niveaux de concentra-
tion faible de polymère (environ 0.005 g L–1). Ce comportement peut être attribué à l’insolubilization du bloc cationique
de chlorure de polyméthacryloylaminopropyltriméthylammonium (CPMAPTA) provoquée par la neutralisation de la charge
par les amphiphiles anioniques. La fixation du DSS ou de l’acide poly(méthacrylique) sur le bloc CPMAPTA est confir-
mée par des mesures de potentiel zêta. Les micelles mixtes ont été caractérisées par des mesures de diffraction dynamique
de la lumière (DDL), de microscopie électronique à balayage (MEB) et de fluorescence. Sur la base de mesure de diffrac-
tion dynamique de la lumière, on a pu établir que le diamètre hydrodynamique des micelles mixtes se situe entre 120 et
130 nm. Les mesures de microscopie électronique à balayage permettent d’établir clairement que les micelles mixtes pos-
sèdent une morphologie sphérique. On a étudié les cinétiques d’échange de colorants organiques entre les particules de mi-
celles par les techniques de fluorescence. Les résultats indiquent que l’échange des colorants entre les particules de
micelles se fait sur une échelle de temps de secondes.
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Mots-clés : micelles polymères, copolymère amphiphile à trois blocs ABC, micelles mixtes, dodécylsulfate de sodium
(DSS), acide poly(méthacrylique) (APMA).

[Traduit par la Rédaction]

______________________________________________________________________________________

Introduction
The synthesis of nanoparticles with a unique size and

shape finds potential applications in areas such as optics,
electronics, catalysis, and storage devices. For their synthe-
sis, templates are often indispensable and it is an important
issue to stabilize these nanoparticles or to arrange them into
superstructures. For this purpose, amphiphilic block copoly-
mers with hydrophilic and hydrophobic blocks turned out to
be advantageous as each block performs different func-
tions.1–4 In most cases, the block copolymers are dissolved
in a selective solvent that is poor for one block and good
for the other block(s), which results in spherical micelles
with a core–shell or multilayer structure.5

Very recently, core–shell–corona micelles from ABC tri-
block copolymers in aqueous solutions have attracted much
attention. This type of micelle consists of a hydrophobic
dense core surrounded by a hydrophilic shell, and an outer
hydrophilic corona, which protects the micelles stability in
an aqueous environment.6–9 A typical example of a well-de-
fined core–shell–corona micelle is the micelle of poly(styr-
ene-b-2-vinylpyridine-b-ethylene oxide) (PS-b-P2VP-b-PEO)
triblock copolymer, which has a PS core, P2VP shell, and
PEO corona in aqueous solutions.10,11 It was found that the
micelles undergo a pH-sensitive morphological change from
shrunken to extended spheres as the pH of the micellar solu-
tion is lowered below 5. This is due to the protonation of the
P2VP block at a pH lower than 5, which causes an electro-
static repulsion between the protonated P2VP chains. Such a
morphological change was also induced when the positive
charge of the protonated P2VP was cancelled by the negative
additives including dodecyl sulfate, dextran sulfate, and
tungstate.12–15

It is important to note that the P2VP shell in the micelle of
PS-b-P2VP-b-PEO is ionized only in a limited pH range,
which restricts its potential applications in diverse material
synthesis.16,17 To overcome this difficulty, we synthesized a
new ABC triblock copolymer, poly(styrene-b-3-(methacry-
loylamino)propyltrimethylammonium chloride-b-ethylene ox-
ide) (PS-b-PMAPTAC-b-PEO) by a reversible addition-
fragmentation chain transfer (RAFT) controlled radical
polymerization.18 We confirmed the formation of core–
shell–corona micelles of PS-b-PMAPTAC-b-PEO in aqueous
solutions.18 The central PMAPTAC block is ionized over a
wide pH range in contrast to the P2VP block, which is im-
portant when we employ these micelles as nanoreactors. The
reactants can be incorporated into the PMAPTAC shell of
the PS-b-PMAPTAC-b-PEO micelles at almost any pH in
contrast to the P2VP shell of the PS-b-P2VP-b-PEO micelles.

In our previous study,18 the micelles of PS-b-PMAPTAC-
b-PEO with a longer PS chain (degree of polymerization,
DP = 80) were already investigated in aqueous solutions.
We now report the studies of micelles of the PS-b-PMAP-

TAC-b-PEO triblock copolymer with a short PS chain
(DP = 8, Scheme 1). With a short PS chain, the formation
of micelles is often quite difficult at low concentrations, and
therefore the mixed micelle formation was also investigated
in the presence of counter ions, such as sodium dodecyl sul-
fate (SDS) and poly(methacrylic acid) (PMAA). The counter
ions with a negative charge are expected not only to stabilize
the micelles through electrostatic binding with a positively
charged PMAPTAC shell, but also to offer some interesting
morphological changes to the micelles. Therefore, some new
functional mixed micelles were also expected from these
molecular self-assemblies. The micelles of the neat triblock
copolymer and its mixed micelles were characterized by var-
ious techniques including dynamic light scattering (DLS),
electrophoretic light scattering (ELS), scanning electron mi-
croscopy (SEM), and fluorescence spectroscopy.

Experimental

Chemicals
(3-(Methacryloylamino)propyl)trimethylammonium chlor-

ide (MAPTAC) (50 wt% in water) from Sigma-Aldrich was
passed through an inhibitor-remover column. 4,4’-Azobis(4-
cyanopentanoic acid) (V-501) (98%) from Wako Pure
Chemicals Industries, Ltd. (Wako) was used as received
without further purification. 2,2’-Azobis(isobutyronitrile)
(AIBN) (98%) from Wako was recrystallized from metha-
nol. The styrene was washed with an aqueous alkaline solu-
tion and distilled from calcium hydride under reduced
pressure. The N,N-dimethylformamide (DMF) was dried
over 4 Å molecular sieves and distilled under reduced pres-
sure. The methanol was dried over 4 Å molecular sieves and
distilled. Pyrene (Sigma-Aldrich), titan yellow (TY, Wako),
fluorescein (FL, Sigma-Aldrich), and SDS (Wako) were
used without further purification. The PMAA homopolymer
(Scientific Polymer Products, Inc.) was used as supplied.
The molecular weight of PMAA is 15 000.

Synthesis of PS-b-PMAPTAC-b-PEO
The poly(ethylene oxide) (PEO) based chain transfer

agent (PEO–CTA) was synthesized according to the method
reported by McCormick and co-workers.19 The diblock
copolymer, PEO-b-PMAPTAC, was synthesized via RAFT
radical polymerization as previously reported.20 The molecu-
lar weight distribution (Mw/Mn) value determined by
gel-permeation chromatography (GPC) was 1.02. The
number-average degree of polymerization (DP) for the PEO
and PMAPTAC blocks were estimated to be 47 and 106, re-
spectively. A procedure for the synthesis of the triblock co-
polymer, PS-b-PMAPTAC-b-PEO is as follows: Styrene
(525 mg, 5.04 mmol), 2,2’-azobis(isobutyronitrile) (3.30 mg,
0.02 mmol), and PEO-b-PMAPTAC (1.22 g, 0.05 mmol)
were dissolved in methanol (105 mL). The mixture was de-
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gassed by purging with Ar gas for 30 min. The polymeriza-
tion was carried out at 60 8C for 24 h. The polymerization
mixture was then poured into a large excess of ethyl acetate
to precipitate the resulting polymer. The polymer was puri-
fied by reprecipitating from dimethyl sulfoxide (DMSO) into
a large excess of ethyl acetate. The obtained triblock copoly-
mer was dried in a vacuum oven for 24 h (1.02 g). The DP
values for the PS block and number-average molecular
weight (Mn) of PS-b-PMAPTAC-b-PEO were 8 and 2.65 �
104, respectively, as estimated by 1H NMR in DMSO-d6 at
100 8C. The detailed characterization method was described
in our previous report.18

Gel-permeation chromatographic measurements
The gel-permeation chromatographic (GPC) measure-

ments of PS-b-PMAPTAC-b-PEO were performed using a
refractive index (RI) detector equipped with a Shodex
10 mm bead size GPC K-806 mol/L column (exclusion limit
*107) working at 40 8C. DMSO containing 10 mmol L–1

LiBr was used as the eluent at a flow rate of 0.5 mL min–1.
PS-b-PMAPTAC-b-PEO cannot be completely dissolved

except in DMSO. Although the unimodal GPC elution curve
was detected for PS-b-PMAPTAC-b-PEO, the molecular
weight could not be determined due to the insolubility of
standard polystyrene samples in the eluent.

Dynamic light scattering measurements
The dynamic light scattering (DLS) was measured by an

Otsuka ELS-800 at a fixed 908 scattering angle. Correlation
functions were analyzed by a histogram method and used to
determine the diffusion coefficient (D) of the nanocom-
plexes in the test sample. The hydrodynamic diameter (Dh)
was calculated from D using the Stokes–Einstein equation:

½1� Dh ¼
kBT

3phD

where kB is the Boltzmann constant, T is the absolute tem-
perature, and h is the solvent viscosity.

Light scattering measurements
The light scattering measurements were carried out using

a JASCO FP-6500 fluorescence spectrophotometer. The
samples were irradiated with 400 nm light from a 150 W

Xe-lamp and the scattered light was detected at a right angle
configuration.

Zeta-potential measurements
The electrophoresis mobility (EPM) was measured with

an Otsuka ELS-800. The zeta potential was calculated from
the EPM using Smoluchowski’s equation:

½2� mE ¼
z3

h

where mE is EPM, z is the zeta potential, and 3 is the solvent
permittivity.

Fluorescence spectroscopy
The fluorescence spectra were recorded by a JASCO FP-

6500 fluorescence spectrophotometer using right-angle ge-
ometry.

Scanning Electron Microscopy
SEM measurements were carried out using a Hitachi S-

3000N electron microscope at an accelerating voltage of
15 kV. The samples were prepared by dropping the micelle
solution onto a carbon seal (Nisshin Em Co.) attached to the
glass plate, followed by drying in air for 24 h.

Results and discussion

Micelle formation of PS-b-PMAPTAC-b-PEO
We first investigated the micellar behavior of PS-b-

PMAPTAC-b-PEO in an aqueous solution without adding
any amphiphiles. Figure 1a shows the hydrodynamic diame-
ter (Dh) of the micelles with respect to different polymer
concentrations. For the polymer concentration ranging from
1 to 5 g L–1, reasonable hydrodynamic diameters were ob-
tained by the DLS method and no reliable data were ob-
tained for concentrations below 1 g L–1. The weak scattered
light intensity is the reason for the lack of reliable data be-
low 1 g L–1 and it should be noted in Fig. 1a that the Dh
values on the x axis do not correspond to 0 nm, but indicates
that stable data were not obtained.

To determine the critical micelle concentration (cmc), an
important parameter of polymeric micelles, we have carried
out light scattering measurements because the sensitivity of
the DLS measurement is not high enough to determine the

Scheme 1. The structure of PS-b-PMAPTAC-b-PEO employed in this study.
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cmc. It is noted from Fig. 1b that the light intensity in-
creased with the increasing polymer concentration, and a
drastic change occurred at 5 g L–1. However, this value
does not seem to be the cmc, because this concentration is
almost the same as the concentration at which the DLS in-
tensity was significantly enhanced.

As we could not get a clear cmc value from the DLS or
from light scattering method, we carried out fluorescence
measurements using pyrene as a probe.21 It is reported by
Winnik and co-workers21 that the intensity ratio (so-called
I1/I3 ratio) between the 0–0 band (band 1) and the b1g vi-
bronic band (band 3) in monomer fluorescence gives the
upper bound of the cmc of a polymeric micelle, and the ex-
citation spectra gives an exact cmc value. However, we
could not observe any significant change in both the I1/I3 ra-
tio and excitation spectra (see Fig. S1 in the Supplementary
data). One of the possible reasons may be that the core of
the micelles is not hydrophobic enough to provide a nonpo-
lar environment to the pyrene molecule because the PS
chain is very short.

The micelle formation of the PS-b-PMAPTAC-b-PEO
polymer was confirmed by SEM observations. Figure 2
shows the SEM image of the sample having spherical mi-
celle particles. Thus, the SEM result provided concrete evi-
dence for micelle formation of the present block copolymer
and the estimated diameter from the SEM (around 100 nm)
matches well with that obtained by DLS.

The temperature dependence of the hydrodynamic diame-
ter of these polymeric micelles was also investigated and
shown in Fig. 3. The diameter was measured by DLS at dif-
ferent temperatures starting from room temperature to
50 8C. Initially, the observed diameter was found to be ap-
proximately 100 nm until the temperature reached 35 8C. A
further increase in temperature led to a sharp increase in the
micelle’s diameter up to 350 nm. The rapid increase in size
may be due to the dehydration of the PEO block, which re-
sults in a secondary aggregation. The sharp increase in Dh

around 35 8C may open some applications because this tem-
perature is close to human body temperature.

Fig. 1. (a) The hydrodynamic diameter (Dh) of the micelles of PS-
b-PMAPTAC-b-PEO as a function of the polymer concentration.
(b) The light scattering intensity of micellar solutions of PS-b-
PMAPTAC-b-PEO as a function of the polymer concentration. It
should be noted that in Fig. 1a the Dh values on the x axis do not
correspond to 0 nm, but indicate that stable data were not obtained.

Fig. 2. The SEM image of the micelles of PS-b-PMAPTAC-b-PEO.
The SEM sample was prepared at 25 8C from a polymer solution
with a concentration of 1 g L–1.

Fig. 3. Variation in the Dh of the micelles of PS-b-PMAPTAC-b-
PEO vs temperature. All the measurements were made from a
polymer solution at a concentration of 5 g L–1.
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Mixed micelles of PS-b-PMAPTAC-b-PEO and SDS
The formation of mixed micelles based on an electrostatic

interaction between the positively charged PMAPTAC block
in PS-b-PMAPTAC-b-PEO and the added surfactants was
also examined in the present study. For the investigation,
we employed an anionic surfactant (SDS), which is expected
to interact with the positively charged PMAPTAC shell. To
express the amount of added SDS, we introduced the con-
cept of apparent degree of neutralization (ADN), which is
defined by

½3� ADN ð%Þ ¼ Amount of added SDS in mole unit

Amount of trimethylammonium group of the PMAPTAC block in mole unit
� 100

Fig. 4. (a) The effect of concentration over the Dh for SDS/PS-b-
PMAPTAC-b-PEO mixed micelles (ADN = 50%). (b) The effect of
concentration over the I1/I3 ratio of pyrene in SDS/PS-b-PMAPTAC-
b-PEO solution (ADN = 50%). The fluorescence measurements were
carried out at an excitation wavelength of 334 nm, and the excitation
and emission band passes are 5 and 1 nm, respectively. It should be
noted in Fig. 4a that the Dh values on the x axis do not correspond to
0 nm, but indicate that stable data were not obtained.

Fig. 5. (a) Variation in the Dh and (b) zeta potential (z) of mixed
micelles of SDS/PS-b-PMAPTAC-b-PEO as a function of ADN.
The concentration of PS-b-PMAPTAC-b-PEO was fixed at
0.1 g L–1 for both experiments.

Fig. 6. The SEM image of the micelles SDS/PS-b-PMAPTAC-b-
PEO. The SEM sample was prepared from a polymer solution at
the polymer concentration of 0.1 g L–1 and ADN = 50%.
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Figure 4a shows the Dh of the mixed micelles as a func-
tion of the polymer concentration at 50% ADN. A nearly
uniform micelle size of about 125 nm was obtained when
the polymer concentration level was above 0.006 g L–1 and
no reliable DLS data were obtained below that concentra-
tion. The formation of mixed micelles was also confirmed
by the vibronic fine structure of the pyrene fluorescence
spectra (Fig. 4b). The sudden decrease in the I1/I3 ratio
above 0.005 g L–1 indicates the upper bound of the critical
aggregate concentration (cac).21 It should be noted that in
the presence of SDS, the cac, value is significantly low indi-
cating the smooth formation of the mixed micelles. The
main significance of using SDS is that by neutralizing the
positive charge of the PMAPTAC block, it increases the hy-
drophobicity, which facilitates the formation of core as well
as stable micelles.

We have also explored the PS-b-PMAPTAC-b-PEO mi-
celles for possible stimuli-induced morphological changes
in the presence of SDS. In the absence of SDS, the PMAP-
TAC block of the PS-b-PMAPTAC-b-PEO micelles is ex-
pected to exist in an extended conformation due to the
repulsion between the positive charges; whereas binding of
SDS to the PMAPTAC block may lead to a shrunken con-
formation due to the cancellation of the charges. Figure 5a
shows the variation in the hydrodynamic diameters of the
mixed SDS/PS-b-PMAPTAC-b-PEO micelles with different
ADN values. With the addition of SDS, the Dh gradually de-
creased and the solution turned turbid at 60% ADN. The re-
duction in the hydrodynamic diameter of the micelles
clearly indicates that the SDS effectively binds with the cat-
ionic PMAPTAC and eliminates the repulsive forces be-
tween the PMAPTAC blocks.

The variation in the zeta potential with ADN is shown in
Fig. 5b. The successive addition of SDS resulted in a contin-
uous decrease in the zeta potential from 67.3 to 51.8 mV.
This result indicates that the positive charges on the PS-b-
PMAPTAC-b-PEO micelle particle are neutralized due to
electrostatic binding of the oppositely charged species.

Figure 6 shows the SEM image of the SDS/PS-b-PMAP-

TAC-b-PEO mixed micelles at 50% ADN, and spherical
particles with a good dispersivity are clearly observed. This
image provides clear evidence for the formation of the
mixed micelles of PS-b-PMAPTAC-b-PEO and SDS.

Mixed micelles of PS-b-PMAPTAC-b-PEO and PMAA
Impressed by the above results, we have extended our

studies using the combination of the PS-b-PMAPTAC-b-
PEO copolymer and PMAA, where the latter is expected to
have application in biological and medical fields, e.g., con-
trolled release of insulin after oral administration.22 Figure
7 shows the Dh of mixed micelles over a range of polymer
concentrations at 50% ADN. Nearly uniform micelles with a
size of about 120 ± 5 nm were obtained when the polymer
concentration was raised above 0.006 g L–1 indicating the
formation of the mixed micelle in the presence of PMAA.
Figure 8a shows the change in the hydrodynamic diameter
of mixed micelles, PMAA/PS-b-PMAPTAC-b-PEO, at dif-
ferent ADNs. When PMAA was added to the aqueous solu-
tion of PS-b-PMAPTAC-b-PEO, the Dh rapidly increased to
about 100 nm at 10% ADN and then the increase in the mi-
celle size was rather slow with a further neutralization. The
moderate increase in the Dh at a low degree of neutralization
is attributed to the partial charge neutralization of the
PMAPTAC blocks by PMAA. Unlike the case of SDS, no

Fig. 7. Variation in the Dh for the mixed micelles of PMAA/PS-b-
PMAPTAC-b-PEO with respect to concentration of PS-b-PMAP-
TAC-b-PEO (ADN = 50%). It should be noted that the Dh values
on the x axis do not correspond to 0 nm, but indicate that stable
data were not obtained.

Fig. 8. Variation in the (a) Dh and (b) zeta-potential (z) of mixed
micelles of PMAA/PS-b-PMAPTAC-b-PEO at different ADNs. The
concentration of PS-b-PMAPTAC-b-PEO is fixed at 0.1 g L–1 for
both experiments.

Liu et al. 213

Published by NRC Research Press



morphological change from the extended to shrunken con-
formation was observed, and also, the micellar solution did
not become turbid even after 150% ADN. The lack of tur-
bidity formation may be due to the hydrophilicity of the re-
sidual carboxyl groups present in the methacrylic acid after
neutralization. The hydrophilic nature of the mixed micelles
is implied from the change in the I1/I3 ratio in the pyrene
fluorescence spectra (see Fig. S2 in the Supplementary
data). The I1/I3 ratio shows a very slight change upon going
from low (0.0001 g L–1) to high (0.1 g L–1) polymer concen-
trations.

Additional proof for the effective binding of PMAA was
obtained from the zeta-potential measurements (Fig. 8b).
The positive charge of the PS-b-PMAPTAC-b-PEO micelle
particles is gradually neutralized during the binding of the
oppositely charged PMAA resulting in a continuous de-
crease in the zeta potential up to 0 mV at about 100%
ADN. However, the addition of more PMAA caused a fur-
ther decrease in the zeta potential to –22.9 mV indicating
the presence of excess negative charges in the mixed micelle
system. The above results indicate that, in addition to the
electrostatic interaction, there could be another type of inter-
action between the triblock copolymer and PMAA.
Although the exact nature of the interaction is not known, it
may be (1) a hydrophobic interaction between PMAA and

the PS-b-PMAPTAC-b-PEO or (2) hydrogen bonding be-
tween PMAA and the PEO block. The morphology and dis-
persivity of these mixed micelle systems is recorded by
SEM, which is shown in Fig. 9.

Kinetics of the exchange of organic dyes between the
micelle particles

It is interesting to investigate the kinetics of the exchange
of organic dyes between the micelle particles, because the
exchange kinetics can be related to the drug release from
the container micelles. One of the methods to study the ex-
change kinetics is to use electronic energy transfer.23 This

Fig. 12. Time dependence of FL fluorescence in the mixed micelle
solutions of PMAA/PS-b-PMAPTAC-b-PEO. The concentration of
PS-b-PMAPTAC-b-PEO is 0.1 g L–1 and ADN is 30% throughout
the experiment. The concentration of FL is 40 mmol L–1 at point A.
The concentrations of FL and TY at the end (at point C) are 20 and
2 mmol/L, respectively.

Fig. 9. The SEM image of the mixed micelles of PMAA/PS-b-
PMAPTAC-b-PEO. The SEM sample was prepared from a 0.1 g
L–1polymer solution; ADN = 50%.

Fig. 10. The schematic representation for two model cases of the
exchange of TY and FL dyes between the micelle particles.

Fig. 11. The fluorescence spectra of FL and TY in the mixed mi-
celles of PS-b-PMAPTAC-b-PEO and PMAA. The solid line indi-
cates the fluorescence spectrum of FL (40 mmol/L) incorporated in
the micelles. The dotted line shows the fluorescence spectra of TY
(2 mmol/L) and FL (20 mmol/L), which are premixed before being
incorporated in the micelles. The polymer concentration and ADN
are fixed at 0.1 g L–1 and 30%, respectively, throughout the experi-
ments. The samples are excited at 350 nm, and both the excitation
and emission band passes are 3 nm. It should be noted that the
concentration of FL in the solid line spectrum is two times higher
than that in the dotted line spectrum.
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idea is schematically shown in Fig. 10. We prepared two
kinds of micelle solutions: one only contains FL and the
other only contains TY. It is known that the electronic en-
ergy of TY is transferred to FL by a dipole–dipole interac-
tion, resulting in quenching of the TY fluorescence and the
sensitization of the FL fluorescence.24,25 The critical energy
transfer distance is usually less than 10 nm. Therefore, the
energy transfer quenching of the TY fluorescence and sensi-
tization of the FL fluorescence will effectively occur when
both TY and FL are incorporated in the same micelle par-
ticle, while they will not occur when TY and FL are parti-
tioned among the different particles. We monitored the
fluorescence intensity of FL before and after the mixing of
the two micelle solutions. If the exchange of the incorpo-
rated dyes occurs within the time scale of seconds or less
(case B in Fig. 10), then we will observe a quick increase in
the fluorescence intensity of FL. If it takes hours or a much
longer time for the exchange to occur (case A in Fig. 10), we
will not observe any significant intensity change.

To investigate the exchange kinetics of the organic dyes
between the micelle particles, we employed the mixed mi-
celles of PS-b-PMAPTAC-b-PEO and PMAA. Before we
examined the time profile of the fluorescence intensity of
FL, we measured the fluorescence spectra of TY and FL in
the mixed micelle solutions of PS-b-PMAPTAC-b-PEO and
PMAA (Fig. 11). In the absence of TY (Fig. 11, solid line),
there is only one band (around 520 nm) corresponding to the
fluorescence of FL. When TY is also present in the micelle
(Fig. 11, dotted line), we observe two bands, one is assigned
to TY (around 425 nm), and the other is assigned to FL
(around 520 nm). If we compare the two spectra (i.e., the
solid and dotted lines), we realize that the fluorescence of
FL is significantly sensitized by TY. This fact indicates that
the energy transfer from TY to FL effectively occurs in the
micelle particle, because such a high sensitization does not
occur in the absence of the micelles (see Fig. S3 in the Sup-
plementary data). In the bulk aqueous solution (i.e., in the
absence of the micelles), the fluorescence of FL is not in-
creased, but decreased by the presence of TY, because the
intensity increase due to the sensitization by TY is much
lower than the intensity decrease due to the inner filter ef-
fect of TY.

Figure 12 shows a time profile of the fluorescence inten-
sity of FL in the mixed micelle solution. At point A in Fig.
12, the sample contains only FL. We quickly added the sol-
ution containing TY at point B in Fig. 12. The fluorescence
intensity increased rapidly to the level of point C in Fig. 12,
indicating that the TY and FL in different micelle particles
rapidly mixed with each other in the same micelle particle.
Therefore, we can conclude that the exchange of the incor-
porated dyes takes places within a time scale of seconds.

Conclusions

The micelles of PS-b-PMAPTAC-b-PEO have been suc-
cessfully prepared in aqueous solutions. Due to the short PS
chain (DP = 8), the formation of micelles is difficult at low
concentrations, and the micelles are detected by DLS and
light scattering only at concentrations higher than 1 g L–1.
This concentration is considerably higher than that (0.0015

g L–1) found previously for the same type of triblock co-
polymer with a longer PS chain (DP = 80).18

The addition of anionic amphiphiles, such as SDS and
PMAA, induces the formation of mixed micelles at a low
concentration level of the polymer (~0.005 g L–1). This can
be ascribed to the insolubilization of the cationic PMAP-
TAC block due to charge neutralization by the anionic am-
phiphiles. The binding of SDS or PMAA to the PMAPTAC
block is confirmed by the zeta-potential measurements. The
zeta potential decreases with an increase in the amount of
the added SDS or PMAA, reflecting the charge neutraliza-
tion of the cationic PMAPTAC block with anionic SDS or
PMAA. The mixed micelles were characterized by DLS,
SEM, and fluorescence measurements. The DLS measure-
ments give Dh = 125 nm for the SDS/PS-b-PMAPTAC-b-
PEO mixed micelles and Dh = 120 nm for the PMAA/PS-b-
PMAPTAC-b-PEO mixed micelles. The SEM measurements
provided clear pictures of the mixed micelles with a spheri-
cal morphology for both SDS/PS-b-PMAPTAC-b-PEO and
PMAA/PS-b-PMAPTAC-b-PEO systems. The significant
difference between the two systems is that the SDS/PS-b-
PMAPTAC-b-PEO system undergoes precipitation when
ADN exceeds 50%, while the PMAA/PS-b-PMAPTAC-b-
PEO system does not undergo precipitation even after the
ADN exceeds 100%. This difference may be attributed to
the hydrophilicity of the residual carboxyl groups present in
PMAA after neutralization.

The exchange kinetics of organic dyes between the mi-
celle particles of the PMAA/PS-b-PMAPTAC-b-PEO system
was investigated by a fluorescence technique, which is based
on electronic energy transfer from TY to FL. This result in-
dicated that the exchange of the dyes between the micelle
particles takes places within a time scale of seconds.

Supplementary data
Supplementary data for this article (additional figures of

the dependence of the I1/I3 ratio on the polymer concentra-
tion are available for the solution of PS-b-PMAPTAC-b-
PEO micelles and PMAA/PS-b-PMAPTAC-b-PEO mixed
micelles and fluorescence spectra of FL and TY in aqueous
solutions) are available on the journal Web site (canjchem.
nrc.ca) or may be purchased from the Depository of Unpub-
lished Data, Document Delivery, CISTI, National Research
Council Canada, Ottawa, ON K1A 0R6, Canada. DUD
5319. For more information on obtaining material, refer to
cisti-icist.nrc-cnrc.gc.ca/cms/unpub_e.shtml.
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How switching the substituent of a pyrene
derivative from a methyl to a butyl affects the
fluorescence response of polystyrene randomly
labeled with pyrene

Mark Ingratta, Manoj Mathew, and Jean Duhamel

Abstract: A series of polystyrenes randomly labeled with 1-pyrenebutanol were prepared by copolymerizing styrene and
1-pyrenebutylacrylate yielding the CoBuE–PS series. Solutions of CoBuE–PS were prepared in nine organic solvents hav-
ing viscosities ranging from 0.36 to 5.5 mPa�s and the fluorescence spectra and pyrene monomer and excimer fluorescence
decays were acquired. Analysis of the fluorescence spectra yielded the IE/IM ratio, whereas analysis of the fluorescence de-
cays with the fluorescence blob model (FBM) yielded the parameters Nblob

o , <kblob � Nblob> , and kblob
o . These parameters

were compared to those obtained with two other series of pyrene-labeled polystyrenes, which had been studied earlier,
namely CoA–PS and CoE–PS where pyrene was attached to the polymer backbone via a methylamide and benzyl methyl-
ether linker, respectively. Although the parameters IE/IM, Nblob

o , <kblob � Nblob>, and kblob
o took different values according

to the specific nature of the linker connecting pyrene to the polystyrene backbone, they exhibited trends that were quite
similar for all the pyrene-labeled polystyrene constructs. The excellent agreement between the parameters retrieved for the
three different types of pyrene-labeled polystyrenes suggests that the FBM accounts satisfyingly for differences in the na-
ture of the label used, while still retrieving information pertinent to the polymer of interest.

Key words: polymer chain dynamics, fluorescence, polystyrene, pyrene.

Résumé : La série CoBuE–PS de polystyrènes marqués aléatoirement par du 1-pyrènebutanol a été preparée par copoly-
merisation du styrène avec de l’acrylate de 1-pyrènebutyle. Des solutions de CoBuE–PS ont été préparées dans neuf sol-
vents organiques dont les viscosités s’échelonnent de 0,36 à 5,5 mPa s. Les spectres de fluorescence ont été mesurés ainsi
que les déclins de fluorescence du monomère et de l’excimère du pyrène. L’analyse des spectres de fluorescence a permis
de déterminer les valeurs des rapports IE/IM alors que l’analyse des déclins de fluorescence à l’aide du modèle (« FBM »)
conduit aux paramètres, Nblob

o , <kblob � Nblob> et kblob
o . Ces paramètres ont été comparés à ceux obtenus avec deux autres

séries de polystyrènes marqués par du pyrène étudiées antérieurement, soit les séries CoA–PS et CoE–PS dans lesquels les
unités de pyrène étaient respectivement attachés à un squelette de polymère par des groupes méthylamide et oxide de ben-
zométhyle. Même si les paramètres IE/IM, Nblob

o , <kblob � Nblob> et kblob
o varient suivant la nature spécifique des groupes

qui relient le pyrène au squelette de polystyrène, ils présentent tous des tendances assez similaires pour tous les polymères
de polystyrène marqué par du pyrène. L’excellent accord entre les paramètres obtenus à partir de trois types différents de
polystyrènes marqués par du pyrène suggère que le modèle (« FBM ») permet d’expliquer d’une façon satisfaisante les dif-
férences dans la nature du marqueur utilisé tout en permettant d’en tirer l’information pertinente relative au polymère sous
étude.

Mots-clés : dynamique de chaı̂ne de polymère, fluorescence, polystyrène, pyrène.

Introduction

In the late 1970s and early 1980s, the research groups of
Winnik1–7 in Toronto, Canada, and Cuniberti and Perico8,9

in Genova, Italy, conducted pioneering experiments that
demonstrated how the process of excimer formation between
pyrene pendants covalently attached onto a polymer in solu-

tion provides information at the molecular level on the flex-
ibility of the polymer backbone. Among the various
scientific breakthroughs made during that period was the
use by the Winnik group in Toronto1 of time-resolved fluo-
rescence decays to obtain a direct measure of the rate con-
stant of pyrene encounters between two pyrenes attached at
the opposite ends of a monodisperse polymer. The bulk of
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the work carried out by Winnik and co-workers1–7 and Cuni-
berti and Perico8,9 was done with pyrene end-labeled mono-
disperse polymers to take advantage of the observation made
in 1974 by Wilemski and Fixman10,11 that the process of
end-to-end cyclization can be described by a single rate con-
stant, kcy, if the chain is monodisperse.

The majority of these early cyclization experiments used
pyrene due to its ability to form an excimer.12 Upon excita-
tion, an excited pyrene can either decay as a pyrene mono-
mer with its lifetime, tM, or it can encounter a ground-state
pyrene to form an excimer that emits with a lifetime tE. The
pyrene monomer and excimer are two distinct species that
represent, respectively, the reactants and the product of the
cyclization undergone by a pyrene end-labeled polymer.
Thus monitoring the rate of excimer formation provides a
measure of kcy. In turn, the cyclization experiments could
draw from earlier studies conducted by Birks12 that estab-
lished the validity of a kinetic scheme now referred to as
the Birks’ scheme that provides a robust procedure to deter-
mine the rate constant of excimer formation from fluores-
cence decay measurements acquired for the pyrene
monomer and excimer. Finally, the fact that pyrene acts
both as the chromophore upon excitation and as the
quencher while in the ground-state simplifies substantially
the labeling chemistry since no special arrangement needs
to be made in terms of reacting groups to ensure specific la-
beling of the chain with either the chromophore or the
quencher.

As mentioned earlier, most cyclization experiments car-
ried out with pyrene-labeled polymers used pyrene end-la-
beled monodisperse polymers due to the simplifications
associated with the use of a unique rate constant, kcy, to de-
scribe end-to-end cyclization.10,11 As a matter of fact, the
strict relationship predicted by Wilemski and Fixman10,11

that was found to exist between polymer chain length and
kcy made it quite difficult to study end-labeled polydisperse
polymers or randomly labeled polymers, since the process of
excimer formation needed to be handled by a distribution of
rate constants, with one rate constant corresponding to each
and every polymer length spanning every two pyrenes. In
turn, this complication prevented the use of randomly la-
beled polymers to study polymer chain dynamics in solution
despite their easier preparation and dramatic enhancement of
pyrene–pyrene encounters over what is typically observed
with pyrene end-labeled monodisperse polymers.13

In 1999, this laboratory introduced the fluorescence blob
model (FBM) as an analytical tool to study polymers ran-
domly labeled with pyrene.14 In a series of studies, the
FBM was shown to be surprisingly robust, enabling the ex-
perimentalist to retrieve reliable quantitative information
about polymer chain dynamics for different polymer back-
bones,15,16 polymer architectures,17 and in solutions of dif-
ferent solvent quality toward the polymer,13,15,16 viscosity,18

or polymer concentration.19 In an interesting recent develop-
ment, the rather complex FBM was found to yield trends in
terms of polymer chain dynamics that perfectly matched
those obtained with end-labeled monodisperse polymers,
providing an appealing alternative to study polymers that
cannot be easily prepared with a narrow molecular weight
distribution and (or) end-labeled.13,18

So far, the entire work carried out by this laboratory on

polymers randomly labeled with pyrene used a 1-pyrene-
methyl derivative with an alcohol or amine functionality to
label the polymer of interest, whereas a large number of
studies found in the literature use a 1-pyrenebutyl deriva-
tive.20–29 This state of affair is unfortunate because the fluo-
rescence response of a given pyrene-labeled polymer
construct has been found to be extremely sensitive, among
other factors, to the nature of the linker connecting the pyr-
ene derivative to the chain.17 Although the FBM accounts
for these differences, FBM analysis yields parameters that
cannot be directly compared if two polymers are labeled
with different linkers and pyrene derivatives. Consequently,
the parameters retrieved from the analysis of fluorescence
data acquired with polymers randomly labeled with pyrene
will take different absolute values whether the polymer is la-
beled with a 1-pyrene-methyl or -butyl derivative, making
direct comparison between such constructs difficult. This
manuscript remedies this gap by conducting a FBM analysis
on a series of polystyrene samples randomly labeled with
pyrene (Py–PS) where pyrene is connected to the chain via
a butyl ester linker. This type of Py–PS construct is referred
to as CoBuE–PS in this report. The CoBuE–PS series was
studied in nine organic solvents. The results obtained from
the FBM analysis were compared to those obtained earlier
with two other Py–PS constructs, the CoA–PS and CoE–PS
series where pyrene is linked to the chain via a methyl
amide and a benzyl methyl ether linker, respectively.13,17,18

The results obtained with the CoA–PS and CoE–PS series
have already been published,18 but they are presented in this
study to enable direct comparison between the results ob-
tained with CoBuE–PS. Although the parameters retrieved
from the FBM took different values for the three Py–PS
constructs, the trends obtained with the FBM parameters
pertaining to CoBuE–PS are quite similar to those obtained
with CoA–PS and CoE–PS, demonstrating that the FBM ac-
counts satisfyingly for the differences in chemical nature of
the pyrene-to-backbone linker that were introduced in those
Py–PS constructs. The results obtained with CoBuE–PS are
expected to provide a useful reference point that can be used
to compare the chain dynamics of other polymers labeled
with the commonly encountered 1-pyrenebutyl derivative.

Theory
Excimer formation between pyrenes covalently attached

onto a polymer can be viewed as a two step mechanism as
depicted in Scheme 1.17 In the first step, the polymer chain
brings two pyrenes via diffusion within striking range with a
rate constant k1. The second step corresponds to the rapid
rearrangement of the pyrenes to form an excimer with a
rate constant k2. The first and second steps are controlled
by the dynamics of the polymer backbone and that of the
pyrene-to-backbone linker, respectively. Although Scheme 1
suggests that diffusive encounters between polymer seg-
ments can be described by a single rate constant, k1, this is
not the case when the fluorophores are attached randomly
onto the polymer as for the case at hand.30–32

For randomly labeled polymers, an encounter between
any two polymer segments bearing a pyrene label is charac-
terized by a rate constant k1 that depends on the length of
polymer spanning the two segments. As a result, there exists
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a distribution of rate constants k1, which somewhat compli-
cates the analysis of the fluorescence data. In the case of ex-
cimer formation between pyrenes randomly attached onto a
polymer, this distribution of rate constants k1 has been de-
scribed by a function, f(t), whose derivation follows from
the fluorescence blob model (FBM).33 Furthermore,
Scheme 1 can be simplified by noting that pyrene excimer
dissociation is negligible so that k–2 can be set equal to zero
and that k2 being substantially larger than k–1, k–1 can be ne-
glected.12

Based on Scheme 1, several pyrene species are expected
to be present in solution.33 They include those excited pyr-
enes (Py�diff) that diffuse slowly in solution until they find
themselves within striking range of a ground-state (GS) pyr-
ene. Those nearby pyrene pairs constitute the species of ex-
cited pyrenes, Py�k2

, that forms an excimer, E0*, rapidly with
a rate constant k2. Both Py�diff and Py�k2

emit with the mono-
mer lifetime tM, whereas E0* emits with the excimer life-
time tE0. Also, the random labeling of the polymer
backbone induces the formation of pyrene-rich and pyrene-
poor pockets where excimer formation is, respectively, en-
hanced or reduced. In the pyrene-poor pockets, some excited
pyrenes will not be able to encounter a GS pyrene during
their lifetime and they emit as isolated, unattached ‘‘free’’
pyrenes do and are thus referred to as Py�free. Finally, the
steric constraints induced by the covalent attachment of a
pyrene moiety onto the polymer has sometimes been found
to generate some improper stacking of the pyrene moieties

resulting in the formation of either short- (ES*) or long-
(EL*) lived pyrene dimers that emit with a lifetime tES and
tEL, respectively. The time-dependent behavior of the con-
centrations of the different pyrene species in solution can be
described by the following set of differential equations.

½1� d½Py�diff �
dt

¼ �f ðtÞ � 1

tM

½Py�diff �

½2� d½Py�free�
dt

¼ � 1

tM

½Py�free�

½3�
d½Py�k2

�
dt

¼ f ðtÞ � k2 þ
1

tM

� �
½Py�k2
�

½4� d½E0��
dt
¼ k2½Py�k2

� � 1

tE0

½E0��

½5� d½ES��
dt
¼ � 1

tES

½ES��

½6� d½EL��
dt

¼ � 1

tEL

½EL��

The concentration, [Py�diff](t), is obtained by applying the
FBM. The FBM postulates that while it remains excited, an
excited pyrene probes a finite volume called a blob.14,32 A
blob is then taken as a volume unit, which is used to arbitra-
rily divide the polymer coil into a cluster of blobs. The ran-
dom labeling of the chain with pyrene implies that the
chromophores distribute themselves randomly among the
blobs according to a Poisson distribution. The encounter be-
tween two polymer segments bearing a pyrene pendant oc-
curs with a rate constant kblob. The exchange of segments
bearing pyrene moving in and out of the blobs is handled
by ke[blob], which is the product of the exchange rate con-
stant and the blob concentration inside the polymer coil. The
average number of labels per blob is given by <n> . Based
on the above, [Py�diff](t) has been derived and its expression
is given in eq. [7].14

½7� ½Py�diff �ðtÞ ¼ ½Py�diff �0exp � A2 þ
1

tM

� �
t � A3

�
1� exp ð�A4tÞ

�� �

In eq. [7], the parameters A2, A3, and A4 are functions of kblob, <n>, and ke[blob] as shown in eq. [8].

½8� A2 ¼ <n>
kblobke½blob�

kblob þ ke½blob� A3 ¼ <n>
ðkblobÞ2

ðkblob þ ke½blob�Þ2 A4 ¼ kblob þ ke½blob�

The same equation had already been derived to handle the exchange of chromophores between surfactant micelles.34 Equa-
tion [7] can then be used to determine f(t) in eqs. [1] and [3]. Knowing f(t) allows one to integrate eq. [3] to get an expression
for [Py�k2

](t). Knowing the expression of [Py�k2
](t) enables one to integrate eq. [4] to get [E0*](t). Integration of eqs. [2], [5], and

[6] is trivial. A more thorough description of the derivation used to find the overall time-dependent profile of the pyrene
monomer [Py*](t) and excimer [E*](t) can be found in an earlier publication.33 The final result is shown in eqs. [9] and [10].

Scheme 1. The effect of backbone and side chain motion on the
kinetics of excimer formation.
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½9� ½Py��ðtÞ ¼ ½Py�diff �ðtÞ þ ½Py�k2
�ðtÞ þ ½Py�free�ðtÞ

¼ ½Py�diff �0exp � A2 þ
1

tM

� �
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1� expð�A4tÞ

�� �
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It must be noted that if k2 in Scheme 1 is very large, eq. [9] reverts back to eq. [11], which is the equation typically used
for the FBM analysis of the fluorescence decays of the pyrene monomer.14,32

½11� ½Py��ðtÞ ¼ ½Py�diff �0exp � A2 þ
1

tM

� �
t � A3

�
1� exp ð�A4tÞ

�� �
þ ½Py�free�0exp ð�t=tMÞ

Fitting the monomer decays with eq. [9] yields the frac-
tions fMdiff, f Mk2

, and fMfree, which represent the molar frac-
tions of the Py�diff , Py�k2

, and Py�free species contributing to the
monomer decays, whereas fitting the excimer decays with
eq. [10] yields the fractions fEdiff, f Ek2

, fEE0, fEES, and fEEL,
which represent the molar fractions of the Py�diff , Py�k2

,
Py�free, E0*, ES*, and EL* species contributing to the exci-
mer decays. In turn, the fractions fMdiff, f Mk2

, fMfree, fEdiff,
f Ek2

, fEE0, fEES, and fEEL can be rearranged to yield the molar
fractions fdiff, f k2

, ffree, fE0, fES, and fEL of all the pyrene spe-
cies present in solution.

Experimental

Materials
Copolymerization of styrene with either 1-pyrenemethyla-

crylamide, 1-pyrenebutylacrylate, or 4-(1-pyrenyl)methoxy-
methylstyrene yielded the Py–PS constructs shown in
Table 1 and are referred to as CoA–PS, CoBuE–PS, and
CoE–PS, respectively. The polymerization of CoA–PS and
CoE–PS has already been reported13,18 along with their num-
ber-average molecular weight (Mn), polydispersity index
(PDI), molar fraction of pyrene-labeled monomer (x), and
pyrene content (lPy expressed in moles of pyrene per gram
of polymer). The copolymerization of CoBuE–PS was con-
ducted in the same manner as that of CoA–PS and CoE–PS
using 1-pyrenebutylacrylate as the pyrene-labeled monomer.
The synthesis of 1-pyrenebutylacrylate was conducted ac-
cording to ref. 35. The Mn, PDI, x, and lPy values of the Co-
BuE–PS are listed in Table 2. Table 2 lists the solvents used

in this study and their quality towards polystyrene has been
described in earlier publications.13,18

Fluorescence measurements
Fluorescence spectra and decays of the CoBuE–PS sam-

ples were acquired and analyzed by following the same pro-
tocol used in earlier publications.13,18 The pyrene monomer
fluorescence decays were fitted with eq. [11], whereas the
pyrene monomer and excimer fluorescence decays could be
analyzed globally using eqs. [9] and [10]. The monomer
lifetimes, tM, used to fit the fluorescence decays are listed
in Table 3. They were determined in earlier publications.13,18

Table 1. Chemical structures of the pyrene-labeled polystyrenes.
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Simulations of fluorescence decays
Equations [9] and [10] depend on 13 independent parame-

ters which are kblob, <n> , ke[blob], k2, tE0, tES, tEL, and the
concentrations [Py�diff]0, [Py�k2

]0, [Py�free]0, [E0*]0, [ES*]0, and
[EL*]0. If no short- and long-lived dimer can be detected as
is the case in the present study, [ES*]0, [EL*]0, tES, and tEL
do not need to be optimized and the number of independent
parameters reduces to nine. Although one might question the
reliability of fitting globally a monomer and excimer fluo-
rescence decays with nine adjustable parameters, it must be
pointed out that the same number of nine adjustable param-
eters is also used when fitting globally a monomer and exci-
mer fluorescence decays with a sum of three exponentials,
where the three decay times are coupled in the analysis.
Global analysis of a monomer and excimer fluorescence de-
cays with three exponentials has become a routine procedure
in the scientific literature.36,37

Nevertheless, an error analysis of the parameters retrieved
from the global analysis of the fluorescence decays was con-
ducted as follows. The parameters retrieved from the global
analysis of each pair of monomer and excimer fluorescence
decays were used to generate 20 pairs of monomer and ex-
cimer decays having different Poisson noise patterns. The 20
pairs of decays were analyzed globally with eqs. [9] and
[10]. The parameters retrieved from the analysis were aver-
aged and their standard deviation was calculated. The errors
on the parameters reported in Tables SI.1–SI.6 in the Sup-
plementary data represent the larger value of the standard
deviation or the difference between the actual input parame-
ter minus the averaged value of the parameter retrieved from
the analysis of the 20 pairs of simulated decays. Except for
ke[blob], which is the parameter that always exhibits the
largest errors,14 and the fractions fMfree and fEE0, which took
very small values, the errors on all the other parameters

were smaller than 5% in the vast majority of cases, being
as large as 10% in a few isolated cases.

Results and discussion
The structures of the three pyrene-labeled polystyrene

constructs referred to as CoA–PS, CoBuE–PS, and CoE–PS
are shown in Table 1. The pyrenyl pendants of CoE–PS are
connected to the PS backbone via a flexible and long ether
linker that holds the chromophore away from the backbone.
In the CoA–PS constructs, pyrene is connected to the PS
backbone via a short and rigid amide linker. Earlier studies
of the pyrene fluorescence of CoA–PS and CoE–PS have re-
flected the differences in chemical structure of those con-
structs, showing that an excited pyrene attached to the
CoE–PS backbone probes a larger volume than when at-
tached to CoA–PS.17,18 Furthermore, a 1-pyrenemethyl de-
rivative was used to prepare CoA–PS and CoE–PS. In the
case of CoBuE–PS, an ester bond was used to connect a 1-
pyrenebutyl linker to the PS backbone.

As shown in Fig. 1, the fluorescence spectrum of the pyr-
ene monomer observed between 370 and 430 nm is strongly
affected by the nature of its substituent. The intensity ratio
of the first to the third fluorescence peak, the I1/I3 ratio,
takes a value between 2.9 and 3.3 for all CoBuE–PS spectra
shown in Fig. 1. By comparison, the I1/I3 ratio of the CoA–
PS samples takes a smaller value between 1.4 and 2.1. Sim-
ilar I1/I3 ratios were obtained for the CoE–PS series. In the
case of molecular pyrene, the I1/I3 ratio shows a clear corre-
lation with solvent polarity increasing from 1.1 to 1.81, a
60% change as the solvent dielectric constant 3 increases
from 2.4 in toluene to 36.7 in DMF.38 This correlation is
dampened and not as consistent for the 1-pyrenemethyl de-
rivative where the I1/I3 ratio of CoA–PS changes by less
than 50% between dioxane (3 = 2.2) and DMA (3 = 38.9)

Table 2. Number-average molecular weight (Mn), polydispersity index
(PDI), molar fraction of pyrene-labeled monomers (x), and pyrene content
(lPy in mol g–1) for the CoBuE–PS constructs.

x (mol% pyrene) lPy � 10–4 (mol g–1) Mn (kg mol–1) PDI
2.1 1.9 46 1.65
3.1 2.8 43 1.67
4.5 3.9 49 1.62
5.4 4.7 53 1.69
6.0 5.1 46 1.68

Table 3. Solvent viscosities and monomer lifetimes (tM) in the different solvents.13,18

Solvent
Viscosity (mPa s)
at 25 8C

tM (ns) for
CoBuE–PS

tM (ns) for
CoA–PS

tM (ns) for
CoE–PS

Methyl acetate 0.36 198 250 250
Methyl ethyl ketone (MEK) 0.41 117 170 172
Dichloromethane (DCM) 0.41 105 152 144
Tetrahydrofuran (THF) 0.46 190 258 257
Toluene 0.56 172 241 230
N,N-Dimethylformamide (DMF) 0.79 160 220 220
Dioxane 1.18 175 243 242
N,N-Dimethylacetamide (DMA) 1.92 160 215 215
Benzyl Alcohol (BA) 5.47 133 198 180
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and is non-existent for the 1-pyrenebutyl pendant since the
same change in 3 results in a 10% change for the I1/I3 ratio
of CoBuE–PS. These observations have already been re-
ported.39,40 The fluorescence emission corresponding to the
I1 band at *375 nm has been reported as being symmetry
forbidden and is repressed in apolar solvents for pyrene.41

Aromatic41 and polar38,42,43 solvents appear to enhance the
emission at 375 nm, as well as substituents that reduce the
symmetry of pyrene such as the methyl44 or butyl substitu-
ents of the 1-pyrenemethyl and 1-pyrenebutyl pendants used
in this study. Spectral differences between the 1-pyrene-
methyl and 1-pyrenebutyl pendants have also been com-
pared for different constructs of pyrene-labeled poly(L-
glutamic acid).45

Most importantly, the differences in the I1/I3 ratio of
CoA–PS and CoBuE–PS indicate that the spectral features
of the 1-pyrenemethyl and 1-pyrenebutyl derivatives are dif-
ferent. Since the first peak of the pyrene monomer at
*375 nm is taken as a measure of the pyrene monomer flu-

orescence intensity by any experimentalist dealing with pyr-
ene fluorescence, the different spectral features exhibited by
the two pyrene derivatives make it literally impossible to
use the IE/IM ratio obtained from the steady-state fluores-
cence spectra to compare how much excimer is generated
by a given polymer, whether or not that polymer has been
labeled with a 1-pyrenemethyl or 1-pyrenebutyl derivative.
As a matter of fact, a rapid analysis of the fluorescence
spectra shown in Fig. 1 leads to the conclusion that Co-
BuE–PS generates less excimer than CoA–PS. This state-
ment is confirmed in Fig. 2 that shows the IE/IM ratio of the
three constructs as a function of the inverse of solvent vis-
cosity (h–1). Although the IE/IM ratio increases with increas-
ing h–1 regardless of the construct and as expected, since a
smaller viscosity enhances excimer formation, it is notice-
able that CoBuE–PS yields the smallest IE/IM ratio at all vis-
cosities. Since the IE/IM ratio is typically taken as a measure
of backbone flexibility, a smaller IE/IM ratio would suggest
that CoBuE–PS is the construct that is the least efficient at
producing excimer. In turn, this result is somewhat unex-
pected because the backbone being the same in both con-
structs, namely polystyrene, the longer and more flexible
butyl ester linker of CoBuE–PS is expected to facilitate ex-
cimer formation when compared to the shorter and more
rigid amide linker of CoA–PS. More realistically, the
smaller IE/IM ratios obtained for CoBuE–PS must be a con-
sequence of the larger IM values obtained with the 1-pyrene-
butyl derivative. The above discussion clearly illustrates the
difficulties encountered when directly comparing the IE/IM
ratios obtained with macromolecules labeled with different
pyrene derivatives. In such a case, comparison of the proc-
ess of excimer formation in CoA–PS, CoBuE–PS, and
CoE–PS can only be achieved from the quantitative analysis
of the monomer and excimer fluorescence decays.

To this end, the fluorescence decays of the pyrene mono-
mer and excimer of all CoBuE–PS samples were acquired in
nine organic solvents. The monomer decays could be fitted
satisfyingly with eq. [11], but global analysis of the mono-

Fig. 1. Fluorescence spectra of (A) CoEBu–PS with a pyrene content of 3.1 mol% and (B) CoA–PS with a pyrene content of 3.7 mol%.
Solvents from top to bottom: methyl acetate, methyl ethyl ketone, dichloromethane, toluene, tetrahydrofuran, N,N-dimethylformamide, di-
oxane, dimethylacetamide, and benzyl alcohol.

Fig. 2. Plot of (IE/IM)/x as a function of h–1 for CoE–PS (&), CoA–
PS (^), and CoBuE–PS (&).
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mer and excimer decays could only be achieved with the
more complete eqs. [9] and [10], respectively. The presence
of ground-state dimers ES* and EL* could not be detected

in our analysis and [ES*]0 and [EL*]0 were set equal to
zero in eq. [10]. The global analysis of the fluorescence de-
cays was conducted in two steps. In a first step, the mono-

Fig. 3. Monomer (left, lem = 375 nm) and excimer (right, lem = 510 nm) decays acquired for the CoBuE–PS sample excited at 344 nm and
labeled with 5.4% pyrene in dioxane. The decays were analyzed globally with eqs. [9] and [10] yielding c2 = 1.02.

Fig. 4. Nblob as a function of the corrected pyrene content obtained
through the global analysis of the monomer and excimer fluores-
cence decays with eqs. [9] and [10] in methyl acetate (^), methyl
ethyl ketone (&), dichloromethane (~), tetrahydrofuran (*), to-
luene (&), dimethylformamide (^), dioxane (~), dimethylaceta-
mide (*), and benzyl alcohol (�).

Fig. 5. Nblob
o as a function of h–1 for CoE–PS (&), CoBuE–PS (^,

analysis of the monomer decays with eq. [11]), CoBuE–PS (&,
global analysis of the monomer and excimer decays with eqs. [9]
and [10]), and CoA–PS (~). Inset: Nblob

o multiplied by 1.0, 0.95,
0.70, and 0.64 for CoA–PS (&), CoBuE–PS (&, analyzed globally
with eqs. [9] and [10]), CoBuE–PS (&, analyzed with eq. [11]),
and CoE–PS (~), respectively.
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mer and excimer fluorescence decays of the five CoBuE–PS
samples in each solvent were analyzed with eqs. [9] and
[10] where the rate constant k2 was allowed to float.
However, the k2 values retrieved in this manner showed
some scatter. Consequently, the k2 values obtained for the
five CoBuE–PS samples were averaged, and the averaged
k2 was fixed in the analysis. In all cases, the fits were good
with the analysis of the decays resulting in c2 smaller than
1.30 and residuals and autocorrelation function of the resid-
uals randomly distributed around zero. The parameters re-
trieved from the analysis of the decays either globally with
eqs. [9] and [10] or individually for the monomer decays
with the FBM equation (i.e., eq. [11] with k2 ? ?) are

listed in Tables SI.1–SI.8 in the Supplementary data. An ex-
ample of the quality of the fits can be seen in Fig. 3.

For CoBuE–PS, the global analysis of the monomer and
excimer fluorescence decays could only be achieved with
eqs. [9] and [10], whereas for CoA–PS and CoE–PS, global
analysis could be done with the simpler version of eqs. [9]
and [10] obtained by assuming k2 >> k1 (i.e., eq. [11] for
the pyrene monomer).13,18 One reason why k2 could take
smaller values for CoBuE–PS than for CoA–PS and CoE–
PS might be due to the longer butyl linker used with Co-
BuE–PS compared to the short methyl linker used for CoA–
PS and CoE–PS (Table 1). As shown in Scheme 1, the en-
counter of two polymer segments is followed by the quick
rearrangement of the pyrene units into a conformation that
allows optimal stacking of the pyrenes for excimer forma-
tion. The butyl linker might enable the pyrene pendants to
adopt more conformations that do not lead to excimer for-
mation, a process reflected by a smaller k2 value. The meth-
ylene linker used for CoA–PS and CoE–PS might reduce the
number of inefficient conformations adopted by the pyrene
pendants resulting in a faster rearrangement with k2 >> k1
in Scheme 1.

Analysis of the fluorescence decays yielded the average
number of pyrenes per blob, <n>, which was used with
eq. [12] to determine the size of a blob as the number of
styrene units making up a blob, Nblob.14,32

½12� Nblob ¼
hni

½lPy=ð1� fMfreeÞ� � ½MPyðxÞ þMStyð1� xÞ�

In eq. [12], lPy is the pyrene content in mol�g–1 and fMfree
is the fraction of pyrene monomer in the monomer fluores-
cence decays that do not form excimer (note that 1 – fMfree =
fMdiff + f Mk2

). In the case of CoBuE–PS, MPy and MSty are
the molar masses of a 1-pyrenebutyl acrylate and styrene
units equal to 328 and 104 g�mol–1, respectively, and x rep-
resents the molar fraction of pyrene labeled monomer in the
polymer. A plot of Nblob as a function of the corrected pyr-
ene content, lPy/(fMdiff + f Mk2

), is shown in Fig. 4 when <n>
was retrieved from the global analysis of the monomer and
excimer fluorescence decays. The trends shown in Fig. 4 in-

Fig. 6. kblob � Nblob as a function of the corrected pyrene content
obtained through the global analysis of the monomer and excimer
fluorescence decays with eqs. [9] and [10] in methyl acetate (^),
methyl ethyl ketone (&), dichloromethane (~), tetrahydrofuran
(*), toluene (&), dimethylformamide (^), dioxane (~), dimethy-
lacetamide (*), and benzyl alcohol (�).

Fig. 7. kblob� Nblob as a function of h–1 for CoE–PS (&), CoBuE–PS
(^, analysis of the monomer decays with eq. [11]), CoBuE–PS (&,
global analysis of the monomer and excimer decays with eqs. [9] and
[10]), and CoA–PS (~). Inset: kblob � Nblob multiplied by 0.52, 0.72,
0.86, and 1.0 for the trends obtained with CoE–PS (&), CoBuE–PS
(^, analyzed with eq. [11]), CoBuE–PS (&, analyzed globally with
eqs. [9] and [10]), and CoA–PS (~), respectively.

Fig. 8. kblob
o as a function of h–1 for CoE–PS (&), CoBuE–PS (^,

analysis of the monomer decays with eq. [11]), CoBuE–PS (&,
global analysis of the monomer and excimer decays with eqs. [9]
and [10]), and CoA–PS (~).
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dicate that as the solvent viscosity increases and the motion
of pyrene is hindered, Nblob decreases. The trends shown in
Fig. 4 were extrapolated to zero-pyrene content to obtain the
value of Nblob that an ideal unlabeled PS backbone would
yield, which is referred to as Nblob

o . A similar procedure was
applied to determine Nblob

o from the <n> values retrieved
from the analysis of the monomer decays with eq. [11]. The
result of these analyses is shown in Fig. 5.

All trends in Fig. 5 show a similar behavior regardless of
the polymer construct, as demonstrated in the inset of Fig. 5
where Nblob

o was scaled by 1.0, 0.95, 0.70, and 0.64 for
CoA–PS, CoBuE–PS (analyzed globally with eqs. [9] and
[10]), CoBuE–PS (analyzed with eq. [10]), and CoE–PS, re-
spectively. The good overlap between the trends shown in
the inset indicates that the FBM analysis of the fluorescence
decays of the different Py–PS constructs satisfyingly handles
differences in the nature of the linker and yields parameters
such as Nblob

o and, as will be seen later on, <kblob � Nblob> ,
that describe the chain dynamics of the polymer. The data in
Fig. 5 show that Nblob

o increases with increasing h–1,
although that increase appears to be more pronounced for
viscosities smaller and greater than 0.4 and 1.9 mPa�s, re-
spectively. The overall increase of Nblob

o with h–1 reflects
the enhanced restriction experienced by an excited pyrene
moving in a more viscous solvent. In any solvent, CoE–PS
yields the largest Nblob

o values, reflecting the longer reach
enabled by the phenyl spacer between pyrene and the PS
backbone, which allows pyrene to probe a larger volume,
Vblob. CoA–PS and CoBuE–PS yield smaller Nblob

o values
due to the shorter methyl and butyl pendants of the pyrene
derivatives used to prepare these Py–PS constructs.
Although the longer butyl linker of CoBuE–PS should theo-
retically yield a larger Nblob

o value than for CoA–PS, this is
not always observed, certainly because the lifetime of the 1-
pyrenebutyl derivative (Table 3) is usually about 50 ns
smaller than that of the 1-pyrenemethyl derivative. Since
Vblob is the volume probed by a chromophore while it re-
mains excited, its value depends on both the lifetime and
mobility of the excited chromophore. In the case of CoA–
PS and CoBuE–PS, the longer lifetime of 1-pyrenemethyl
with respect to that of 1-pyrenebutyl compensates to some
extent for its reduced mobility associated with the shorter
methylene linker.

Analysis of the monomer decays with eq. [11] yields
Nblob

o values that are, on average, about 25% greater than
those obtained by the global analysis of the CoBuE–PS de-
cays with eqs. [9] and [10]. This difference in Nblob

o values ap-
pears to be inherent to the different types of analysis and will
need to be taken into account when comparing trends ob-
tained in future studies with other pyrene-labeled polymers.

As found in earlier reports,18,46 the most informative
parameter in a FBM analysis is the product kblob � Nblob
because it is independent of pyrene content and it represents
a measure of chain flexibility. It has also been shown to be
much less sensitive to chromophore lifetime than the param-
eters Nblob and kblob, which should facilitate comparison of
the trends obtained with 1-pyrenemethyl and 1-pyrenebutyl.46

It is plotted in Fig. 6 for CoBuE–PS in a series of solvents as
a function of pyrene content using the results obtained from
the global analysis of the monomer and excimer fluorescence
decays. Similar trends were obtained when the monomer de-

cays were analyzed with eq. [11] (data not shown). kblob �
Nblob in Fig. 6 is found to be independent of pyrene content.
Its value can be averaged to yield <kblob � Nblob>, which is
given in Fig. 7 for both analyses as a function of h–1.

For all constructs and analyses, the product <kblob �
Nblob> increases linearly with increasing h–1within experi-
mental error. When the trends are scaled by a multiplication
factor of 1.0, 0.86, 0.72, and 0.52 for, respectively, CoA–PS,
CoBuE–PS (analyzed globally with eqs. [9] and [10]), Co-
BuE–PS (analyzed with eq. [11]), and CoE–PS, the trends
appear to overlap remarkably well (inset in Fig. 7), demon-
strating that the FBM analysis yields parameters that de-
scribe the chain dynamics of PS regardless of the nature of
the Py–PS construct. Furthermore, the product <kblob �
Nblob> appears to reflect accurately the differences in behav-
ior expected for the Py–PS constructs. CoA–PS with a short
and rigid amide linker yields the smallest <kblob � Nblob>
values in all solvents. The largest <kblob � Nblob> is obtained
for the CoE–PS constructs that have a long and flexible
ether linker. Regardless of the type of analysis
used, <kblob � Nblob> takes intermediate values for CoBuE–
PS whose butyl ester linker is longer and more flexible than
that of CoA–PS but shorter and less flexible than that of
CoE–PS. The <kblob � Nblob> values obtained for CoBuE–
PS from the analysis of the monomer decays with eq. [11]
are, on average, 17% larger than those obtained with the
global analysis of the monomer and excimer decays.

Since the rate constant for excimer formation inside a
blob, kblob, is often found to increase with pyrene content, it
is obtained by taking the ratio <kblob � Nblob>/Nblob

o and is
referred to as kblob

o .18,46 The trends of kblob
o as a function of

h–1 are shown in Fig. 8 for all Py–PS constructs. Although
scattered, kblob

o remains relatively constant as a function of
viscosity, taking an average value of 1.0 ± 0.3, 1.0 ± 0.3,
1.1 ± 0.3, and 1.2 ± 0.2 � 107 s–1 for CoA–PS, CoBuE–PS
(analyzed with eq. [11]), CoBuE–PS (globally analyzed with
eqs. [9] and [10]), and CoE–PS, respectively. Considering
that the viscosity varies more than 10 fold from 0.36 mPa�s
in methyl acetate to 5.5 mPa�s in benzyl alcohol, the small
variations observed for kblob

o with viscosity confirm that this
parameter is relatively insensitive to solvent viscosity, an
observation that has been already reported and rationalized
within the framework of the FBM.16,18,19,46

Analysis of the monomer decays with eq. [11] yields
Nblob

o and <kblob � Nblob> values that are consistently 25%
and 17% larger than those obtained from the global analysis
of the monomer and excimer decays with eqs. [9] and [10].
One reason for this trend is that the introduction of k2 in
eqs. [9] and [10] accounts for the early part of the monomer
and excimer decays. It is this section of the decays that most
affects <n> and, to a lesser extent, kblob. A steeper drop in the
monomer decay accompanied by a rapid risetime in the exci-
mer decay would result in larger <n> values, and accord-
ingly, larger Nblob and <kblob � Nblob> values. Introducing k2
accounts for the fast early processes so that smaller <n> val-
ues are obtained when using eqs. [9] and [10]. Although the
absolute value of Nblob and <kblob � Nblob> might not be
known with an accuracy better than 25% and 17%, respec-
tively, the present study demonstrates that a given analysis,
either analysis of the monomer decays with eq. [11] or global
analysis of the monomer and excimer decays with eqs. [9]
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and [10], yields trends that are internally consistent (see in-
sets in Figs. 5 and 7).

Conclusions

The CoBuE–PS series of polystyrenes randomly labeled
with 1-pyrenebutanol was prepared and their steady-state flu-
orescence spectra and monomer and excimer time-resolved
fluorescence decays were acquired. The results obtained
with the CoBuE–PS samples were compared with those ob-
tained with the CoA–PS and CoE–PS series. The fluores-
cence spectra exhibited some noticeable differences in the
spectral features of the pyrene monomer, whether or not the
Py–PS construct was prepared with a 1-pyrenebutyl or a 1-
pyrenemethyl derivative. In particular, the CoBuE–PS con-
structs prepared with the 1-pyrenebutyl derivative yielded
larger IM intensities than the Py–PS constructs obtained with
the 1-pyrenemethyl derivative, which resulted in lower than
expected IE/IM ratios. This observation highlighted the inher-
ent difficulty of comparing trends obtained with polymers la-
beled with different pyrene derivatives.

If pyrene-labeled polymers are to be used to gain quanti-
tative information on the chain dynamics of a given poly-
meric backbone in solution, the quantitative analysis of the
pyrene monomer and excimer fluorescence decays must be
carried out. This was done by using the FBM. FBM global
analysis of the pyrene monomer and excimer fluorescence
decays of CoBuE–PS highlighted another difference associ-
ated with the use of a 1-pyrenebutyl derivative. The rapid
rearrangement step characterized by the rate constant k2 in
Scheme 1 needed to be accounted for in the analysis. This
had been found to be unnecessary for the CoA–PS and
CoE–PS series17,18,46 where a 1-pyrenemethyl derivative had
been used to label polystyrene. Despite this mathematical
modification needed to globally analyze the pyrene mono-
mer and excimer fluorescence decays of CoBuE–PS, the
trends obtained with the parameters Nblob

o , <kblob � Nblob>,
and kblob

o as a function of h–1 matched closely with those
found earlier with CoA–PS and CoE–PS (see Figs. 5, 7, and
8). Comparison of the Nblob

o and <kblob � Nblob> values ob-
tained by fitting the monomer fluorescence decays with
eq. [11] or the monomer and excimer fluorescence decays
globally with eqs. [9] and [10] for CoBuE–PS showed that
the former analysis yielded Nblob

o and <kblob � Nblob> values
that were, respectively, 25% and 17% larger than those ob-
tained by the latter analysis.

The similar trends obtained for Nblob
o (Fig. 5), <kblob �

Nblob> (Fig. 7), and kblob
o (Fig. 8) indicate that despite the

various changes associated with the use of the 1-pyrenebutyl
derivative in terms of a shorter lifetime and the need of a
modified FBM analysis that accounts for the rapid rear-
rangement of the pyrene moieties, the FBM accounts satisfy-
ingly for these changes and retrieves information that
describes the behavior of the polymer, not that of the label.
Since the 1-pyrenebutyl derivative seems to be commonly
used to label macromolecules,20–29 this study is expected to
represent an important reference point to which the behavior
of other polymers labeled with a 1-pyrenebutyl derivative
can be compared.

Supplementary data
Supplementary data for this article are available on the

journal Web site (canjchem.nrc.ca) or may be purchased
from the Depository of Unpublished Data, Document Deliv-
ery, CISTI, National Research Council Canada, Ottawa, ON
K1A 0R6, Canada. DUD 5330. For more information on ob-
taining material, refer to cisti-icist.nrc-cnrc.gc.ca/cms/
unpub_e.shtml.

Acknowledgements
The authors thank the Natural Sciences and Engineering

Research Council of Canada (NSERC) for financial support.

References
(1) Winnik, M. A.; Redpath, T.; Richards, D. H. Macromole-

cules 1980, 13 (2), 328. doi:10.1021/ma60074a023.
(2) Redpath, A. E. C.; Winnik, M. A. J. Am. Chem. Soc. 1982,

104 (21), 5604. doi:10.1021/ja00385a006.
(3) Cheung, S.-T.; Winnik, M. A.; Redpath, A. E. C. Makromol.

Chem. 1982, 183 (7), 1815. doi:10.1002/macp.1982.
021830720.

(4) Svirskaya, P.; Danhelka, J.; Redpath, A. E. C.; Winnik, M.
A. Polymer (Guildf.) 1983, 24 (3), 319. doi:10.1016/0032-
3861(83)90270-7.

(5) Winnik, M. A. Acc. Chem. Res. 1985, 18 (3), 73. doi:10.
1021/ar00111a002.

(6) Martinho, J. M. G.; Winnik, M. A. Macromolecules 1986, 19
(8), 2281. doi:10.1021/ma00162a029.

(7) Winnik, M. A.; Li, X.-B.; Guillet, J. E. J. Polym. Sci. Polym.
Symp. 1985, 73 (1), 113. doi:10.1002/polc.5070730116.

(8) Cuniberti, C.; Perico, A. Eur. Polym. J. 1977, 13 (5), 369.
doi:10.1016/0014-3057(77)90097-0.

(9) Cuniberti, C.; Perico, A. Prog. Polym. Sci. 1984, 10 (4), 271.
doi:10.1016/0079-6700(84)90007-8.

(10) Wilemski, G.; Fixman, M. J. Chem. Phys. 1974, 60 (3), 866.
doi:10.1063/1.1681162.

(11) Wilemski, G.; Fixman, M. J. Chem. Phys. 1974, 60 (3), 878.
doi:10.1063/1.1681163.

(12) Birks, J. B. Photophysics of Aromatic Molecules; Wiley:
New York, 1970; p 301.

(13) Ingratta, M.; Hollinger, J.; Duhamel, J. J. Am. Chem. Soc.
2008, 130 (29), 9420. doi:10.1021/ja800897m. PMID:
18582055.

(14) Mathew, A.; Siu, H.; Duhamel, J. Macromolecules 1999, 32
(21), 7100. doi:10.1021/ma990702c.

(15) Kanagalingam, S.; Ngan, C. F.; Duhamel, J. Macromolecules
2002, 35 (22), 8560. doi:10.1021/ma0207428.

(16) Kanagalingam, S.; Spartalis, J.; Cao, T.-C.; Duhamel, J.
Macromolecules 2002, 35 (22), 8571. doi:10.1021/
ma020784w.

(17) Ingratta, M.; Duhamel, J. Macromolecules 2007, 40 (18),
6647. doi:10.1021/ma070368h.

(18) Ingratta, M.; Duhamel, J. Macromolecules 2009, 42 (4),
1244. doi:10.1021/ma8019738.

(19) Irondi, K.; Zhang, M.; Duhamel, J. J. Phys. Chem. B 2006,
110 (6), 2628. doi:10.1021/jp055596x. PMID:16471864.

(20) Baker, L. A.; Crooks, R. M. Macromolecules 2000, 33 (24),
9034. doi:10.1021/ma001379c.

(21) Brauge, L.; Caminade, A.-M.; Majoral, J.-P.; Slomkowski,
S.; Wolszczak, M. Macromolecules 2001, 34 (16), 5599.
doi:10.1021/ma0020077.

(22) Danko, M.; Libiszowski, J.; Biela, T.; Wolszczak, M.; Duda,

226 Can. J. Chem. Vol. 88, 2010

Published by NRC Research Press



A. J. Polym. Sci. Polym. Chem. 2005, 43 (19), 4586. doi:10.
1002/pola.20932.

(23) Kujawa, P.; Aseyev, V.; Tenhu, H.; Winnik, F. M. Macro-
molecules 2006, 39 (22), 7686. doi:10.1021/ma061604b.

(24) Barros, T. C.; Adronov, A.; Winnik, F. M.; Bohne, C. Lang-
muir 1997, 13 (23), 6089. doi:10.1021/la970477x.

(25) Winnik, F. M.; Regismond, S. T. A.; Goddard, E. D. Lang-
muir 1997, 13 (1), 111. doi:10.1021/la9607159.

(26) Kujawa, P.; Goh, C. C. E.; Calvet, D.; Winnik, F. M. Macro-
molecules 2001, 34 (18), 6387. doi:10.1021/ma010384t.

(27) Miyazawa, K.; Winnik, F. M. J. Phys. Chem. B 2003, 107
(38), 10677. doi:10.1021/jp0347724.

(28) Nishikawa, K.; Yekta, A.; Pham, H. H.; Winnik, M. A.; Sau,
A. C. Langmuir 1998, 14 (25), 7119. doi:10.1021/la980361g.

(29) Relógio, P.; Martinho, J. M. G.; Farinha, J. P. S. Macromo-
lecules 2005, 38 (26), 10799. doi:10.1021/ma051701p.

(30) Winnik, M. A.; Li, X.-B.; Guillet, J. E. Macromolecules
1984, 17 (4), 699. doi:10.1021/ma00134a029.

(31) Winnik, M. A.; Egan, L. S.; Tencer, M.; Croucher, M. D.
Polymer (Guildf.) 1987, 28 (9), 1553. doi:10.1016/0032-
3861(87)90357-0.

(32) Duhamel, J. Acc. Chem. Res. 2006, 39 (12), 953. doi:10.
1021/ar068096a. PMID:17176034.

(33) Siu, H.; Duhamel, J. J. Phys. Chem. B 2008, 112 (48),
15301. doi:10.1021/jp801105q. PMID:18989917.

(34) Tachiya, M. J. Chem. Phys. 1982, 76 (1), 340. doi:10.1063/
1.442728.

(35) Ge, Z.; Luo, S.; Liu, S. J. Polym. Sci. Polym. Chem. 2006,
44 (4), 1357. doi:10.1002/pola.21261.

(36) Seixas de Melo, J.; Costa, T.; da G. Miguel, M.; Lindman,
B.; Schillén, K. J. Phys. Chem. B 2003, 107 (46), 12605.
doi:10.1021/jp0346054.

(37) Costa, T.; Seixas de Melo, J.; Burrows, H. D. J. Phys. Chem. B
2009, 113 (3), 618. doi:10.1021/jp806555x. PMID:19115817.

(38) Kalyanasundaram, K.; Thomas, J. K. J. Am. Chem. Soc.
1977, 99 (7), 2039. doi:10.1021/ja00449a004.

(39) Duhamel, J. In Molecular Interfacial Phenomena of Poly-
mers and Biopolymers; Chen, P., Ed.; Woodhead Publishing
Company: Cambridge, UK, 2005; pp 214–248.

(40) Anghel, D. F.; Alderson, V.; Winnik, F. M.; Mizusaki, M.;
Morishima, Y. Polymer (Guildf.) 1998, 39 (14), 3035.
doi:10.1016/S0032-3861(97)10126-4.

(41) Nakajima, A. J. Lumin. 1976, 11 (5–6), 429. doi:10.1016/
0022-2313(76)90027-2.

(42) Dong, D. C.; Winnik, M. A. Photochem. Photobiol. 1982, 35
(1), 17. doi:10.1111/j.1751-1097.1982.tb03805.x.

(43) Dong, D. C.; Winnik, M. A. Can. J. Chem. 1984, 62 (11),
2560. doi:10.1139/v84-437.

(44) Lianos, P.; Georghiou, S. Photochem. Photobiol. 1979, 30
(3), 355. doi:10.1111/j.1751-1097.1979.tb07368.x.

(45) Ingratta, M.; Duhamel, J. J. Phys. Chem. B 2008, 112 (30),
9209. doi:10.1021/jp8021248. PMID:18610962.

(46) Ingratta, M.; Duhamel, J. J. Phys. Chem. B 2009, 113 (8),
2284. doi:10.1021/jp8082858. PMID:19195988.

Ingratta et al. 227

Published by NRC Research Press



Synthesis of N-vinylcarbazole–N-vinylpyrrolidone
amphiphilic block copolymers by xanthate-
mediated controlled radical polymerization

Chih-Feng Huang, Jeong Ae Yoon, and Krzysztof Matyjaszewski

Abstract: Amphiphilic block copolymers poly(N-vinylcarbazole)-b-poly(N-vinylpyrrolidone) (PNVK-b-PNVP) were pre-
pared by xanthate-mediated reversible addition-fragmentation chain transfer (RAFT) polymerization. Both the PNVK and
PNVP macroinitiators and the resulting block copolymers had molecular weights close to theoretical values, predicted for
efficient initiation, in the range of Mn = 30 000 to 90 000. The block copolymers dissolved in several organic solvents
but, depending on their composition, in methanol formed either micelles or large aggregates, as confirmed by dynamic
light scattering. The presence of globular aggregates was confirmed by tapping mode atomic force microscopy.

Key words: amphiphilic block copolymer, RAFT, living radical polymerization, micelle.

Résumé : On a préparé des copolymères à bloc amphiphiles poly(N-vinylcarbazole)-b-poly(N-vinylpyrrolidone) (PNVK-b-
PNVP) par une réaction de polymérisation de transfert de chaı̂ne avec addition-fragmentation réversible (TCAR) catalysée
par le xanthate. Les valeurs des poids moléculaires des deux macroinitiateurs PNVK et PNVP ainsi que des copolymères à
bloc qui en ont résulté étaient proches des valeurs théoriques prévues pour une initiation efficace, de l’ordre de Mn =
30,000 à 90,000. Les copolymères à bloc se dissolvent dans plusieurs solvants organiques; toutefois, dans le méthanol, sui-
vant leur composition, il y a formation de micelles ou de gros agrégats décelés par la diffusion dynamique de la lumière.
La présence d’agrégats globulaires a aussi été confirmée par la spectroscopie en mode de forces atomiques.

Mots-clés : copolymère à bloc amphiphile, transfert de chaı̂ne avec addition-fragmentation réversible (TCAR), polymérisa-
tion radicalaire vivante, micelle.

[Traduit par la Rédaction]

Introduction

The preparation and properties of amphiphilic block
copolymers, with hydrophilic and hydrophobic blocks, is
currently an area of active study. Amphiphilic block copoly-
mers form various supramolecular structures such as mi-
celles, cylinders, or vesicles through self-organization and
self-assembly and are being evaluated in numerous applica-
tions including emulsifiers, dispersants, and surfactants.1 Po-
tential uses also include microcontainers for delivery of
hydrophobic materials or templates for syntheses of materi-
als with nanosized features.

The aim of this study is to synthesize amphiphilic block
copolymers using N-vinylcarbazole and N-vinylpyrrolidone
(PNVK-b-PNVP). PNVK, a carbazole-containing polymer,
is a photoconductive material with good charge-transport
properties that has found applications as a photoreceptor,
light-emitting diode, and photorefractive material.2 On the
other hand, PNVP, the water-soluble block, has been used

in medical, pharmaceutical, and cosmetic applications, due
to its low toxicity and good biocompatibility.3 This indicates
that PNVK-b-PNVP could be an interesting conductive pol-
ymer which could be processed in water. The nanophase
separation of the amphiphilic block copolymer could result
in a conductive PNVK segment embedded in an insulating
PNVP matrix. There are only a few reports on water proc-
essable conductive block copolymers because of the difficul-
ties with synthesis.4 To prepare well-defined amphiphilic
block copolymers, a controlled/living polymerization techni-
que is required.5 Although both NVK and NVP can be poly-
merized by radical mechanisms, the controlled radical
polymerizations of NVK and NVP have not been yet thor-
oughly studied due to the low reactivity of non-conjugated
vinyl monomers.

In general, block copolymers can be prepared by three
routes: sequential monomer addition;6 chain-end coupling of
separately prepared blocks;7 or transformation of chain ends
of polymers prepared by one mechanism into initiating moi-
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eties for the chain propagation of the second monomer.8 Pre-
vious attempts to prepare well-defined PNVK or PNVP ho-
mopolymers using one of the CRP methods has involved a
degenerative transfer radical mechanism,9 ATRP,10 or Co-
mediated polymerization.11 Only a few studies describe
chain extension from either PNVK or PNVP homopolymers
to prepare block copolymers.12 Regardless of the potentially
interesting properties, block copolymers of PNVK and
PNVP (PNVK-b-PNVP) have not been yet prepared, since
the synthesis of well defined PNVK-b-PNVP block copoly-
mers is challenging, owing to the low reactivity of both
NVK and NVP. The low reactivity of NVK and NVP and
the low stability of the propagating radicals indicate that a
degenerative transfer process, such as reversible addition-
fragmentation chain transfer (RAFT) polymerization, could
be best suited for conducting a controlled polymerization.
For this study, we selected a xanthate-type mediating agent,
since it was successfully employed for RAFT polymeriza-
tion of less active monomers in previous studies.12d

Experimental

Materials
N-Vinylpyrrolidone (NVP, 99%, Sigma-Aldrich) was

dried over anhydrous magnesium sulfate and purified by dis-

tillation under reduced pressure. N-vinylcarbazole (NVK,
97%, Sigma-Aldrich) and 2,2’-azobis(isobutyronitrile)
(AIBN, 99%, Sigma-Aldrich) were recrystallized twice from
methanol. All solvents were purified by distillation prior to
use. S-(2-Ethyl propionate)-O-ethyl xanthate (EX)13 was
synthesized according to the literature procedure. Briefly,
potassium O-ethyl xanthate (4.75 g, 2.9 � 10–2 mol) was
dissolved in 25 mL of ethanol with ethyl 2-bromopropionate
(4.74 g, 5.3 � 10–2 mol) for 20 h at room temperature. The
crude product was purified by extraction with diethyl ether –
water followed by column chromatography using hexane –
ethyl acetate 95:5 (v/v) as eluent to give a yellow oil. Yield:
3.0 g (51%). 1H NMR (300 MHz, CDCl3 , ppm) d: 4.63 (q,
2H), 4.37 (q, 1H), 4.20 (q, 2H), 1.56 (d, 3H), 1.41 (t, 3H),
1.28 (t, 3H).

RAFT polymerization of NVK (C1)
3.41 g of NVK (17.6 mmol), 91.0 mg of EX

(0.410 mmol), 34.0 mg of AIBN (0.207 � 10–3 mmol), and
8 mL of anisole were charged to a Schlenk flask. The molar
ratio of NVK–EX–AIBN was 43:1:0.5. The mixture was de-
oxygenated by three freeze–pump–thaw cycles. The flask
was placed in an oil bath thermostated at 60 8C for a re-
quired time period. Samples were withdrawn via a syringe
for the measurement of monomer conversion and molecular

Scheme 1. Synthesis of PNVK-b-PNVP amphiphilic block copolymers via xanthate-mediated RAFT polymerization.

Table 1. Compositions and molecular weights of macroinitiators and block copolymers.

Entry Compositionf Mn, theory
g Mn, NMR Mn, GPC PDI

C1a PNVK31 6200 — 6300h 1.28
C2b PNVP46 5200 — 5300i 1.28
B1c PNVK31-b-PNVP269 39 200 35 800 35 400i 1.35
B2d PNVK31-b-PNVP573 70 900 69 200 88 000i 1.52
B3e PNVP46-b-PNVK139 32 400 32 100 21 700i 1.35

a[NVK]/[EX]/[AIBN] = 43/1/0.5, 66 wt% of 1,4-dioxane to NVK, 60 8C, 4 h, conversion 71.0%.
b[NVP]/[EX]/[AIBN] = 150/1/0.35, 20 wt% of anisole to NVP, 60 8C, 4.5 h, conversion 30.1%.
c[NVP]/[C1]/[AIBN] = 600/1/0.5, 33 (v/v)% of anisole to NVP, 60 8C, 3.1 h, conversion 50.3%.
d[NVP]/[C1]/[AIBN] = 600/1/0.5, 33 (v/v)% of anisole to NVP, 60 8C, 20.9 h, conversion 98.1%.
e[NVK]/[C2]/[AIBN] = 150/1/0.5, 50 wt% of anisole to (NVK + C2), 60 8C, 26.2 h, conversion 93.9%.
fHomopolymer compositions were based on molecular weights measured by GPC. Block copolymer compositions

were based on their macroinitiator composition and the NMR spectra of block copolymers.
gMolecular weights based on monomer conversion.
hGPC in THF, PS standards.
iGPC in DMF, PMMA standards.
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weight of polymer by GPC with DMF or THF as eluent.
The reaction was quenched by placing the flask in an ice
bath, exposing to air, and diluting with THF to provide the
PNVK–EX macromolecular chain transfer agent (C1). The
crude polymer was purified by filtering through an alumina
column followed by precipitation in hexane. Conversion =
71% (by NMR); Mn, theor = 6200 g/mol, Mn, TFH GPC =
6300 g/mol (PDI = 1.28).

RAFT polymerization of NVP (C2)
10.0 mL of NVP (10.4 g, 93.7 mmol), 139 mg of EX

(0.626 mmol), 4.1 mg of AIBN (0.220 mmol), 2.5 mL of ani-
sole were charged to a Schlenk flask. The mole ratio of NVP–
EX–AIBN was 150:1:0.35. The mixture was deoxygenated by
three freeze–pump–thaw cycles. The flask was placed in an
oil bath thermostated at 60 8C for the desired time period.
The rest of the procedure was the same as that for the

preparation of C1. Conversion = 30% (by NMR); Mn, theor =
5200 g/mol, Mn, DMF GPC = 5300 g/mol (PDI = 1.28).

Chain extension of PNVK (C1) by RAFT polymerization
of NVP forming a block copolymer

3.04 mL of NVP (3.18 g, 28.6 mmol), 0.300 g of C1
(Mn, THF GPC = 6300 g/mol, PDI = 1.28, 47.6 � 10–3 mmol),
3.90 mg of AIBN (23.7 � 10–3 mmol), and 1.56 mL of ani-
sole were charged to a Schlenk flask. The mole ratio of
NVP–C1–AIBN was 600:1:0.5. The mixture was deoxygen-
ated by three freeze–pump–thaw cycles and then was placed
in an oil bath thermostated at 60 8C for the required time
period. Monomer conversion and molecular weight were
tracked by GPC with DMF as eluent. At the desired con-
version, the reaction was quenched and the polymer was
purified by filtering through an alumina column followed
by precipitation in hexane. B1 conversion = 50% (by
GPC); Mn, theor = 39 200 g/mol, Mn, DMF GPC = 35 400 g/mol

Fig. 1. Kinetic plots, evolution of molecular weights and polydispersities with conversion, and GPC traces for the synthesis of B1 and B2
(a, b, and c) and B3 (d, e, and f). Dashed lines (- - -) in (a) and (d) are least square linear fits. Solid lines (—) in (b) and (e) represent
theoretical molecular weights vs. monomer conversion. Red triangles in (b) and (e) represent Mn values calculated based on block copoly-
mer using 1H NMR.

Table 2. Hydrodynamic diameters (nm) measured in various solvents at room temperature.

Solvent DCa B1 (PNVK31-b-PNVP269) B2 (PNVK31-b-PNVP573) B3 (PNVP46-b-PNVK139)
Anisole 4.3 315 (1.751) 2377 (0.540) 10.3 (0.425)
CHCl3 4.8 7.86 (0.417) 12.9 (0.441) 9.34 (0.140)
THF 7.5 9.21 (0.390) 14.4 (0.304) 9.67 (0.170)
MeOH 33.0 44.0 (0.129) 64.0 (0.334) 774 + precipitation

Note: Average volume distribution. Numbers in parentheses are coefficients of variation.
aDielectric constant.
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(PDI = 1.35). B2 conversion = 98% (by GPC); Mn, theor =
70 900 g/mol, Mn, DMF GPC = 88 000 g/mol (PDI = 1.52).

Chain extension of PNVP (C2) by RAFT polymerization
of NVK

1.09 g of NVK (5.65 mmol), 0.200 of C2 (Mn, DMF =
5300 g/mol, PDI = 1.28, 37.7 � 10–3 mmol), 3.10 mg of
AIBN (18.9 � 10–3 mmol), and 2.60 mL of anisole were
charged to a Schlenk flask. The mole ratio of NVK–C2–
AIBN was 150:1:0.5. The mixture was deoxygenated by
three freeze–pump–thaw cycles. The flask was placed in an
oil bath thermostated at 60 8C for the required time. The rest
of the procedure was the same as that for the block copoly-

merization of NVP from PNVK described above. B3 con-
version = 94% (by GPC); Mn, theor = 32 400 g/mol,
Mn, DMF GPC = 21 700 g/mol (PDI = 1.35).

Analyses
The molecular weights and molecular-weight distributions

were measured using GPC (Polymer Standards Services,
columns (guard, 105, 103, and 102 Å)) with DMF (containing
5 mmol/L LiBr) as eluent at 50 8C or with THF as eluent at
35 8C. The flow rate was kept at 1.00 mL/min and a differ-
ential refractive index (RI) detector (Waters, 2410) was
used. Toluene was used as the internal standard to correct
for any fluctuation in eluent flow rate. The molecular weight

Fig. 2. DLS profile for PNVK-b-PNVP block copolymer (B1, B2, and B3) in chloroform and methanol. Blue line: PNVP block, Red line:
PNVK block.

Fig. 3. 1H NMR spectra of B1 in different solvents, toluene-d8, MeOH-d4, and chloroform-d.
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and the molecular-weight distribution were determined with
a calibration curve based on linear PMMA (for DMF GPC
line) or PS (for THF GPC line) standards using GPCWin
software. Conversions were determined by NMR on a
Bruker AvanceTM 300 MHz instrument or by an internal
standard addition, injecting a known amount of monomer
into reaction mixtures and following the peak area changes
in GPC traces. Particle size and size distribution were meas-
ured by dynamic light scattering (DLS) on High Perform-
ance Particle Sizer, Model HP5001 from Malvern
Instruments, Ltd. DLS measurements provide average diam-
eter, Dav, and size distribution index, CV (coefficient of var-
iation), which is defined as CV = (S � 100)/Dav, where Dav
is the mean diameter and S is the size standard deviation.
Tapping mode AFM experiments were carried out using a
Multimode Nanoscope V system (Veeco instruments). The
measurements were performed in air using commercial Si
cantilevers with a nominal spring constant and resonance fre-

quency of 40 N/m and 330 kHz, respectively. The height and
phase images were acquired simultaneously at a set-point ra-
tio (A/A0), in the range of 0.7–0.9, where A and A0 refer, re-
spectively, to the ‘‘tapping’’ and ‘‘free’’ cantilever amplitude.

Results and discussions

Synthesis
The synthesis of PNVK-b-PNVP block copolymers was

conducted sequentially via the two alternative pathways
shown in Scheme 1.

First, macromolecular chain transfer agents (CTAs),
i.e., macroinitiators, were prepared by RAFT polymeriza-
tions using EX as a CTA. The molecular weights of the
macroinitiators were measured by GPC and summarized
in Table 1. The molecular weight of C1 measured by
GPC (in THF using PS standards) (Mn = 6300, DP = 31)
agreed well with the value estimated from monomer con-
version (D[M]/[EX]0 = 43, DP = 31 at 71% conversion),
assuming quantitative initiation. However, when the molec-
ular weight was measured by GPC in DMF, a much
smaller value (Mn = 3800, DP = 19) was obtained, presum-
ably due to the formation of more compact polymer coils
in DMF. A similar observation concerning a much smaller
molecular weight of PS measured in DMF GPC, was re-
ported previously.14 The molecular weight of C2, deter-
mined by GPC (in DMF, PMMA standards), corresponded
well to the theoretical molecular weight estimated from
monomer conversion (DP = D[M]/[EX]0) with the assump-
tion of the quantitative initiation efficiency. The molecular
weight of the macroinitiators measured by GPC (in DMF)
compared well with the molecular weight calculated by
end group analysis of 1H NMR spectra. For example, for
another PNVP macroinitiator prepared under the same con-
ditions as C2, Mn was calculated by end group analysis to
be 4400 g/mol, and was measured by GPC to be
4500 g/mol (in DMF, PMMA standards). Furthermore,
good agreement of experimental and theoretical molecular
weights indicated that the number of new chains generated
by decomposition of AIBN, coupling with CTA, and trans-
fer process was small.

Chain extensions from the prepared macroinitiators were

Fig. 4. 3D images of height mode AFM at different conditions. B1: (a), (b), and (c), B3: (d), (e), and (f).

Fig. 5. 3D height mode AFM images (left column) and phase mode
AFM images (right column) of B1 (a, b) and B2 (c, d) after drop
casting of DMF solution and drying. Phase image size: 0.6 mm �
0.6 mm.
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performed by RAFT polymerization of the second monomer.
The molecular weight and polydispersity of each block co-
polymer and the block copolymer composition determined
by NMR are summarized in Table 1. Figure 1 displays the
kinetic plots, the linear change of molecular weight with
conversion, and the evolution of GPC traces over time for
each block copolymer. The chain extension reactions were
carried out to over 90% monomer conversion for both path-
ways. The molecular weights of B1 and B2 measured by
GPC (in DMF, PMMA standards) were very similar to the
calculated molecular weights based on monomer conversion
and 1H NMR analyses. THF could not be used as GPC elu-
ent for PNVP because it is isorefractive with PNVP. The
molecular weight of B3, calculated from the 1H NMR spec-
trum, was very close to that based on monomer conversion,
assuming quantitative initiation. The values differed from
the Mn by GPC (in DMF, PMMA standard) which can be
attributed to the compact structure of the PNVK block
(83 wt% in B3) in DMF, as was the case with the PNVK
macroinitiator. The observed first-order kinetic plots and the
very high efficiency of the chain extensions suggested the
negligible contribution of possible side reactions such as for-
mation of NVP dimers or elimination of xanthate end
groups.12e,15 This could be attributed to the simple structure
of xanthate (EX), use of purified reagents, and the mild pol-
ymerization temperature (60 8C).

DLS and NMR studies
Particle-size distribution (volume vs. hydrodynamic diam-

eter (Dh)) of each prepared block copolymer was studied by
dynamic light scattering (DLS). Table 2 summarizes particle
size distributions in various solvents having different polar-
ities (represented in Table 2 by dielectric constant). The
DLS profiles in two representative solvents, chloroform and
methanol, are presented in Fig. 2.

All block copolymers displayed Dh values smaller than
15 nm in medium polarity solvents (chloroform and THF),
implying dissolution of the block copolymers without for-
mation of aggregates. However, when methanol was used as
the solvent, the average particle size was much larger, rang-
ing from 44 to 64 nm for B1 and B2, and resulted in larger
aggregates (Dh > 700 nm) for B3 (some precipitation was
visually observed). Methanol, a non-solvent for PNVK and
a good solvent for PNVP, resulted in formation of micelles
with PNVP as the major block in the outer shell (B1 and
B2). With PNVK as the major block (B3), larger aggregates
were formed, accompanied by precipitation. Assuming full
stretching of PNVP chains, the calculated size of micelles
for B1 and B2 should range from 150 nm to 390 nm (DP �
(0.25 nm) � 2), respectively. Observed smaller diameters
suggest coiled chains of PNVP, due to a less dense micelle
structures (Fig. 2, insets). In contrast to methanol, anisole is
a good solvent for PNVK because of aromatic interactions
and a poor solvent for PNVP because of its weak hydrogen-
bonding ability. As a result, while B3 dissolved as individ-
ual chains (Dh = 10.3 nm), B1 and B2, with PNVP as the
major block, formed very large aggregates sized over
300 nm (cf. Table 2).

The change of solubility of the block copolymer in selec-
tive solvents was further confirmed by 1H NMR measure-
ments. The 1H NMR spectra of B1 are shown in Fig. 3. In

the spectrum measured in chloroform-d, a good solvent for
both blocks, peaks from both PNVK block (4.5–8 ppm) and
PNVP block (0.5–4.5 ppm) are well resolved. However, the
peaks of PNVK block disappear when measured in MeOH-
d4, because of the insolubility of the PNVK block. Toluene-
d8 was selected as a nonpolar solvent instead of anisole. No
appreciable peak was observed, proving the insolubility of
the B1 to toluene owing to the large portion of polar PNVP
block.

AFM studies
The phase separation in block copolymers was also ob-

served by tapping mode AFM (Fig. 4). The block copoly-
mers B1 and B3 were dissolved in chloroform (1 mg/mL)
and solutions were drop-cast onto silicon wafers (1 cm �
1 cm), followed by drying under vacuum at room tempera-
ture overnight. The films of block copolymers were studied
by AFM. Globular morphologies with dimensions of 37 nm
and 49 nm were observed for B1 and B3. Although the di-
lute chloroform solutions of B1 and B3 did not contain ag-
gregates (cf. DLS studies), they formed aggregates as
concentration increased during the solvent evaporation. The
polymer films were then annealed at 160 8C (Figs. 4b and
4e) and 190 8C (Figs. 4c and 4f), i.e., above the Tg of
PNVP block (*120 8C) under vacuum. Because the anneal-
ing was conducted below the Tg of the PNVK block
(*210 8C), phase separation could not be enhanced by ther-
mal annealing. The aggregates, formed during the film for-
mation, relaxed, as seen from smoothed surfaces after
annealing.

The hypothesis that the globular morphology was gener-
ated by aggregation of polymers during the drying process
was supported by another experiment. This time, block co-
polymers B1 and B2, with the same PNVK block but differ-
ent chain length of PNVP, were dissolved in DMF, a good
solvent for both blocks. Since DMF evaporates at a slower
rate than chloroform, it should provide sufficient time for
the copolymers to attain lower-energy morphologies. The
height and phase mode AFM images of B1 and B2 in
Fig. 5 were measured after drop casting and drying of DMF
in a vacuum oven at room temperature. The average domain
sizes of B1 and B2, obtained by 2D isotropic power spectral
density analysis of height images, were 28 and 33 nm, re-
spectively, indicating that the increase in the size of the do-
mains is correlated with the dimensions of the PNVP blocks
(DP = 269 vs. DP = 573).

Conclusion
Amphiphilic block copolymers with a hydrophobic PNVK

block and a hydrophilic PNVP block were synthesized by
xanthate-mediated RAFT polymerization by preparation of
PNVK or PNVP macroinitiators and sequential chain exten-
sions with the second monomer, i.e., NVP or NVK. The re-
sulting block copolymers had low polydispersity and the
molecular weight, measured by GPC and 1H NMR, agreed
well with the theoretical values. The particle-size distribu-
tions of the prepared block copolymers were measured in
various solvents with different polarities. Block copolymers
B1 and B2, with longer PNVP blocks, formed micelles in
methanol whereas B3, with PNVK as the major block,
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formed larger aggregates and precipitates. AFM measure-
ments of film samples revealed the block copolymers aggre-
gated during the drying of films, even though the initial
solution did not contain aggregates. Annealing the film sam-
ples at a temperature between the Tg of PNVK (210 8C) and
PNVP (120 8C) yielded a smoother surface than before an-
nealing but did not enhance the phase separation.
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Synthesis, photophysics, and electrochemistry of
thiophene–pyridine and thiophene–pyrimidine
dyad comonomers

Andréanne Bolduc, Stéphane Dufresne, Garry S. Hanan, and W.G. Skene

Abstract: A series of new p-conjugated donor (D) and acceptor (A) dyad comonomers were prepared using Suzuki cou-
pling protocols. The D–A comonomers consisting of thiophene/bithiophene as donors and pyridine/pyrimidine as acceptors
were prepared to investigate their photophysical and electrochemical properties. The dyads were spectroscopically con-
firmed to be highly conjugated. This was further supported by the X-ray crystal structure of the bithophene–pyridine dyad
that showed all the heterocycles to be coplanar. It was further found that the fluorescence yields (Ffl) of the dyads were
highly dependent on the number of thiophenes. The bithiophene derivatives exhibited Ffl values ‡ 0.3 while the thiophene
derivatives did not fluoresce. The suppressed fluorescence observed for the thiophene derivatives was due to their higher
triplet energy resulting in efficient intersystem crossing (ISC) to the triplet state with FISC ‡ 0.8. This was confirmed both
by time-resolved and steady-state measurements. The singlet excited state of both thiophene and bithiophene dyads was
deactivated solely by either fluorescence and (or) ISC. Owing to their donor and acceptor character, the dyads could be
oxidized and reduced both electrochemically and photochemically to afford the radical cation and anion, respectively.

Key words: comonomer, thiophene, pyridine, pyrimidine, photophysics, fluorescence.

Résumé : À l’aide d’un couplage de Suzuki, une série de comonomères conjugués contenant une fonction donneur d’élec-
trons (D) et une fonction accepteur d’électrons (A) ont été préparés. Ces comonomères, dits D–A, qui utilisent le thio-
phène/bithiophène comme donneurs d’électrons et la pyridine/pyrimidine comme accepteurs d’électrons, ont été
synthétisés dans le but d’analyser leurs propriétés photophysiques et électrochimiques. Il a été évalué spectroscopiquement
que les dimères sont grandement conjugués. Ceci est d’ailleurs soutenu par la structure rayons-X du composé bithiophène–
pyridine qui montre que tous les hétérocycles sont coplanaires. Il a été déterminé que les rendements quantiques de fluo-
rescence (Ffl) des composés dépendent du nombre de thiophènes présents dans la molécule. En effet, les dérivés du bithio-
phène ont des Ffl ‡ 0,3 tandis que les dérivés du thiophène ne fluorescent pas. Cette absence de fluorescence est causée
par la formation d’un état triplet de haute énergie par croisement intersystème (ISC pour « intersystem crossing ») avec un
FISC ‡ 0,8. L’état singulet excité des dimères de thiophène et de bithiophène est uniquement désactivé par la fluorescence
ou le ISC. Grâce à leur caractéristique donneur/accepteur, les comonomères ont pu être oxydés et réduits électrochimique-
ment et chimiquement afin de former le radical cation et le radical anion.

Mots-clés : comonomère, thiophène, pyridine, pyrimidine, photophysique, fluorescence.

[Traduit par la Rédaction]

Introduction

Conjugated materials have attracted much attention be-
cause of their electrochemical and photophysical properties
that are ideally suited for plastic electronics, including or-
ganic field effect transistor,1–4 photovoltaics,5,6 emitting de-
vices,7,8 and conducting materials,9,10 to name but a few.
Thiophenes have been widely used in these electronic appli-
cations owing to their low oxidation potential and their pos-
sibility of undergoing electropolymerization resulting in
conjugated polymers possessing extremely low oxidation po-
tentials. However, homopolymers of thiophene and its deriv-

atives often have undesirably high HOMO–LUMO energy
gaps (Eg) and oxidation potentials (Epa) that are unsuitable
for functional materials, as well as weak fluorescence.

The Eg and Epa can be modulated by copolymerizing thio-
phene with different electron-donating and -accepting mono-
mers. However, homopolymers are solely obtained if the
oxidation potentials of both the monomer and thiophene are
not closely matched. Although choosing monomers with Epa
that are closely matched to thiophene results in copolymers,
the Eg and Epa are similar to those of the homopolythio-
phene. This problem can be overcome with comonomers.
The comonomer configuration consisting of a central aro-
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matic acceptor (A) core inserted between electron-rich do-
nors (D) simplifies the electropolymerization process that
would otherwise require two or three separate monomers to
obtain analogous alternating copolymers via other coupling
methods.11,12 The same polymer can also be obtained by
cathodic polymerization of a D–A–D comonomer.

Comonomers consisting of electron-deficient heterocycles,
such as pyridine, pyrazine, and pyrimidines, are also inter-
esting because they can coordinate with metals. This can be
done either prior to- or post-polymerization, affording metal-
containing polymers. Property tailoring for a given applica-
tion is possible by coordinating different metals. n-Doping
of the electron-deficient-containing compounds is further
possible resulting in the both p- and n-type polymers.

Unlike the polymerization of D–A–D or A–D–A comono-
mers that can be done in one step, the polymerization of
D–A comonomers requires two steps. This can either be
done by anodic dimerization followed by cathodic polymer-
ization or the reverse. The added advantage of the stepwise
polymerization of D–A comonomers is that the anodically
and cathodically coupled dimers can be characterized, and
the metal complexes can be isolated and characterized as
well. Structure–property relationships are therefore possible
in addition to tailoring the properties for a given application.
This is in contrast to their triad cousins that are insoluble
when polymerized, precluding their spectroscopic and mo-
lecular-weight characterization.

Our ongoing investigation of conjugated polymers13–19

and our previous endeavors in comonomer synthesis11,20

prompted us to prepare a series of p-rich and p-poor dyad
comonomers consisting of thiophenes and both pyridine and
pyrimidine. These compounds are of particular interest be-
cause they are expected to exhibit mutual p- and n-doping
properties allowing for selective stepwise anodic and catho-
dic coupling potentially leading to D–A–A–D and
A–D–D–A comonomer products, respectively. These can
then subsequently be electropolymerized. Furthermore, the
p-donor/acceptor arrangement provides the means to tune
the HOMO–LUMO energy levels and to tailor the spectro-
scopic and electrochemical properties.21–24

Herein, we present the preparation of new p-donor/acceptor

dyad comonomers along with their steady-state and time-
resolved photophysics and electrochemical characterization.
The combined effect of thiophene and bithiophene p-donors
coupled with pyridine and pyrimidine p-acceptors for como-
nomers is presented. Although such compounds are of interest
for their electrochemical properties, little work has examined
the photophysics for such dyads. Their structure–property re-
lationships and the understanding of their fluorescence deac-
tivation mechanisms are of interest for the design and
property tuning of new compounds. For these reasons, the
photophysical properties, including the emission yields and
excited-state deactivation pathways, of these new comono-
mers are studied. The investigation of such properties pro-
vides valuable information for determining the suitability of
such precursors for functional materials and for the design of
future compounds.

Synthesis

The comonomers 2 and 4 (Chart 1) were prepared by
standard Suzuki coupling.25,26 The 2-thiophene boronic acid
and 2-bithiophene boronic acid precursors required for Su-
zuki coupling were obtained by standard aryl anion forma-
tion with n-BuLi followed by nucleophilic addition to
triethylboronate ester starting from inexpensive thiophene
and bithiophene, respectively.27 The boronic acids were

Scheme 1. Synthetic scheme for 1 and 3 (top) and 2 and 4 (bottom).

Chart 1. Comonomers synthesized.
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coupled with a chloropyridine by Suzuki coupling in aque-
ous isopropanol, and this solvent led to homogenous reac-
tion mixtures resulting in higher yields.11 The reaction
proceeded cleanly at 50 8C with only 1 mol% of catalyst.
Conversely, 1 and 3 (Chart 1) were less straightforward to
prepare, since the required 4-halogenopyrimidine commer-
cially precursor is unavailable and the 2- and the 5-substi-
tuted derivatives are expensive. The required pyrimidine
precursors for the synthesis of 1 and 3 were therefore pre-
pared by a Michael reaction according to Scheme 1. This
route unfortunately required a slow ring-closing step requir-
ing 7 days for completion.28–30

Crystallography

Confirmation of the formation of 4 was obtained by
X-ray diffraction (Table 1). Suitable crystals for analysis
were obtained from the slow evaporation of 4 in dichloro-
methane. The resolved structure is shown in Fig. 1. The re-
solved structure shows disorder of the terminal thiophene
consisting of in inversion of the thiophene. The thiophene
(S1–C1–C2–C3–C4) weights are 76% for the structural
representation with the two thiophene adopting an anti con-
formation. The remaining 24% is attributed to the minor
isomer in which the two thiophenes are syn. It should be
noted that the heterocycles are nearly coplanar, contribu-
ting in part to its high degree of conjugation (vide infra).
The torsion angle between the pyridine and the central thi-
ophene is 5.388 while that of two thiophenes is 9.758, and
is consistent with similar structures.11

The molecules of 4 in the crystal lattice align along the
a–b axis in a zig-zag fashion as shown in Fig. 2. This ar-
rangement is in part a result of non-conventional H-bonding
occurring between C11–H and N1. The distance between
C11 and N1 is 3.443 Å, which is within a suitable distance
for such a weak interaction. Face-edge p-stacking also oc-

curs between S2–C5–C6–C7–C8 and the pyridine through
C12 with the two being separated by 3.665 Å. C1 is also di-
rected towards the N1–C9–C10–C11–C12–C13 ring, and
they are separated by a distance of 3.427 Å (Fig. 3).

Spectroscopy
The effect of the number of heterounits in the comonomer

on the spectroscopic properties can be seen from the spec-
troscopic data in Table 2. Both the absorption and fluores-
cence maxima of 3 and 4 are bathochromically shifted
relative to 1 and 2. The bathochromic shifts imply an in-
creased degree of conjugation resulting from the bithiophene
unit relative to thiophene. The increased degree of conjuga-
tion of the bithiophene dyad relative to the thiophene is also
evident from the Eg, which is lower for 3 and 4 than for 1
and 2. It is noteworthy that the Eg is larger for pyridine-
containing dyads compared with their pyrimidine analogues,
owing to the more electron deficient nature of diazines,
which perturbs the LUMO level.

Functional materials with high fluorescence yields are of
interest for emitting devices. High fluorescence yields are
also desired for efficient ligand-to-metal energy transfer.
For these reasons, we examined the fluorescence quantum
yields for the comonomer dyads. Both the bithiophene dyads
are highly fluorescent relative to their thiophene analogues.
High fluorescence yields were confirmed by measuring the
absolute emissions with an integrating sphere. The advant-
age of the integrating sphere is that references with similar
absorption, emissions, and emission yields to the compounds
of study are not required. Even though the fluorescence val-
ues measured for 1 and 2 are below the detection limit of
the integrating sphere, accurate fluorescence measurements
of 3 and 4 are possible. It can be concluded that 1 and 2
are nonfluorescent. The difference in fluorescence between
the two sets of dyads implies two different deactivation
pathways of the singlet excited state are present. Although
both the thiophene and bithiophene dyads exhibit unimolec-
ular fluorescence decays of approximately < 2 ns, an effi-
cient deactivation mode competes with fluorescence for 1
and 2, resulting in suppressed fluorescence.

Deactivation of the excited state by intramolecular charge
transfer (ICT) can lead to suppressed fluorescence. ICT
often results from charge separation occurring on separate
donor–acceptor moieties. Charge separation can be visual-
ized from the molecular orbitals, which can be accurately
calculated by theoretical means. The HOMO and LUMOs
of the comonomers were therefore investigated to afford in-
sight into the different excited-state deactivation modes. As

Fig. 1. X-ray structure of 4 and the numbering scheme adopted.Table 1. Details of crystal structure determination for 4.

Formula C13H9NS2

Mw (g/mol); F(000) 243.33 g/mol; 504
Crystal color and form Yellow plate
Crystal size (mm) 0.15 � 0.07 � 0.05
T (K); dcalcd. (g/cm3) 150 (2); 1.407
Crystal System Orthorhombic
Space group Pna21

a (Å) 19.5336 (19)
b (Å) 10.1891 (10)
c (Å) 5.7716 (6)
a (8) 90.000
b (8) 90.000
g (8) 90.000
V (Å3); Z 1148.7 (2); 4
q range (8); completeness 4.53–72.47; 0.852
Reflections: collected/independent; Rint 8286/1783; 0.093
m (mm–1) 3.930
Abs. Corr. Semi-empirical
R1(F); wR(F2) [I > 2s (I)] 0.0581; 0.1260
R1(F); wR(F2) (all data) 0.0725; 0.1321
GoF(F2) 1.065
Max. residual e– density 0.284 e– Å–3

238 Can. J. Chem. Vol. 88, 2010

Published by NRC Research Press



Fig. 2. The three-dimensional network of 4 illustrating the zig-zag configuration along the a–b axis.

Fig. 3. The interactions involved in the lattice of 4. The disorder is omitted for clarity. (i) 0.5 + x, 0.5 + y, z; (ii) 1.5 – x, 0.5 + y, 0.5 + z;
(iii) 1.5 – x, –0.5 + y, 0.5 + z.
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seen in Fig. 4, the HOMO and LUMO orbitals calculated
from DFT single-point energies from the X-ray crystal coor-
dinates are not isolated on one heterocycles and they are
evenly distributed across the heterocycles regardless of the
dyad. ICT is therefore not responsible for the different fluo-
rescence yields despite the p-donor/acceptor character.

The singlet excited state deactivation pathways of the co-
monomers were further investigated using various quenchers.
In all cases, the comonomers were self-quenched with diffu-
sion-controlled kinetics in acetonitrile (2 � 1010 M–1 s–1).31

All spectroscopic measurements were subsequently done at
extremely low concentrations (10–6 mol/L) to avoid self-
quenching. An electron acceptor (benzoquinone) and donor
(N,N’-dimethylaniline) were added to determine whether the
comonomers could undergo photoinduced electron transfer.
Interestingly, all the comonomers studied were quenched at
diffusion-controlled limits by both benzoquinone and N,N’-
dimethylaniline (Fig. 5). This implies that the comonomers

are capable of generating both radical cations and radicals.
This is in contrast to thiophene derivatives that can generate
only radical cations while pyridine and pyridimine afford
uniquely radical anions. The photoinduced electron-transfer
mechanism leading to radical ion intermediates is further
supported by the exergonic DGet values calculated from the
Rehm–Weller equation, shown in Table 2.31 The dual
quenching confirms that the comonomers can potentially be
both oxidized and reduced while their increased degree of
conjugation relative to their discrete monomers afford the
means to tailor the spectroscopic and electrochemical prop-
erties.

Laser flash photolysis

The donor–acceptor character of the comonomers can
lead to radical ions upon photoirradiation, as observed by
the fluorescence quenching with the electron donor and ac-

Table 2. Comonomer spectroscopic properties measured in anhydrous and deaerated dichloromethane.

Compound labs (nm) DE (eV) Eg (eV) lem (nm) Ffl
a tfl (ns)

DGet (kJ/mol) N,N-
Dimethylanilineb

DGet (kJ/mol)
Benzoquinoneb

1 306 3.7 3.3 380 <0.01 (0) 2.6 –79 –223
2 320 3.8 3.7 356 0.04 (0.08) 5.3 –69 –213
3 365 3.1 2.9 433 0.66 (0.86) 1.9 –2 –175
4 354 3.2 3.1 420 0.15 (0.30) 6.2 –11 –174

aValues in parentheses were measured using a calibrated integrating sphere.
bCalculated energetics of photoinduced electron transfer (DGet) between the different comonomers and electron donors and acceptors.

Fig. 4. HOMO (left) and LUMO (right) energy levels calculated via DFT of 4 (A), 3 (B), and 2 (C).
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ceptor. Laser flash photolysis (LFP) was used for spectro-
scopically detecting these intermediates in addition to any
triplets, either of which could be responsible for the reduced
fluorescence of 1 and 2. The transient absorption spectra for
the dyads studied are found in the inset of Fig. 6. Both the
thiophene and bithiophene comonomers exhibited transient
spectra whose absorption maxima are dependent on the
number of thiophenes. The unimolecular decay (Fig. 6) im-
plies that the observed transients are triplets. Triplet assign-
ment was further confirmed by the fast quenching of the
transients with known triplet quenchers; oxygen, 1,3-cyclo-
hexadiene, b-carotene, and 2-methylnaphthalene (Table 3).
The unimolecular decay precludes the formation of radical
ions that can be produced by intramolecular photoinduced
electron transfer. The observed transients were further as-
signed to triplets, since they were not quenched by radical
ion generators, benzoquinone, or N,N-dimethylaminopyri-
dine.

Quantification of the triplet state is possible by LFP ac-
cording to eq. [1]

½1� Fx ¼
DAbsx �Fref � 3x

DAbsref � 3ref

where FTT is the quantum yield of triplet formation, 3TT
is the triplet–triplet molar absorption coefficient, DAbs is
the signal intensity monitored at the maximum triplet ab-
sorption as a function of laser power, ref refers to the acti-
nometer, and x refers to the corresponding comonomer.
Either FTT or 3TT can be derived by direct comparison of
the comonomer triplet signal to the reference, xanthone.
Equation [1] can be simplified to eq. [2] for calculating the
triplet comonomer yield without knowing 3TT, which is not
normally precisely known.

½2� Fx ¼
DAbsx �Fref

DAbsref �Fx

Equation [2] is valid if both the reference and the como-
nomer produce a common triplet. This is the case when 2-

methylnaphthalene (MN) is added to both the reference and
comonomer samples. In this case, MN quenches the como-
nomer and xanthone triplet by energy transfer to produce
triplet MN that is observed at 420 nm. MN is the quencher
of choice because its triplet cannot be produced by direct
excitation. More importantly, its triplet can be detected by
LFP and its absorption does not overlap with any of the co-
monomers or with xanthone. Equation [2] is valid if all the
triplets produced within the laser pulse are rapidly quenched
by energy transfer to produce the triplet methylnaphthalene.
The amount of MN required for deactivating at least 95% of
the comonomer and xanthone triplets can be calculated by
the quenching rate constant derived from Fig. 7.

The FTT of the comonomers can be derived from the
slope of the maximum triplet signal as a function of laser
power relative to xanthone (FTT = 1; Fig. 8) according to
the simplified eq. [2] by observing the common triplet MN.
The comonomer 3TT can similarly be calculated from the
slope of the maximum signal observed at the comonomer
absorption maximum as a function of laser power versus
xanthone in the absence of MN. The calculated triplet values
found in Table 4 show that the 3TT are larger for the bithio-
phene dyads than for the thiophene comonomers. The larger
3TT implies the bithiophene triplets exhibit a higher degree
of conjugation than 1 and 2.

It is also evident from Table 3 that the comonomers pro-
duce appreciable amounts of triplet. From the energy con-
servation (1 = SFx = Ffl + FISC + FIC) and the
spectroscopic data, it can be concluded that the comonomers
deactivate their singlet excited state predominately by two
pathways: either fluorescence or intersystem crossing (ISC)
to form their triplet state. In the case of the thiophene como-
nomers, the singlet excited manifold is deactivated predomi-
nately by ISC, supported by the fluorescence and LFP data.
This is most likely a result of their higher triplet level favor-
ing ISC. The higher triplet energy of 1 and 2 is confirmed
by the phosphorescence emissions that are significantly hyp-
sochromically shifted relative to 3 and 4 (Table 4 and

Fig. 5. Static Stern–Volmer analysis of 3 as a function of benzo-
quinone. Inset: Decrease in fluorescence intensity of 3 with benzo-
quinone addition in deaerated acetonitrile.

Fig. 6. Kinetic decay of triplet 4 monitored at 490 nm after excita-
tion at 355 nm. Inset: Transient absorption spectra of 4 monitored
at 16 ms (&) and 27 ms (*) after the laser pulse of 355 nm.
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Fig. 9). The increased degree of conjugation resulting in
splitting of the singlet–triplet energy levels is consistent
with previous reports and further confirms that deactivation
does not occur from intramolecular photoinduced electron
transfer or other radiative means, such as internal conver-

sion.32,33 The steady-state and time-resolved data collec-
tively confirm that the fluorescence can be tuned as a
function of comonomer structure and that the excited-state
energy can be channeled to the emitting manifolds. Tuning
of the spectroscopic properties as a function of structure is
therefore possible.

Electrochemistry
Cyclic voltammetry of each comonomer was done to de-

termine their redox potentials. All the comonomers exhibited
both oxidation and reduction potentials corresponding to the
radical cation and anion, respectively. The electrochemical
data also demonstrate the inherent dual n- and p-type char-
acter of the comonomers. This behaviour is corroborated by
the fluorescence quenching data. The HOMO and LUMO
values, and the corresponding energy gaps can be calculated
from the measured redox potentials by standard methods
leading to the values reported in Table 5.23 It is evident
from the calculated values that the p-donating thiophene
group affects the LUMO of the p-accepting nitrogen-con-
taining heterocycles. This is supported by the less-negative
reductive potentials (Epc) of 1–4 compared with pyridine
(Epc = –2.6 V) and pyrimidine (Epc = –2.4 V).34,35 Con-
versely, the oxidation potentials (Epa) of the comonomers
are unchanged compared to their thiophene (Epa = 1.6 V)36

and bithiophene (Epa = 1.3 V) monomers.37 This is a result
of the p-accepting character of the adjacent nitrogen hetero-
cycle, further confirming that the comonomers are conju-
gated.

Both the reduction and oxidation processes of the como-
nomers are not reversible, as seen in Fig. 10. This is ex-
pected, since the radical ions are highly reactive and can
cross-couple to form their corresponding dimers.38 Electro-
chemical dimerization using a large-surface-area mesh elec-
trode was used to afford sufficient quantities of dimers for
characterization. Unfortunately, only products insoluble in
standard organic solvents were obtained. This is most likely
a result of multiple radical ion coupling on the same como-
nomer. This nonetheless confirms that the donor–acceptor
dyads are electrochemically active and that D–A–A–D and
A–D–D–A products are possible.

Conclusion
A series of new donor–acceptor dyad comonomers were

prepared. The spectroscopic and electrochemical properties
can be modulated as a function of structure. The comono-
mers can both be photochemically and electrochemically
oxidized and reduced resulting in radical ions. This dual ac-
tive behaviour is a result of incorporating both p-donors and
p-acceptors to form the comonomers. The singlet excited
state was found to deactivate exclusively by either fluores-

Table 3. Triplet-quenching rate constants for the different comonomers with various quenchers measured in anhydrous
and deaerated acetonitrile.

Quencher 1 (109 M–1 s–1) 2 (109 M–1 s–1) 3 (109 M–1 s–1) 4 (109 M–1 s–1)
1.3-Cyclohexadiene 4.5 0.2 0.4 0.3
b-Carotene 4.8 5.5 2.2 4.3
2-Methylnaphthalene 4.5 0.004 0.003 0.001
Self-quenching 3.8 8.4 19.9 16.4

Fig. 7. Variation of triplet rate constant of 1 with the addition of 2-
methylnaphthalene measured at 390 nm. Inset: Effect of triplet
transient of 1 monitored at 390 nm with 0 (black), 26 mmol/L
(red), and 53 mmol/L (green) 2-methylnaphthalene.

Fig. 8. Maximum absorption of triplet 2-methylnaphthalene as a
function of laser power produced upon energy transfer from
xanthone (&), 1 (*), 2 (*), 3 (&), and 4 (~) monitored at
420 nm in anhydrous and deaerated acetonitrile.
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cence or intersystem crossing. The deactivation pathway can
be tailored by adjusting the triplet energy level, which in
turn, is controlled by the degree of conjugation and the num-
ber of thiophenes. These novel comonomers are ideal candi-
dates for emitting applications owing to their high
fluorescence yields.

Experimental

Analyses

Spectroscopic measurements
Absorbance measurements were recorded on a Cary-500

spectrometer, while fluorescence measurements were per-
formed with an Edinburgh Instruments FLS-920 fluorimeter
after deaerating the sample for 20 min with nitrogen. Fluo-
rescence quantum yields were measured at low sample con-
centration in dichloromethane by exciting the compounds
close to their maximum absorption wavelength and by com-
paring the emission to bithiophene (Ffl = 0.013) at the same
wavelength. Phosphorescence measurements were done on a
Cary Eclipse at 77 K in a 4:1 ethanol/methanol solvent.

Laser flash photolysis (LFP) measurements
Laser flash photolysis experiments were done on a Luz-

chem mini-LFP system excited at 355 nm with the third har-
monic of a Nd-YAG laser. The solutions were prepared with
absorbances between 0.3 and 0.5 at the excitation wave-
length. Triplet-state quantum yield and triplet–triplet molar
absorption coefficients were measured against xanthone in

dichloromethane (FTT = 1, 3TT = 28 000 mol/L–1 s–1) and
were determined using standard techniques.39–42

Crystal structure determination
Diffraction data for 4 was collected on a Bruker Smart

6000 diffractometer using graphite-monochromatized Cu Ka
radiation with 1.54178 Å. The structures were solved by di-
rect methods (SHELXS97). Disorder was found in the termi-
nal thiophene and consisted of a flip of this heterounit. The
weight of each isomer was optimized. All non-hydrogen
atoms were refined based on Fobs2 (SHELXS97), while hy-
drogen atoms were refined on calculated positions with
fixed isotropic U, using riding model techniques.

Electrochemical measurements
Cyclic voltammetry measurements were recorded with a

Bio Analytical Systems Ec Epsilon potentiostat. The com-
pounds of study were dissolved in anhydrous and deaerated
dichloromethane with 0.1 mol/L TBAPF6. A platinum elec-
trode was employed as the working electrode, while a plati-
num wire was used as the auxiliary electrode. The reference
electrode was a saturated Ag/AgCl electrode.

Syntheses

Thiophen-2-ylboronic acid
Thiophene (998 mg, 11 mmol) and butyl lithium

2.5 mol/L (5 mL, 12 mmol) were added to anhydrous THF
(25 mL) at 0 8C under nitrogen. Trimethylborate (4.05 mL,
36 mmol) was added dropwise to the solution at –78 8C.
The temperature was raised to room temperature, and the
solution was stirred for 1 h before 10% H2SO4 (20 mL) was
added. The product was extracted with dichloromethane
(20 mL), and the organic layer was then washed with
3 mol/L NaOH (50 mL). The pH of the aqueous layer was
adjusted to 1 using 3.2 mol/L HCl, then it was washed with
dichloromethane (60 mL). The product was isolated as a
yellow-orange solid (840 mg, 55%) and was used without
additional purification. Mp 137–139 8C. 1H NMR (acetone-
d6): d = 7.71 (d, 1H, 3J = 4.4 Hz), 7.31 (s, 1H), 7.18 (t, 1H,
3J = 4.1 Hz), 5.79 (s, 2H). 13C NMR (acetone-d6): d = 136.1,
131.7, 128.4, 128.3.

1-(2,2’-Bithiophen-5-yl)ethanone (5)
To anhydrous THF (20 mL) was added 2,2’-bithiophene

(1.72 g, 10 mmol), and the resolution solution was cooled
to –78 8C. n-Butyl lithium (10 mol/L, 1 mL, 10 mmol) was
added under nitrogen, then the temperature was raised to
room temperature and the mixture was allowed to stir for
1 h. N,N-Dimethylacetamide (0.93 mL, 10 mmol) was
added, and the reaction was stirred for an additional 2 h at
room temperature. The reaction was quenched with water

Table 4. Triplet properties of the different comonomers measured in anhydrous and deaerated acetonitrile.

Compound lTT (nm) tTT (ms) k0 (s–1) (10–5) 3TT (M–1 cm–1) FTT lphos (nm)a tphos (ms)a

1 390 4.8 2.1 4000 0.79 522 190
2 380 7.9 1.3 8000 0.83 534 71
3 490 12.3 0.8 15 000 0.30 700 6
4 490 11.2 0.9 20 000 0.86 703 5

aMeasured in a 4:1 ethanol/methanol matrix at 77 K.

Fig. 9. Normalized absorbance (~) and fluorescence (*) of 1
measured in dichloromethane at room temperature and phosphores-
cence (&) measured at 77 K in 4:1 ethanol/methanol glass matrix.
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(50 mL), and the organic layer was extracted with dichloro-
methane (60 mL). The product was purified by flash chro-
matography eluted with hexanes/ethyl acetate (90:10, v/v) to
give a yellow powder (451 mg, 21%). 1H NMR (acetone-
d6): d = 7.80 (d, 1H, 3J = 4), 7.56 (dd, 1H, 3J = 5.2, 5J =
1.2), 7.46 (dd, 1H, 3J = 3.6, 5J = 0.8), 7.34 (d, 1H, 3J = 4),
7.14 (dd, 1H, 3J = 5.2 and 4), 2.52 (s, 3H).

(2,2’-Bithiophen-5-yl)-3-(dimethylamino)prop-2-en-1-one
(6)

To a 2:1 ethanol/dichloromethane solution (3 mL) was
added 5 (110 mg, 0.5 mmol), and the solution was then re-
fluxed for 1 h. N,N-Dimethylformamide dimethyl acetal
(225 mg, 1.9 mmol) was added, and the reaction was re-
fluxed for 17 h. The reaction was cooled to room tempera-
ture, and then hexanes were added and the solution was left
to cool in the freezer overnight. The precipitate was filtered
to afford the product as an orange solid (102 mg, 75%). The
compound was used without any further purification. 1H
NMR (acetone-d6): d = 7.68 (d, 1H, 3J = 12.4), 7.65 (d, 1H,
3J = 3.6), 7.49 (dd, 1H, 3J = 5.2, 5J = 1.2), 7.39 (dd, 1H,
3J = 3.6, 5J = 0.8), 7.27 (d, 1H, 3J = 4), 7.13 (dd, 1H, 3J =
5.2 and 3.6), 5.79 (d, 1H, 3J = 12), 3.21 (s, 3H), 2.98 (s,
3H).

4-(Thiophen-2-yl)pyrimidine (1)
To absolute ethanol (25 mL) was addded 6 (2.00 g,

11 mmol). The solution was brought to reflux after which
time formamidine acetate (3.45 g, 33 mmol) was added,
and the solution was refluxed for an additional 10 min. So-
dium (0.77 g, 33 mmol) in absolute ethanol (2 mL) was then

added. The mixture was then refluxed for 16 h. The solvent
was then evaporated, the solid washed with dichlorome-
thane, and then filtered. The filtrate was purified by flash
chromatography using hexanes/ethyl acetate (70:30, v/v) to
afford the product as a yellow powder (541 mg, 31%).
Mp 54–56 8C. 1H NMR (acetone-d6): d = 9.05 (s, 1H), 8.74
(d, 1H, 3J = 5.2 Hz), 7.99 (dd, 1H, 3J = 4 Hz, 5J = 1.2 Hz),
7.88 (dd, 1H, 3J = 5.2 Hz, 5J = 1.2 Hz), 7.75 (dd, 1H, 3J =
4.8 Hz, 5J = 0.8 Hz), 7.23 (dd, 1H, 3J = 3.6 Hz and 1.2 Hz).
13C NMR (acetone-d6): d = 160.8, 160.5, 159.4, 144.1,
132.5, 130.5, 130.0 117.1. HR-MS(+) calculated for
[C8H6N2S + H]+: 163.03245; found: 163.03303.

2-Thiophene-2-yl-pyridine (2)
To isopropanol (40 mL) was added a 2 mol/L Na2CO3

solution in water (5 mL). Thiophene-2-yl-2-boronic acid
(459 mg, 36 mmol) and 2-chloropyridine (408 mg,
36 mmol) were then added. Tetrakis (triphenylphosphine)
palladium (101 mg, 0.36 mmol) was added under nitrogen
under the cover of light. The temperature was raised to
50 8C, and the reaction was stirred at this temperature for
17 h. The product was extracted with dichloromethane and
then purified by flash chromatography using hexanes/ethyl
acetate (95:5, v/v) followed by 10% ethyl acetate. The prod-
uct was isolated as a yellow solid (268 mg, 46%). Mp 56–
58 8C. 1H NMR (acetone-d6): d = 8.52 (d, 1H, 3J = 4.8),
7.85 (dd, 1H, 3J = 6.8, 5J = 0.8), 7.79 (td, 1H, 3J = 7.2,
5J = 1.6), 7.74 (dd, 1H, 3J = 4, 5J = 1.2), 7.54 (dd, 1H, 3J =
5.2, 5J = 1.2), 7.24 (dd, 1H, 3J = 4.8, 5J = 1.2), 7.14 (dd, 1H,
3J = 4 and 1.2). 13C NMR (acetone-d6): d = 154.4, 151.3,
147.0, 138.7, 129.9, 126.5, 123.9, 120.3. HR-MS(+) calcu-
lated for [C9H7NS + H]+: 162.03719; found: 162.03711.

4-(2,2’) Bithiophenyl-5-yl-pyrimidine (3)
In ethanol (25 mL) was added 1-(2,2’) bithophenyl-5-yl-3-

dimethylamino-propenone (178 mg, 0.67 mmol), and the
solution was refluxed for 1 h. Formamidine acetate was
then added (227 mg, 2 mmol), and the reaction was stirred
for 10 min followed by the addition of sodium (57 mg,
2.5 mmol) in ethanol (2 mL). The slurry was then refluxed
for 7 days. The solvent was evaporated, the product was
taken up in dichloromethane, and the remaining inorganic
salts were filtered. The product was purified by flash chro-
matography using hexanes/ethyl acetate (95:5, v/v) to afford
the product as a bright yellow solid (144 mg, 87%).
Mp 113–115 8C. 1H NMR (acetone-d6): d = 9.06 (d, 1H,
3J = 1.6), 8.74 (d, 1H, 3J = 5.2), 7.96 (d, 1H, 3J = 4), 7.90
(dd, 1H, 3J= 5.6, 5J = 1.6), 7.53 (dd, 1H, 3J = 5.2, 5J = 1.2),
7.45 (dd, 1H, 3J = 3.6, 5J = 0.8), 7.39 (d, 1H, 3J = 4), 7.15
(dd, 1H, 3J = 3.6 and 1.6). 13C NMR (acetone-d6): d = 160.8,
160.1, 159.3, 143.7, 142.4, 131.0, 130.3, 128.0, 126.9,

Table 5. Cyclic voltammetry data obtained in 1 mol/L TBAPF6 in anhydrous and deaerated dichloro-
methane.

Compound Epa (V) Epc (V) HOMO (eV) LUMO (eV) Eg (eV)
1 1.5 –1.4 5.9 3.0 2.9
2 1.7 –1.6 6.1 2.8 3.3
3 1.4 –1.6 5.8 3.1 2.7
4 1.5 –1.6 5.9 3.2 2.7

Fig. 10. Cyclic voltammogram of 4 measured in anhydrous and
deaerated dichloromethane with TBAPF6 at 100 mV/s.
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126.8, 116.8. HR-MS(+) calculated for [C12H8N2S2 + H]+:
245.02017; found: 245.02088.

2-(2,2’) Bithiophenyl-5-yl-pyridine (4)
To ethanol (25 mL) was added 2 mol/L Na2CO3 (5 mL)

followed by (2,2’) bithiophenyl boronic dimethyl ester
(1.5 g, 7.27 mmol) and 2-chloropyridine (1.65 g,
14.54 mmol) under nitrogen. Tetrakis (triphenylphosphine)
palladium (822 mg, 72.7 mmol) was then added under nitro-
gen and in the absence of light. The reaction mixture was
heated to 50 8C for 16 h. The product was extracted with
dichloromethane and was purified by flash chromatography
using hexanes and increasing the polarity with hexanes/ethyl
acetate (90:10, v/v). The product was isolated as a pale or-
ange solid (656 mg, 40%). Mp 124–126 8C. 1H NMR (ace-
tone-d6): d = 8.53 (d, 1H, 3J = 4.8), 7.83 (d, 1H, 3J = 8),
7.81 (td, 1H, 3J = 7.6, 5J = 2), 7.68 (d, 1H, 3J = 3.6), 7.46
(dd, 1H, 3J = 5.2, 5J = 1.2), 7.37 (dd, 1H, 3J = 3.6, 5J = 1.2),
7.29 (d, 1H, 3J = 3.6), 7.25 (dd, 1H, 3J = 4.8, 5J = 0.8), 7.11
(dd, 1H, 3J = 3.6 and 1.2). 13C NMR (acetone-d6): d = 154.0,
151.3, 145.8, 140.9, 139.1, 138.7, 130.1, 127.4, 127.0,
126.428, 126.0, 124.0, 120.2. HR-MS(+) calculated for
[C13H9NS2 + H]+: 244.02492; found: 244.02546.

Anodic dimerization
The comonomer 2 (20 mg, 0.12 mmol) was dissolved in

anhydrous dichloromethane (12 mL) under nitrogen.
FeCl3�6H20 (166 mg, 0.61 mmol) was added, and the mix-
ture was refluxed for 24 h. After refluxing, an insoluble pre-
cipitate formed. The soluble product was extracted with
dichloromethane, the solvent evaporated, and taken up into
THF for MS analysis.

Supplementary data

Supplementary data for this article are available on the
journal Web site (canjchem.nrc.ca) or may be purchased
from the Depository of Unpublished Data, Document Deliv-
ery, CISTI, National Research Council Canada, Ottawa, ON
K1A 0R6, Canada. DUD 5336. For more information on ob-
taining material, refer to cisti-icist.nrc-cnrc.gc.ca/cms/
unpub_e.shtml. CCDC 753448 contains the X-ray data in
CIF format for this manuscript. These data can be obtained,
free of charge, via www.ccdc.cam.ac.uk/conts/retrieving.
html (Or from the Cambridge Crystallographic Data Centre,
12 Union Road, Cambridge CB2 1EZ, UK; fax +44 1223
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The role of molecular volume and the shape of the
hole transport molecule in the morphology of
model charge transport composites

Ferdous Khan, Shalini Khanna, Ah-Mee Hor, and P.R. Sundararajan

Abstract: We present a study of the morphology and molecular interactions in a model charge transport composite with
1,1-bis(di-4-tolylaminophenyl) cyclohexane (TAPC) as the hole transport molecule in bisphenol-A polycarbonate (BPAPC)
and cyclohexyl polycarbonate, also known as bisphenol-Z polycarbonate (PCZ). Solution NMR shows that while there is
aromatic interaction between the phenyl groups of the polycarbonate and TAPC, the broadening of the peaks correspond-
ing to the latter indicates a decrease in the rotational motion. FTIR spectroscopy also exhibits frequency shifts of the aro-
matic C–H absorption peaks, which parallels the extent of the depression of the glass transition temperature (Tg) of the
polycarbonate. These are compared with the previous results for N,N-diphenyl-N,N-bis(3-methylphenyl)-[1,1-biphenyl]-4,4-
diamine (TPD) and tri-p-tolylamine (TTA), and the differences are rationalized on the basis of the molecular shape and
van der Waals volume of the small molecules. It is proposed that when the polycarbonate is in a random coil conforma-
tion, spherical small molecules (e.g., TAPC and TTA) reduce the glass transition temperature much more than a rodlike
small molecule (e.g., TPD). Annealing at a temperature just below the Tg of the polycarbonate was used as a means of
simulating accelerated ageing. Upon annealing, phase separation and crystallization of TAPC occurs and leads to a recov-
ery of the Tg of the polymer significantly. The Tg recovery in this case is much more significant than in the case of TPD.
The average crystal sizes are about ten times smaller than the crystals obtained in the case of TPD for the same tempera-
ture of annealing. To enhance the charge mobility, it might actually be advantageous to induce submicron crystals of the
small molecule, while keeping the film transparent.

Key words: hole transport, charge transport, polycarbonate, phase separation, solvent effect.

Résumé : On a étudié la morphologie et les interactions moléculaires dans un modèle de transport de charge composite
comportant un 1,1-bis(di-4-tolylaminophényl)cyclohexane « TAPC » comme molécule du trou de transport dans un mé-
lange de polycarbonate de bisphénol-A « BPAPC » et de polycarbonate de cyclohexyle, aussi connu sous le nom de poly-
carbonate de bisphénol-Z « PCZ ». Les spectres de RMN en solution montrent que, même s’il existe une interaction
aromatique entre les groupements phényles du polycarbonate et le « TAPC », l’élargissement des pics correspondants aux
derniers suggèrent qu’il se produit une diminution du mouvement rotationnel. Les spectres IR à transformée de Fourier
présentent aussi des déplacements de fréquence des pics d’absorption des C–H aromatiques, parallèles au taux de dépres-
sion de la température Tg du polycarbonate. On a comparé ces résultats à ceux obtenus antérieurement avec la N,N-diphé-
nyl-N,N-bis(3-méthylphényl)-[1,1-biphényl]-4,4-diamine « TPD » et la tri-p-tolylamine « TTA » et on a rationalisé les
différences sur la base de la forme moléculaire et du volume de van der Waals des petites molécules. On suggère que
lorsque le polycarbonate se trouve dans une conformation pelote aléatoire, les petites molécules sphériques (telles le
« TPAC » et la « TTA ») réduisent beaucoup plus la température de transition vitreuse qu’une petite molécule en forme
de bâtonnet (telle la « TPD »). On a utilisé une température de recuisson juste inférieure à la valeur de Tg du polycarbo-
nate dans le but de stimuler une accélération du vieillissement. Par recuisson, il se produit une séparation de phase et une
cristallisation du « TAPC » qui conduit à une récupération significative de la Tg du polymère. La récupération de la Tg

dans ce cas est beaucoup plus significative que dans le cas de la « TDP ». Les tailles moyennes des cristaux sont environ
dix fois plus petites que celles des cristaux obtenus dans le cas de la « TDP » pour la même température de recuisson.
Dans le but d’augmenter la mobilité de la charge, il pourrait être avantageux d’induire des cristaux sous-micron de la pe-
tite molécule tout en maintenant le film transparent.
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Mots-clés : transport par trou, transport de charge, polycarbonate, séparation de phase, effet de solvant.

[Traduit par la Rédaction]

______________________________________________________________________________________

Introduction
Optoelectronic devices employ a complex mixture of

functional small molecules dispersed in polymer matrices.
Studies on the charge transport molecules (CTM) dissolved
in a polymer matrix are of both technological and funda-
mental interests.1–3 Such binary solid solution systems ena-
ble easy fabrication of films (mm–nm thickness range) that
are widely used in photoreceptors, organic light emitting di-
odes, and electrochromic devices. Charge transport occurs
via charge transfer between adjacent donor or acceptor mol-
ecules, which is described as a one-electron oxidation–re-
duction process. The charge transport molecules contain one
or more subunits, which are strong electron donors or ac-
ceptors.4,5 Charge mobilities of hole transport molecules
have strong electric field and temperature dependence.6–9 It
has been shown that the charge transport occurs by a hop-
ping mechanism.10–13 Several studies also showed that the
host polymer has an influence on the charge transport prop-
erties of the devices.14–18 For example, Yuh and Pai16,17

found that the charge mobility of N,N-diphenyl-N,N-bis(3-
methylphenyl)-[1,1-biphenyl]-4,4-diamine (TPD) was signif-
icantly higher with polystyrene than with polycarbonate as
the matrix polymer. The charge transport properties of these
materials were initially studied for applications in photore-
ceptor devices. A multilayered structure consisting of a
charge transport layer (CTL) and a charge generation layer
(CGL) has been commonly used in photoreceptor devices.
A high concentration of the charge transport molecule is
preferred to improve the overall sensitivity of the device
and this must be accomplished without phase separation or
crystallization of the charge transport molecule from the ma-
trix.

Whereas the variation of the charge mobility was often in-
terpreted in terms of the matrix–CTM interaction, morpholog-
ical studies and the phase stability of these systems were not
pursued at that time by this community. Several factors influ-
ence the phase separation and crystallization of the charge
transport molecule, such as the type and nature of CTM and
the polymer matrix, and to an extent, the solvent used for the
preparation of composites. We19–22 studied the stability of
model CTLs with the two types of charge-transport mole-
cules, such as TPD (N,N-diphenyl-N,N-bis(3-methylphenyl)-
[1,1-biphenyl]-4,4-diamine) and TTA (tri-p-tolylamine) with
different polymer binders. We used annealing as a means of
simulating the ageing behaviour. The TTA-based charge
transport composites were highly unstable in morphological
aspects than those obtained from the TPD-based system. Us-
ing the results of the depression of the glass transition temper-
ature (Tg) of the polymer with the charge transport molecule,
the FTIR spectroscopy, and molecular volumes, we inter-
preted the recovery of the Tg and the extent of phase separa-
tion and crystallization of the the charge transport molecule,
upon annealing, on the basis of molecular interactions. It was
also shown that the conformational flexibility of the polymer
significantly affects the stability. The type of solvent used

plays a role as well.22 It was shown that polycarbonate exists
in an extended conformation in 1,1,2,2-tetrachloroethane, and
the composite films made with this solvent showed different
morphological behavior than those made with dichlorome-
thane. Thus, these results were rationalized in terms of the
molecular volume of the the charge transport molecule, poly-
mer flexibility, and host–guest molecular level interactions.

The above organic semiconductors were originally devel-
oped for photoreceptor applications. Although the photore-
ceptor technology is now considered mature, the charge
transport molecules of the type mentioned above are now
being studied extensively, both experimentally and theoreti-
cally, for applications in organic light emitting diode
(OLED) and organic photovoltaic devices.23 Some recent
publications include the studies of field and temperature de-
pendence of hole mobility of TPD–polycarbonate,24 and
TPD–polystyrene,25 the effect of a radical salt of TPD deriv-
ative,26 the simulation of the effect of disorder and film
morphology on charge transport,27 and two in-depth reviews
on charge transport of these organic semiconducting molec-
ular materials.28,29 Hence, as a continuation of our previous
studies, we present the morphological aspects of another
charge transport molecule, 1,1’-bis(di-4-tolylaminophenyl)
cyclohexane (TAPC, Fig. 1), in polycarbonates and compare
them with TPD and TTA.

Borsenberger and co-workers9,18,30,31 and Young32 demon-
strated that 1,1’-bis(di-4-tolylaminophenyl) cyclohexane
(TAPC, Fig. 1) and TAPC-doped bisphenol-A-polycarbonate
(BPAPC) are not susceptible to deep trapping as compared
to the other hole charge transport molecules, over a wide
range of temperatures and fields. This implied that devices
could be fabricated over an extended concentration range
without crystallization of TAPC.30

Although TPD, TTA, and TAPC are based on triphenyl
amine groups, their molecular shapes are different. Although
TPD is nonplanar, its molecular volume resembles a rodlike
structure. The TTA, due to the nonplanarity of the three
phenyl groups about the central nitrogen atom, has a spheri-
cal shape. The TAPC is a dimeric analog of the tri-p-tolyl-
amine (TTA) moieties chemically bridged by a cyclohexane
ring. Its molecular volume resembles two spheres anchored
to a cyclohexyl group. Although the charge-transport sites
of TAPC are identical to that of TTA,32 their packing will
be different due to their pairing in TAPC. From a morpho-
logical view, such differences in molecular shapes can be
expected to lead to different stability properties when these
molecules are dispersed in a polymer matrix.

In this paper, we discuss the molecular level interaction,
phase separation, and morphological aspect of TAPC with
different types of polycarbonates (PC). The differences and
the similarities in morphological behavior of this charge
transport molecule will be compared to those of TPD and
TTA, which were discussed before.19–21 Of the two types of
polycarbonates, one is bisphenol-A polycarbonate (BPAPC)
and the other, cyclohexyl polycarbonate (PCZ). Two differ-
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ent molecular weights of the latter were used, and these are
denoted as PCZ-2 and PCZ-3. The PCZ polycarbonate has a
higher Tg (e.g., between 160–180 8C) than BPAPC, depend-
ing on the molecular weight. It is known33–35 that PCZ is
conformationally more restricted compared to BPAPC. The
conformational flexibility of these polymers has an influence
on the phase separation and crystallization of the charge
transport molecule as was demonstrated in Khan and Sun-
dararajan’s19,21 previous investigations (TPD–PC and TTA–
PC systems).

Experimental section

Bisphenol-A polycarbonate (BPAPC) and cyclohexyl pol-
ycarbonate (PCZ) were purchased from Bayer Chemicals
and Mitsubishi Gas Chemicals, respectively. The charge
transport molecule (TAPC) was obtained from H.W. Sands
Corporation, USA. The molecular weight (Mw) and the poly-
dispersity of the polymers, as measured by GPC, are pre-
sented in Table 1. The molecular structures of the materials
used in this study are shown in Fig. 1. Films were prepared
by dissolving the required amounts of TAPC and the polymer
in dichloromethane (CH2Cl2) or tetrachloroethane (TCE) of

laboratory grade. Concentrations ranging from 10 to 50 wt%
of TAPC were used with the polycarbonates. Composite
films were coated on a glass substrate using an electrically
driven film coater and these were then dried at a very low
rate of solvent evaporation at ambient conditions for at least
48 h. The thickness of the films was about 10–15 mm. The
annealing was performed using a vacuum oven with an accu-
racy of ±1 8C.

A TA Instruments 2010 differential scanning calorimeter
(DSC) was used for thermal analysis, at a heating rate of
10 8C min–1. DSC thermograms were recorded with about
8–10 mg of sample, under a nitrogen flow of 50 mL min–1.
The crystallinity of the samples was calculated as the ratio
of the measured heat of fusion of the composite film corre-
sponding to the melting endotherm of TAPC (normalized to
the weight fraction of TAPC in the sample), and the heat of
fusion of 100% TAPC.

Fourier transform infrared (FTIR) spectroscopic measure-
ments were performed using a Michelson M120 BOMEM
FTIR spectrometer. The BOMEM GRAMS/386 software
was used for data collection and analysis. The spectrum of
TAPC was obtained in the form of a transparent KBr pellet.
A film sample holder was used to record the spectra of the

Fig. 1. (a) Schematic of the structure of host polymers (BPAPC and PCZ) and the hole transport molecule (TAPC). (b) Molecular models of
(from the top) TTA, TPD, and TAPC. The dotted circles are meant to indicate the spherical volume occupied by the triphenyl groups.
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polymers and composite films. For each experiment a back-
ground spectrum was taken with the identical sample holder
and subtracted automatically. A heating stage built in our
laboratory was used to investigate the phase transition for
composites in the case of the FTIR spectroscopic kinetic
study.

1H NMR solution spectra were obtained using a Bruker
AMX-400 spectrometer. Samples of TAPC, BPAPC, or
PCZ-3 (10 mg) were dissolved in deuterated dichlorome-
thane at ambient conditions. In the case of composites (50%
TAPC and PC), 5 mg of each was dissolved in the same sol-
vent and conditions. Fourier transformation of 64 K transi-
ents and a 4.784 s acquisition time were used to obtain the
net spectra.

X-ray diffraction was recorded using a Philips automated
powder diffractometer Model PW 1710 with nickel-filtered
Cu Ka radiation (l = 1.5418 Å) The MDI Data Scan 3.2
software (Materials Data Inc., Livermore, CA) was used for
data collection and MDI Jade 5 software to determine the
crystallinity (Xc). The Xc was calculated as the ratio of the
intensity under the crystalline peaks above the background
to the total intensity. A Zeiss Axioplan polarizing optical
microscope was used to record optical micrographs. The
Northern Eclipse software was used for image analysis.

The charge mobility was measured by the standard time-
of-flight (TOF) method36 with a nitrogen dye laser with a
10 ns pulse at *680 nm as the light source. The photore-
ceptor samples were prepared by solution coating a charge
transport layer (the charge transport molecule/polymer) of
thickness (L) *20 microns onto a phthalocyanine generator
layer. Under the applied voltage (V), the hole charge carrier
is injected from the generator into the transport layer follow-
ing laser excitation. The transit current versus time is re-
corded on a digital oscilloscope and the log–log plot of
current–time yields the intersection, which defines the
transit time (tT) for the arrival of the charge carrier at the
counter electrode. The charge mobility (m) is calculated
from the equation

½1� m ¼ L2=VtT

Results and discussion
We will first discuss the depression of the glass transition

temperature of the polymer by the charge transport molecule
TAPC, the effect of molecular shape and volume, and the
evidence from NMR and FTIR spectroscopy for molecular
interaction between the small molecule and the polymer in

solution and in films, as well as the disorder. These results
will be compared with those obtained previously with TPD
and TTA as the charge transport molecules with the polycar-
bonates. We will then present the results of annealing and
the recovery of the glass transition temperature upon phase
separation of the charge transport molecule from the matrix.

Depression of glass transition temperature
The molecular level interaction between two components

is often quantified by measuring the Tg of the composite, as
well as analyzing its dependence on composition. The poly-
mers were amorphous and only glass transition temperatures
were detected. Glass transition temperatures of the as-
prepared films of BPAPC–, PCZ–, and TAPC–polymer
composites are listed in Table 1. For the as-prepared films
of BPAPC, PCZ-2, PCZ-3, the midpoint Tgs are 154, 182,
and 184 8C, respectively (Table 1). The addition of TAPC
lowers the Tg of the polymers, as expected. With lower con-
centrations (up to 30 wt%) of TAPC with BPAPC only a Tg
was observed. However, with concentrations of ‡40 wt%
TAPC an endothermic peak appeared at 178 8C, which cor-
responds to the melting of TAPC. At a concentration of
50 wt% of TAPC with PCZ-3, no endotherm was detected,
and only Tg was detected for the as-prepared film.

The variation of the Tgs of BPAPC, PCZ-2, and PCZ-3
with different concentrations of TAPC for the as-prepared
films with CH2Cl2 as the solvent, is presented in Fig. 2a.
The effect of the concentration of TAPC in BPAPC, with
TCE as the solvent, is shown in Fig. 2b. The films were ho-
mogeneous and transparent up to 40 wt% of TAPC in the
polymers, as will be discussed in the morphology section
(see below).

For the films prepared with CH2Cl2 (Fig. 2a), with
50 wt% of TAPC, the Tgs of BPAPC and PCZ-3 are de-
pressed by 98 and 124 8C, respectively. The depression of
the Tg caused by TAPC is less pronounced than with TTA
(tri-p-tolylamine)21 for the same concentration. With 50%
of TTA with BPAPC and PCZ-3, the depression was 110
and 130 8C, respectively.21 By comparison, Khan and Sun-
dararajan’s19 studies of TPD–polycarbonate composites
showed that the Tg depression for BPAPC and PCZ-3 was
74 and 88 8C, respectively, for a 50% concentration of the
hole transport molecule.

The differences in the Tg depression mentioned above
could be attributed to (i) molecular volume, (ii) the shape
of the hole transport small molecule, and (iii) the polymer
conformation, which would depend on the solvent used.
The differences in the Tg depression caused by these small

Table. 1. Molecular weight and Tg of polycarbonates used in this study and their films with TAPC.

Sample Mw Polydispersity Tg (8C) (Onset) Tg (8C) (Midpoint)
BPAPC 250 860 1.7 148 154
TAPC–BPAPC (40/60) 65 68
TAPC–BPAPC (50/50) 52 56
PCZ-2 112 800 4.4 174 182
TAPC–PCZ-2 (40/60) 64 67
TAPC–PCZ-2 (50/50) 55 58
PCZ-3 365 500 1.8 178 184
TAPC–PCZ-3 (40/60) 60 62
TAPC–PCZ-3 (50/50) 57 59
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molecules could be due to their molecular packing differen-
ces and disorder. With respect to the molecular volume,
TAPC is a dimeric analog of TTA with a cyclohexyl group.
Using the HyperChem software (Hypercube Inc., Gaines-
ville, FL) the calculated van der Waals volume of TAPC
was 638 Å3, which is noticeably greater than that of TPD
(513 Å3), and more than double that of TTA (298 Å3). The
addition of the charge transport molecule increases the free
volume of the polymer and this leads to enhanced mobility
(not necessarily the conformational freedom) of the polymer
and the depression of the Tg. Moreover, the change in free
volume of the polymer can occur either on the segment level
or at the molecular level as discussed before.19 Thus, the
size of the dopant molecule would have an effect on the ex-
tent of the reduction of the Tg. The differences in the Tg de-
pression between the cases of TAPC and TTA could be
attributed to the higher molecular volume of TAPC, which
is about twice that of TTA. The smaller size of TTA would
lead to a higher degree of dispersion.

As for the influence of the shape of the transport mole-
cule, TPD is an almost linear rodlike molecule or dumbbell-

like (although nonplanar), whereas TTA is near spherical
and TAPC is double spherical. The cyclohexyl group in the
latter also enhances the bulkiness. Further, it was shown be-
fore22 that the polycarbonate chain is in a coiled, globular
shape in the CH2Cl2 solution and in an extended shape in
TCE. In the former case, spherical small molecules would
be more effective in dispersing in the coil and increasing
the free volume than a rodlike molecule such as TPD.
Hence, the depression of the Tg by TAPC is larger than that
caused by TPD.

As discussed before,26–28 the PCZ is conformationally
more restricted than BPAPC. The present results are in ac-
cord with the earlier observations that the higher the rigidity
(greater the Tg) of the polymer, the larger is the reduction in
Tg. It appears that the free volume created by TAPC, or
TTA, or TPD has a much larger effect in the case of PCZ
than BPAPC. Such effect is higher in the case of TAPC
than TPD.

As for the role of the polymer conformation, in a previous
paper, Khan and Sundararajan22 discussed the effect of the
casting solvent on the Tg of the TPD–polymer composites.
It was shown that the polycarbonate chain is in an extended
conformation (stretched out) in TCE, and as a result, the de-
pression of the Tg was larger (as compared with those cast
from CH2Cl2), due to the better intercalation of the rodlike
TPD with the polymer. However, we find that the decrease
in the Tg recorded for different composites of TAPC–
BPAPC, prepared from TCE (Fig. 2b), is not as sharp as
that observed in the case of composites prepared using di-
chloromethane. It is only about 35 8C with 50% of TAPC.
It is likely that the bulkiness of this spherical molecule hin-
ders an effective intercalation, if the polymer is extended in
its conformation.

The above observations would lead one to conclude that
(i) since the BPAPC would be in a coiled conformation in
CH2Cl2, packing of a near-spherical molecule such as TTA
or TAPC would be more effective in the coil and lead to a
larger depression of the Tg of the film than TPD, which is
rodlike; (ii) likewise, the BPAPC chain is extended in TCE
and the rodlike TPD would pack better than TAPC, which
might be the cause of a small depression of the Tg of the
film with TAPC.

Several authors37 have shown that the charge transport in
polymers such as poly(3,4-ethylenedioxythiophene)
(PEDOT), poly(3-methyl thiophene), polypyrroles, and poly-
anilines depend on the solvent used, and that the interactions
that exist in solution (e.g., hydrogen bond, ion pairing, etc.)
are manifested in the solid state. We feel that the case is
similar with the films prepared from CH2Cl2 and TCE: the
solution conformation of the polycarbonate chain (i.e., a
coiled conformation in the former) is retained when the
film is cast.

NMR spectra in solution
We used high-resolution proton nuclear magnetic reso-

nance spectroscopy to probe the interactions, if any, between
TAPC and the polycarbonates in solution. FTIR spectro-
scopy was used for this purpose with the solid films. Figure
3 presents the 1H NMR spectra of TAPC, BPAPC, PCZ-3,
and mixtures of 50% TAPC with BPAPC and PCZ-3.

The comparison of the 1H NMR spectra of TAPC–

Fig. 2. The variation of Tg of the polycarbonates (a) BPAPC,
PCZ-2, and PCZ-3 based films using CH2Cl2 and (b) BPAPC based
films using TCE.
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BPAPC (50/50, Fig. 3d) with the spectra recorded for the in-
dividual components indicates that there is no noticeable
change observed in the aromatic region of the BPAPC rang-
ing from 7.31 to 7.16 ppm (Fig. 3b). The peaks appearing in
the range from 7.1 to 6.9 ppm (Fig. 3d) correspond to the
aromatic segments of TAPC. These peaks are broad and
less intense as compared to the peaks recorded for individual
TAPC (Fig. 3a). In addition, the peaks have shifted slightly
downfield and the number of peaks is reduced on mixing
with BPAPC (i.e., when TAPC was blended in solution

with BPAPC). In the upfield region ranging from 2.5 to
1.5 ppm there is no difference observed for the protons of
CH3 groups of BPAPC at 1.7 ppm. However, the peak at
2.3 ppm in the TAPC spectrum becomes less intense on
blending with BPAPC. The broadening can be interpreted
as due to the decrease in the torsional mobility of the phenyl
groups of TAPC due to their interaction with BPAPC.

Figures 3c and 3e show the spectra of PCZ-3 and TAPC–
PCZ-3 (50/50) mixture, respectively. The aromatic protons
of PCZ-3 give rise to four peaks at 7.35, 7.33, 7.18, and
7.15 ppm. When blended with TAPC, in addition to the
peaks corresponding to PCZ-3, some extra peaks are seen at
7.34, 7.33, 7.3, 7.17, and 7.1 ppm. The TAPC spectra
showed aromatic proton peaks in the range from 7.13 to
6.88 ppm (Fig. 3a). When TAPC was blended with PCZ-3,
the peaks at 7.13, 7.12, and 7.1 ppm are not seen and the
remaining peaks shifted slightly towards the upfield
(Fig. 3e). Also, we observe a broadening and a reduction in
the height of the peaks in the range from 6.94 to 6.88 ppm.
The chemical shifts recorded in the range of 2.3 to 1.5 ppm
for individual components (TAPC, Fig. 3a and PCZ-3,
Fig. 3c) differ significantly in the case of mixtures. The
change in the chemical shifts, peak heights, and the number
of peaks indicate that molecular level interactions occur be-
tween TAPC and both the polycarbonates in solution.

Fourier transform IR spectroscopy
FTIR spectra were recorded with various concentrations

of TAPC in the host polymer. Figure 4 shows the spectra
for the composition of 50% TAPC with BPAPC along with
the spectra of TAPC only and BPAPC films. The PCZ-3
spectra are not shown here. The medium absorption band at
1602 cm–1 in both the BPAPC and TAPC spectra is attrib-
uted to the para-aromatic ring stretch,38 which is shifted to
a higher frequency by 3 cm–1 with higher intensity along
with a new shoulder at 1581 cm–1 (due to TAPC) for the
composites. In the case of PCZ-3 (not shown), the band at
1604 cm–1 was shifted to 1606 cm–1, along with a shoulder
at 1580 cm–1, with higher intensity. The peaks in the region
3000–3200 cm–1 correspond to aromatic CH stretch.39 A
weak absorption band at 3042 cm–1 in both BPAPC and
PCZ-3 spectra shifted to a lower wavenumber, by 12 cm–1,
with higher intensity. The peak at 2874 cm–1 shifted to
2860 cm–1 with higher intensity in TAPC–BPAPC. In this
region (3000–3200 cm–1), such a change was noticeably
higher in the case of TTA–BPAPC.21

In the BPAPC spectrum, a band at 1104 cm–1 shifted to
higher wavenumber by 5 cm–1. A broad band between
1130 and 1335 cm–1 with several peaks at 1310 cm–1,
1290 cm–1, and 1163 cm–1 is attributed to the carbonate seg-
ment. This region became broader by 27 cm–1 with a strong
peak at 1320 cm–1 and with small peaks at 1274 cm–1,
1192 cm–1, and 1164 cm–1, similar to the case of TTA–
BPAPC21 and TPD–BPAPC.19 Similar changes were ob-
served in the case of TAPC–PCZ-3.

Thus, the FTIR spectra show a significant change in the
absorption bands of the polycarbonates (both in the aromatic
and carbonyl regions) by blending with TAPC. Figure 5a
shows the increase in the wavenumber shift of the aromatic
CH stretch (3042 cm–1) with TAPC concentration in PCs. A
linear increase of peak absorption area of this peak with the

Fig. 3. The 1H NMR spectra of (a) TAPC, (b) BPAPC, (c) PCZ-3,
(d) TAPC–BPAPC (50/50), and (e) TAPC–PCZ-3 (50/50).
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TAPC concentration in the host polymer is seen in Fig. 5b.
Although there is no significant difference in the wavenum-
ber shift between the two types of polycarbonates for the
same concentration of TAPC, PCZ-3 showed a higher ab-
sorption area than the BPAPC. The wavenumber shift and
peak absorption area are plotted as a function of DTg, in

Figs. 5c and 5d, respectively. These results indicate specific
interactions between the aromatic groups of the polycarbon-
ate and the TAPC, i.e., the alignment of the phenyl group of
the TAPC with those of the polycarbonates. The wavenum-
ber shift observed here is more than that in the case of TPD,
consistent with the larger Tg depression of the matrix. Simi-
larly, the IR frequency shift in the case of TTA–BPAPC was
larger than with TAPC or TPD, consistent with the larger Tg
depression. The TPD–polystyrene system did not show sig-
nificant IR frequency shifts, and the depression of the Tg
was less.20 Both the Tg reduction and the IR band shift de-
pend on the concentration of TAPC. In the case of BPAPC,
a larger shift for the DTg values is due to the smaller depres-
sion of the Tg of BPAPC as compared to the PCZ-3 for the
same concentration of TAPC (see Fig. 2). Thus, the changes
in the FTIR spectra show that while molecular interactions
exist, the broadening of the peaks also indicate disordered
packing with the TAPC.

Hence, both NMR spectra in solution and FTIR analysis
of the films indicate the presence of molecular interactions
and disordered packing. The effect of disorder on the charge
transport properties has been studied experimentally and via
simulation.23a,23h,27

Phase separation and Tg recovery
Annealing is a common practice to understand the phase

separation behavior and morphological stability of a small
molecule (e.g., TAPC) in a polymer matrix. Accelerated
thermal treatment has been used by several authors to study
the ageing of polymers and polymer composites.40 In pre-
vious publications, Khan and Sundararajan19–22 discussed
the annealing induced phase separation behaviour of the
charge transport molecule from the host matrices, and ra-
tionalized them on the basis of molecular interactions and
the molecular flexibility of the polymer. Annealing was per-
formed at a few degrees below the Tg of the host polymer.
We considered this to be similar to accelerated ageing.
Although there might not be a standard testing procedure to
estimate the ageing effect of charge transport layers, we
used thermal annealing as a means to study the phase sepa-
ration of the hole transport molecule from the charge trans-
port layer. Other factors such as corona charging and other
device conditions may also contribute to ageing.

Annealing was performed at 120, 130, and 140 8C for
various times for TAPC–PC composites. The phase separa-
tion of TAPC from the polymer matrix would lead to a Tg
recovery of the polymer. With a 40 wt% concentration of
TAPC in BPAPC, the Tg recovery was 47 8C upon anneal-
ing at 140 8C for 4 h. The recovery of the Tg was more pro-
nounced in the case of a 50 wt% TAPC concentration in
polycarbonates. Figure 6 shows the increase in the Tg with
annealing time and temperatures, for a TAPC concentration
of 50 wt% in the two types of polycarbonates (BPAPC and
PCZ-3). It is seen in Figs. 6a and 6b, that the rate of in-
crease in the Tg is sharp during the first half hour of anneal-
ing, and it levels off beyond 2 h. The initial large increase
indicates that the phase separation is profuse. Since the Tg
recovers significantly during this initial period, further diffu-
sion of the small molecule from the polymer matrix is
retarded. With TAPC–BPAPC (50/50) composite, upon an-
nealing at 120, 130, 140 8C for 4 h, the Tg increases from

Fig. 4. FTIR spectra of TAPC, BPAPC, and TAPC–BPAPC (50/50)
composite.
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53 to 110, 128, and 134 8C, respectively (the onset Tgs are
given here since the transitions were broad and determining
the midpoint was difficult). Thus, a maximum Tg recovery
of 81 8C was obtained (upon annealing at 140 8C for 2 and
4 h). This is a significantly higher recovery as compared to
the case of 50 wt% TPD with BPAPC, in which the recov-
ery was only 11 8C upon annealing for 4 h at 140 8C. The
latter was rationalized on the basis that some of the submi-
cron crystals formed during annealing actually exercise a
plasticizing effect and keep the Tg lower.

Figure 6b for the case of TAPC–PCZ-3 (50/50) also
shows that the Tg recovery is rapid in the first half hour of
annealing. The maximum recovery is about 52 8C for PCZ-3
(for PCZ-2 also), after 4 h of annealing at 140 8C. Thus, the
maximum recovery of Tg is lower by about 28 8C in the
case of PCZ as compared with BPAPC. In contrast, the
TPD–PCZ-3 system showed only a negligible 5 8C recovery
in Tg when annealed at these temperatures.

For the case of TTA–BPAPC (50/50), the maximum Tg
recovery was 92 8C when annealed at 140 8C, and it was
69 8C with TTA–PCZ-3. This is a higher Tg recovery when
compared to the TAPC and TPD systems. Apart from the
smaller molecular volume of TTA, its melting temperature
(111 8C) is also significantly lower than that of TAPC

(188 8C) and TPD (171 8C). The annealing temperatures
used were above that of the melting of TTA and this re-
sulted in sublimation of the small molecule.21 Since TAPC
is a dimeric analog of TTA, the Tg recovery is consistent
with the higher van der Waals volume of TAPC when com-
pared to TTA, which would lead to a lower diffusion rate
and phase separation upon annealing.

It is expected that the Tg recovery would depend on the
difference between the Tg of the polymer and the annealing
temperature (i.e., DT = Tg – Tann). Figure 6c shows a plot of
the Tg recovery as a function of DT for BPAPC and PCZ-3,
after annealing (for 4 h at 140 8C). The trend can be ex-
pressed as follows.

½2� TgðrecÞ ¼ 100� 1:2DT; ðTAPC�BPAPCÞ

½3� TgðrecÞ ¼ 62� 0:2DT; ðTAPC�PCZ-2Þ

½4� TgðrecÞ ¼ 71� 0:4DT; ðTAPC�PCZ-3Þ

The slope corresponding to the BPAPC (eq. [2]) is higher
than that of PCZ-3 (eq. [4]). These slopes were same in the
case of TPD–BPAPC and TPD–PCZ-3 (see Fig. 8a and
eq. [2] of ref. 19), which was –0.12.19 In the case of the

Fig. 5. The infrared wavenumber shift (cm–1) as a function of (a) TAPC concentration and (c) DTg; the absorption area as a function of
(b) TAPC concentration and (d) DTg.
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TTA system, the rate of the Tg recovery was significantly
higher than the TAPC and TPD systems. The corresponding
slopes were –1.5 and –0.8 for TTA–BPAPC and TTA–
PCZ-3.21

Crystallinity of phase separated TAPC
The crystallinity was measured from the melting endo-

therm in the DSC thermogram and from the X-ray diffrac-
tion profiles, as described in the Experimental section. No
resolved crystalline peak was seen in the X-ray diffraction
profile for the as-prepared film. Figure 7a shows the X-ray
diffraction profiles as the TAPC–BPAPC (50/50) film was
annealed at 140 8C for various times. The crystalline peaks

Fig. 6. Recovery of the glass transition temperatures (Tg) of
(a) TAPC–BPAPC (50/50), (b) TAPC–PCZ-3 (50/50) with anneal-
ing time, and (c) the Tg recovery with DT (the difference between
the temperature of annealing and the Tg of the polymer).

Fig. 7. Changes in the crystallinity upon annealing: (a) X-ray dif-
fraction profiles, (b) DSC crystallinity of TAPC–BPAPC (50/50),
and (c) X-ray crystallinity.
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corresponding to phase separated TAPC begin to appear
within 30 min of the annealing time. A significant increase
in intensity of such peaks is observed between 0.5 and 2 h.
The crystallinities calculated from the DSC thermograms
and X-ray diffraction profiles are shown in Figs. 7b and 7c,
respectively. It is seen that the values of the crystallinity
from X-ray diffraction are significantly lower than those ob-
tained from the DSC measurements. Such a difference in the
crystallinity measurement is expected while using two dif-
ferent methods. The trend in the variation of the crystallin-
ity, however, is similar using both methods. The DSC
crystallinity was measured with respect to the heat of fusion
of TAPC, which is assumed to be that of 100% crystalline
material. The results of X-ray diffraction suffer from the
fact that the crystals that grow out of the polymer film are
not necessarily perfect and not of uniform size. The crystal-
linities in the case of TAPC–PCZ were far less than those
detected in the case of TAPC–BPAPC composites.

Time dependence of FTIR spectra
It was seen in Fig. 5b that the peak absorption area corre-

sponding to the aromatic CH stretch region increased with
the concentration of TAPC in the polycarbonate matrices,
indicating disordered packing. A kinetic study of the compo-
site films was performed by keeping the films at 140 8C up
to 4 h and collecting IR spectra at intervals of 15 min. Typ-
ical changes in the spectral shape with time are shown in
Fig. 8, for a TAPC–BPAPC (50/50) film. It is seen in
Figs. 8a and 8b that the transmission intensity of the bands
decreased with prolonged annealing time. The change in in-
tensity is more pronounced for the bands in the wavenumber
range of 2800–3200 cm–1. These absorption areas were nor-
malized with respect to that obtained from the as-prepared
film, and the relative peak absorption areas are shown in
Fig. 8c. Figure 8c shows that the increase of the peak ab-
sorption area is significantly high in the first hour of anneal-
ing time, which is consistent with the rate of increase of Tg
upon annealing (Fig. 6). Annealing beyond this time does
not cause any change in the absorption area or the Tg. The
peak absorption area is higher in the case of BPAPC than
PCZ-3, suggesting higher phase separation in the former
case.

Morphology of TAPC–polymer composites
Figure 9 shows the optical micrographs of the films under

various conditions. We observed that the as-prepared films
were transparent with up to 40 wt% of TAPC in the poly-
mer. With 50 wt% of TAPC in BPAPC, PCZ-2, and PCZ-3,
some crystals were detected for the as-prepared films
(Figs. 9a and 9b). Most of these crystals were fairly uniform
in size. The average crystal area was 13 mm2 in the as-pre-
pared film of TAPC–BPAPC (50/50), and it was slightly
lower by about 4 mm2 in the case of PCZ-2 and PCZ-3
with the same concentration of TAPC. On annealing these
films, the number of crystals increases as seen in Figs. 9c
and 9d. Figures 9c and 9d show that the phase separation of
TAPC is pronounced in the case of BPAPC compared to
PCZ. This could be attributed to the fact that BPAPC has a
lower glass transition temperature than PCZ, and its confor-
mation is also more flexible. The crystal size of TPD was
about ten times larger in the case of TPD19 (see also Fig. 8

of ref. 20) as compared to TAPC. In the case of TTA–poly-
mer composites, the phase separation was observed at tem-
peratures as low as 80 8C upon annealing. This was
attributed to the lower melting temperature of TTA as com-
pared to TPD and TAPC.

Fig. 8. (a) and (b) Changes in the FTIR spectra and (c) the absorp-
tion area as a function of annealing time at 140 8C for the TAPC–
BPAPC (50/50) film.
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Charge mobility measurements
The effect of thermal annealing on the charge mobility

depends on the type of polymer matrix. Figure 10 shows
the charge mobility measurement results for 40 wt%
TAPC–BPAPC and 40 wt% TAPC–PCZ composites before
and after thermal annealing. After 2 h of annealing at
120 8C, TAPC–BPAPC showed a bigger drop, *50% in
mobility with respect to the unannealed sample. The
TAPC–PCZ composite exhibited less than 10% change in
mobility for the same treatment. The slower charge transport
indicates a reduction of dispersed transport molecules in pol-
ymer matrix as they crystallized and phased separate. This
seems to correlate very well with the fact that TAPC dif-
fuses more readily in BPAPC and achieves greater phase
separation than in PCZ.

It is seen in Fig. 10 that the charge mobility is higher in
BPAPC than in PCZ-3. We find that even with 40 wt%
TAPC, there is some phase separation with BPAPC as the
matrix. The film was still transparent since the crystals
were very small. It is likely that hopping between these sub-
micron crystals enhances the mobility. Previously, we ex-
plained the enhanced charge mobility of TPD in polystyrene
as due to the chaining of such submicron crystals.20 If such
is the case, it might actually be advantageous to induce sub-

Fig. 9. Optical micrographs of as-prepared films of (a) TAPC–
BPAPC (50/50); (b) TAPC–PCZ-3 (50/50); (c) TAPC–BPAPC
(50/50) film annealed at 140 8C for 4 h; (d) TAPC–PCZ-3 (50/50)
film annealed at 140 8C for 4 h.

Fig. 10. Variation of the charge mobility for the as-prepared and
annealed films with 40 wt% TAPC. (a) BPAPC. (b) PCZ-3.
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micron crystals of the small molecule, while keeping the
film transparent.

Conclusions

The phase stability of model charge transport composites
depend significantly on the shape of the charge transport
molecule. We find that TAPC, which is double spherical
and large compared to TPD is more effective in suppressing
the Tg when the composite film is made with CH2Cl2 as the
solvent. The changes in the 1H NMR chemical shifts of
TAPC and the polycarbonates in solution and the broaden-
ing of the peaks show that while aromatic interactions exist
in the case of composites, the torsional mobility of TAPC is
also reduced. Similarly, the IR spectra show frequency shifts
indicative of aromatic interactions between TAPC and the
polycarbonate and the areas of the absorption peaks also
show an increase in the concentration of the small molecule
in the composite.

As mentioned above, the polycarbonate is in an extended
conformation in tetrachloroethane and in a random coil con-
formation in methylene chloride. Films made with TPD (a
rodlike molecule) and BPAPC with the former solvent
showed a larger depression of the Tg due to enhanced interca-
lation of the rodlike small molecule with a polymer in an ex-
tended conformation. Hence, our studies published so far
indicate that the depression of the Tg caused by spherical
small molecules (TTA and TAPC) in a random-coil polymer
is more than that resulting by including a rodlike small mole-
cule (TPD). Likewise, the rodlike TPD is more effective in
reducing the Tg when the polymer is in an extended confor-
mation. Using the spherical molecule (TAPC) with BPAPC
in tetrachloroethane led to a smaller Tg depression of the film.

The crystallinity of TAPC that develops due to phase sep-
aration upon annealing is more pronounced in the case of
BPAPC than PCZ as the matrix. The phase separation is
nearly complete within the first half hour of annealing. The
FTIR kinetic study also indicates that the phase separation is
pronounced in the case of BPAPC compared to PCZ. The
morphology of the crystals also depends on the type of trans-
port molecule. The crystal sizes are about ten times smaller
in the case of TAPC based composites as compared to the
TPD–polymer composites. It is likely that the near-spherical
and bulky shape of the TAPC prevents the growth of large
crystals, as compared to the ‘‘rodlike’’ shape of TPD.

In the case of photoreceptors it has been necessary to use
a concentration of 50 wt% of the charge transport molecule
to achieve sufficient mobility. We show that at such concen-
trations, there is already some phase separation and that sub-
micron crystals form. We suggest that the formation of such
submicron crystals might itself be the reason for the en-
hanced mobility. This has been suggested in other studies
as well.23a,23h,27
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A study of the intermolecular branch frequency
dependence of tie-chain concentration in single-
site linear low-density polyethylene blown films by
a new FTIR method

Mingtao Wang, Nan Li, Phillip Choi, and Yaolin Zhang

Abstract: The relative concentrations of tie chains (TCs) in six single-site linear low-density polyethylene blown films
(LLDPE) were measured using a polarized Fourier transform infrared (FTIR) technique along with a newly developed
sample preparation strategy. Before the FTIR measurements, the films were first subjected to a tensile strain of 20% using
a homemade appliance and then annealed at a temperature of 60 8C over a time period of 24 h to relax all nonTCs in the
amorphous phase. The relative TC concentrations were inferred from the FTIR measurement of the orientation order of
the amorphous chains in the stretched films. It is believed that a greater concentration of TCs leads to a higher orientation
order for the amorphous chains. The results showed that the quantity of TCs is essentially determined by the chains with
the appropriate branch frequency (*12 branches per 1000 backbone carbons based upon the films used in this work), es-
pecially those of the high molar mass chains as formation of TCs requires suitable ethylene sequence lengths between
branches. The dart impact strength of the films appeared to be positively related to the relative concentration of TCs; films
with greater concentrations showed higher dart impact strength. No clear correlations were observed between the relative
concentration of TCs and the tear resistance of the films. However, the TC concentration seems to be related to the magni-
tude of the difference between the transverse direction and machine direction tear resistance.

Key words: tie chains, polarized Fourier transform infrared (FTIR), linear low-density polyethylene (LLDPE) blown films,
dart impact.

Résumé : Faisant appel à la technique d’infrarouge à transformée de Fourier polarisée (IR-TF) et à une nouvelle stratégie
de préparations des échantillons, on a étudié les concentrations relatives de chaı̂nes liées (CL) de six films soufflés de po-
lyéthylène de faible densité, linéaire et à site unique. Avant d’effectuer les mesures IR-TF, les films ont été soumis à une
force tensile de 20 % à l’aide d’un appareil maison et ils ont ensuite été recuits à une température de 60 8C pour une pé-
riode de 20 heures afin de détendre toutes les chaı̂nes non liées dans la phase amorphe. Les concentrations relatives de
chaı̂nes liées ont été déduites de la mesure IR-TF de l’ordre d’orientation des chaı̂nes amorphes dans les films étirés. On
croit qu’une concentration plus élevée de chaı̂nes liées conduit à un ordre d’orientation plus élevé pour les chaı̂nes amor-
phes. Les résultats montrent que la quantité de chaı̂nes liées est essentiellement déterminée par les chaı̂nes comportant la
fréquence appropriée de ramification (environ 12 branches par 1000 atomes de carbone dans le squelette si on se base sur
les films utilisés dans cette étude), particulièrement pour les chaı̂nes de masse moléculaire élevée puisque la formation de
chaı̂nes liées nécessite des longueurs appropriées de séquence d’éthylène entre les branches. Le force d’impact au dard des
films semble étre liée d’une façon positive à la concentration des chaı̂nes liées; les films en comportant de plus grandes
concentrations présentent une force d’impact au dard plus élevée. On n’a observé aucune corrélation entre la concentration
relative des chaı̂nes liées et la résistance aux déchirures des films. Toutefois, la concentration des chaı̂nes liées semble étre
liée à l’amplitude de la différence entre la direction transverse et la direction mécanique de la résistance aux déchirures.

Mots-clés : chaı̂nes liées, infrarouge à transformée de Fourier, films soufflés de polyéthylène de faible densité et linéaire,
impact au dard.
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Introduction
Among the structural features in polyethylene blown

films, tie chains (TCs) are believed to play a significant
role in determining their physical properties as TCs bridge
adjacent lamellae.1 A high concentration of TCs results in a
significant improvement in the resistance to low-temperature
impact,2 to creep,3 to slow crack growth,4 and to tear and
puncture.5 Without TCs, all lamellae would be held by rela-
tively weak van der Waals forces leading to lower dart im-
pact strength and tear resistance, the two most important
performance properties of polyethylene blown films. The
formation of TCs has been attributed to the random coil di-
mension in the molten state being larger than the thickness
of crystallites formed in the solid state after crystalliza-
tion.6,7 Several crystalline lamellae can grow within the
sphere of gyration of a chain provided the chain is suffi-
ciently long. Therefore, a long-chain molecule can cross the
noncrystalline region and provide the physical bridging for
adjacent crystalline lamellae. Since not all chains emanating
from a lamella would traverse through the amorphous re-
gions and enter into another lamella, it is difficult to predict
a priori the absolute concentration of TCs. In fact, some of
the chains reenter the original lamella,8 and others may sim-
ply end up in the amorphous regions as loose loops or dan-
gling chains. Obviously, chains below a critical molar mass
cannot participate in the TC formation process as these
chains are not long enough to have at least two parts of it
being involved in two different lamellae, which are con-
nected by the remaining part of the chains. Also, optimal
branch frequencies must exist for the formation of TCs for
branched polyethylene chains of different lengths. In gen-
eral, chains with low branch frequency tend not to form
TCs even though their molar masses are high. All of the
aforementioned findings regarding TCs have been summar-
ized in a review article written by Seguela.9 To formulate
any structure–property relationship for polyethylene blown
films, measurement of the absolute TC concentration is
most desirable. Unfortunately, such measurement is difficult,
if not impossible, as TCs are buried in the amorphous re-
gions with other structural units, a situation that is hard for
any analytical methods to differentiate and characterize
them. Therefore, at present, no direct analytical method is
available for such a purpose. In many cases, researchers
tend to infer the relative concentration of TCs in a series of
samples based on the measured mechanical properties such
as the brittle fracture strength.10,11 The quest for a reliable
method for measuring the concentration of TCs, at least in
a relative sense, is still of scientific and practical signifi-
cance.

The orientation of amorphous chains in polyethylene
blown films can be characterized by using a polarized infra-
red method.12 Using polarized Fourier transform infrared
(FTIR) spectroscopy, Lustiger and Ishikawa13 measured the
relative concentration of TCs in polyethylene blown films.
In their work, the authors chlorinated the film specimens to
differentiate the signals (peaks) of the amorphous orientation
from those of the crystalline orientation.13 A simpler method
of differentiating the amorphous from the crystalline orienta-
tions was proposed by Kissin.14 However, the method suf-
fers from the problem that not all chlorinated branches are
associated with the TCs. In fact, the amount of chlorinated

branches that are associated with TCs is unknown in this
method. Also, extra efforts have to be spent for the chlorina-
tion process as highly toxic chlorinated chemicals must be
used.

In the work presented here, we also used a polarized
FTIR method employed by Kissin14 to measure the relative
concentration of TCs. However, a new simpler sample prep-
aration strategy was applied to six single-site linear low-den-
sity polyethylene (ss-LLDPE) blown films with different
molar mass dependence of branch frequency. The samples
were chosen such that the experiments not only serve to test
the proposed method but also allow us to investigate the ef-
fect of interchain branch frequency on the concentration of
TCs.

Theoretical background
When polyethylene blown films are stretched at a temper-

ature above their glass transition temperature, Tg, both the
crystalline and amorphous components oriented towards the
stretching direction. Within the amorphous regions, the TCs
and chains other than TCs (i.e., loose loops, dangling chains,
nonbridging amorphous chains, collectively referred to as
NTCs) would be aligned along the stretching direction. The
NTCs, however, would relax back to the unoriented states
provided that sufficient time and appropriate conditions are
given. Since TCs act as bridges between lamellae, they can-
not relax. Consequently, it can be assumed that upon relaxa-
tion, the orientation order of the amorphous regions mainly
originates from the aligned TCs under stretch, and that
measurement of the amorphous orientation order of a
stretched sample upon relaxation can be directly related to
the concentration of TCs. The comparison of such orders
among film samples would yield information about which
sample would have a relatively higher concentration of
TCs. For a uniaxially stretched polyethylene blown film, the
dichroic ratio, D, is defined as12

½1� D ¼ A==

A?

where A// and A\ are the absorbance measured with the elec-
tric field vector of the polarized radiation parallel and per-
pendicular to the stretching direction, respectively. To
characterize the orientation of the amorphous chains in the
stretched samples, Herman orientation function, f, is used
and defined as12

½2� f ¼ ð3hcos 2 qi � 1Þ=2

where q is the angle between the stretching direction and the
axis of the chain segments. The relationship between f and
D for a given absorption band is given by eq. [3]:12

½3� f ¼ D� 1

Dþ 2

D0 þ 2

D0 � 1

where D0 is given by eq. [4]:12

½4� D0 ¼ 2cos 2 F

Here, F is the angle between the chain axis and the transi-
tion moment direction of the vibration mode responsible for
the infrared absorption. f is a function of both the degree of
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orientation and the quantity of the orienting elements in a
given film sample. Under comparable stretching conditions,
the degree of orientation of the aligned elements in the
amorphous regions in various films was assumed to be the
same, and thus, f is an indicative of the relative concentra-
tion of TCs.

Experimental

Materials and blown film preparation
Six single-site linear low-density polyethylene (ss-LLDPE)

blown films, hereafter referred to as films A, B, C, D, E, and
F, exhibiting wide ranges of dart impact strength and tear re-
sistance, were chosen to test the proposed FTIR method (see
Table 1). They were provided by NOVA Chemicals Corpora-
tion (Calgary, AB). The films were made from resins with
comparable solid-state densities and melt indices and their
nominal thickness was about 25 mm. As can be seen from
Table 1, the molar mass averages and branch frequencies of
the resins differ. It should be noted that the same resin was
used for films A, C, and D but they were processed under dif-
ferent conditions. Another major difference between films
A–D and E–F is their molar mass dependence of branch fre-
quency (see schematics in Fig. 1). As shown, films A–D con-
tain a greater portion of branches in their shorter chains
(Fig. 1a), whereas the branches were more or less evenly dis-
tributed among chains in films E and F (Fig. 1b).

Blown film deformation and relaxation of NTCs
The ss-LLDPE blown films were cut into 50 mm �

10 mm slices (machine direction � transverse direction) in
the rectangle geometry. The films were then placed in a
homemade stretching device (see Fig. 2) and uniaxially
stretched along the machine direction (MD) slowly to ensure
uniform stretching. After the chosen strains were reached,
the films were held in the stretching device and placed in
an oven annealed at 60 8C for 24 h to relax the NTCs in
their amorphous phase. The temperature was chosen so that
it is not high enough to cause any destruction of the lamel-
lae, and that it is not too low to result in unnecessary long

Fig. 1. Schematics of two types of molar mass dependence of
branch frequency: (a) a greater portion of branches are located in
shorter chains and (b) branches are evenly distributed among chains
of different chain lengths.

Table 1. Characteristics of the ss-LLDPEs (A–F) and processing conditions used for producing the blown films.

A B C D E F
Solid-state density (g/cm3) 0.916 0.917 0.916 0.916 0.918 0.916
Melt index (g/10 min) 0.9 0.83 0.9 0.9 1.08 1.28
Comonomer type 1-Octene 1-Octene 1-Octene 1-Octene 1-Hexene 1-Hexene
Branch frequency (per 1000 backbone carbons) 15.4 16.3 15.4 15.4 12.3 11.7
Mn 33 200 28 200 33 200 33 200 52 700 48 600
Mw 96 200 110 300 96 200 96 200 102 100 92 300
Mz 212 400 359 600 212 400 212 400 171 000 145 700
Polydispersity index (Mw/Mn) 2.9 3.9 2.9 2.9 1.94 1.9
Die gap (mm) 50 50 50 50 50 50
Output (lb/h) 351 251 345 248 299 299
Blow up ratio 2.5 2.5 3.5 3.5 2.5 2.5
Frost line height (FLH, in) 30 20 30 22 24 23
Tear strength (g/mil)
Machine direction 505 617 324 281 243 213
Transverse direction 561 743 421 370 363 403
Dart impact strength (g/mil) 371 577 713 983 1145 1159

Note: 1 lb = 0.45359237 kg; 1 in = 25.4 mm; 1 mil = 25.4 mm.
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relaxation times. The relaxation time of 24 h was chosen
based on the fact that longer relaxation times at 60 8C re-
sulted in no significant changes to the FTIR spectra of the
stretched films.

FTIR measurements
Polarized FTIR measurements were carried out directly

on the stretched films held in the fixture using a Nicolet
8700 FTIR spectrometer. The spectra were collected using a
polarized beam parallel and perpendicular to the stretching
machine direction with 128 scans at the resolution of
2.0 cm–1. Background spectra with the polarized beam at 08
and 908 were recorded before the acquisition of the parallel
and perpendicular spectra of the stretched ss-LLDPE blown
films. The strains of ss-LLDPE blown films along machine
direction were reached stepwise (i.e., 0%, 5%, 10%, 15%,
20%, 30%, 50%, and 70%). The polarized FTIR spectra
were collected for each relaxed film at each step.

A spectral range of 600–800 cm–1 was used for the orien-
tation measurements. This range includes three bands. Two
of them, one at 730 cm–1 and the other at 719 cm–1, charac-
terize the rocking modes of the chains in the orthorhombic
crystalline phase, with each transition moment parallel to
the crystallographic a and b axes, respectively.12 The third
band, at 722 cm–1, is attributed to the transition moment per-
pendicular to the chain axes for the amorphous phase.12 The
doublet at 730/720 cm–1 was fit with Lorentzian functions

into three peaks corresponding to three bands (730, 722,
and 719 cm–1). Peak fitting was carried out using GRAMS/
AI software from Thermal Fisher Scientific. Prior to the
curve fitting, the baselines of the spectra were corrected us-
ing an offset function. The width of the crystalline bands is
approximately 3*4 cm–1, and that of the amorphous band is
10*20 cm–1. The standard deviation errors of the fittings
were smaller than the value of 0.01. Figure 3 shows a polar-
ized FTIR spectrum of film E with the polarized beam par-
allel to the MD and the corresponding fitting curves.

Since the amorphous component of the 722 cm–1 band has
a transition moment lying perpendicular to the chain axis,
the orientation factor (f722) of the TCs can be determined by
eq. [5], which was obtained by combining eqs. [3] and [4]:

½5� f722 ¼ �2
D722 � 1

D722 þ 2

Results and discussion

Relative concentration of TCs
The orientation order (f722) of the amorphous region of

each film sample under different tensile strains was deter-
mined and the results are shown in Fig. 4. Note that, the
f722 values at low strains (5% and 10%) for all six film sam-
ples were measured and these values are close to those at
0%; in Fig. 4, only the f722 values at 0% are shown. The
near zero or slightly negative f722 values observed at low
strains (i.e., <*10%) for all six film samples indicate that
their amorphous chains, including both TCs and NTCs, are
essentially randomly oriented. As the tensile strain increases,
the f722 value increases. At tensile strains approximately
above 10%, differences in the f722 value start to manifest
among the samples. In particular, films E and F exhibit
greater f722 values than do the remaining films. The differen-
ces start to diminish when the strain becomes greater than
20% although the f722 values for all six samples keep in-
creasing. It is believed that with strains greater than 20%,
the dissembling of the crystalline chains occur, resulting in
contributions to the f722 value of the amorphous chains. Be-
yond 80% of stretching, the recrystallization process may
occur because the pulled out crystalline chains start to re-
align.15 From Fig. 4, it can be seen that the f722 values are

Fig. 2. An image of the homemade stretching device. Fig. 3. FTIR spectrum of film E with MD parallel to the polarized
light. Three peaks at 730, 719, and 722 cm–1 were resolved from
the fitting (see text for details). R2 = 0.992, standard error = 0.010.
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almost the same for all six films for strains ranging from
30% to 70%, indicating that portions of crystalline chains
were pulled out of the lamellae and into the amorphous re-
gions. This is further confirmed by the results obtained from
the tensile testing experiments performed on the films using
an INSTRON machine (results are not shown here; the yield
strains of these samples are about 20%). Before yield, only
the amorphous regions are being stretched leading to the
separation of lamellae. Above the yield point, chains in the
lamellae are being pulled out to allow higher strains; these
chains enter the amorphous phase and increase the orienta-
tion order of the amorphous chains. The tensile testing re-
sults justified us to use the f722 values at a strain of 20% to
signify the concentration of TCs. Finally, it should be noted
that the determination of the fraction of each phase from the
FTIR spectrum is possible if the corresponding extinction
coefficient for each different phase is known. However,
since such coefficients for the crystalline and amorphous
phases would likely vary differently upon stretching, we did
not measure them.

Effects of branch content and distribution
The existence, and thus the quantity of TCs are closely

related to the content, and the inter- and intra-chain distribu-
tion patterns of the short-chain branches (SCBs). And it gen-
erally believed that the type of SCBs is of secondary
importance in influencing the resultant structures when
SCBs contain more than two methylene carbons. As shown
in Fig. 4, films E and F made from resins with high Mn
(*50 000) and low branch frequency (*12 per 1000 back-
bone carbons) exhibited significantly higher f722 values (i.e.,
higher concentrations of TCs) than did the other four films
made from resins with a Mn of *30 000 and branch fre-
quency of *15 per 1000 backbone carbons. This suggests
that an ethylene sequence between adjacent SCBs should
have an optimal length to form TCs, and that a sample con-
sisting of a greater number of long chains and incorporating
appropriate levels of SCBs into these long chains enhances
the probability of generating more TCs, which are consistent

with the finding by Krishnaswamy et al.16 On average, if
SCBs are more clustered in shorter chains (films A, B, C,
and D), a greater quantity of very long branch-free chain
segments would occur and give rise to a greater probability
of producing larger and thus fewer crystalline lamellae; the
probability for shorter chains that contain too many branches
to form lamellae is also greatly reduced.17 These two factors
decrease the number of TCs. In contrast, when SCBs are
more evenly distributed among chains or a greater portion
of SCBs are incorporated into longer chains (films E and
F), more homogeneous crystalline lamellae would occur and
the two aforementioned nonfavorable conditions for the for-
mation of TCs would be largely avoided. In fact, the molar
mass dependency of SCBs in films E and F ensures a higher
probability of producing lamellae across the whole molar
mass range, the optimal condition for the formation of TCs.
The data from Fig. 4 may also imply that a branch fre-
quency of *12 per 1000 backbone carbons results in a
greater probability of producing TCs than does a branch fre-
quency of *15 per 1000 backbone carbons; this requires
more investigations, however, since the average molar mass
and branch distribution pattern for the two groups of films
investigated here differ.

Results of films A, C, and D demonstrate that processing
conditions also influence the formation of TCs to a certain
degree. In particular, high blow up ratio and low output rate
may increase the chance of forming more TCs. In the case
of film B, it is speculated that it contains the appropriate
level of branches (it must be less than *16 per 1000 back-
bone carbons as the average branch frequency of this sample
is about 16) in the high molar mass chains (highest Mz
among the resins), and it exhibited a reasonable dart impact
and the highest tear resistance.

Relationship between the relative concentration of TCs
and dart impact

The dart impact strength is an important physical property
for LLDPE blown films, and it is closely related to the
amount of TCs in the material. Figure 5 shows the relation-

Fig. 4. The orientation orders of the amorphous phases of six ss-
LLDPE blown films at varying strains.

Fig. 5. The dart impact strength vs relative concentration of TCs
for six ss-LLDPE blown films.
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ship between the dart impact strength and the measured rel-
ative concentration of TCs of the films used in this study. It
is shown that the dart impact strength increases as the con-
centration of TCs increases. TCs play an important role in
connecting different components to form a network in which
the imbalance between different components and orienta-
tions is reduced. A greater amount of TCs leads to the for-
mation of a high number of smaller crystallites that tend to
be more randomly oriented than the larger ones in the un-
stretched film. As a result, such an isotropic morphology re-
sults in higher dart impact strengths.18 The positive
correlation between the dart impact strength and the concen-
tration of TCs observed for six films shows that the presence
and quantity of TCs play a major role, if not a dominant
one, in determining the dart impact strength of the material.

Relationship between the relative concentration of TCs
and tear strength

Tear resistance is another important physical property for
LLDPE blown films. In the deformation, tear resistance re-
flects the energy that is dissipated in the growth of the
crack. A certain amount of TCs (depending on machine di-
rection (MD) or transverse direction (TD)) needs to be bro-
ken in order for the tear to propagate. As a result, if the
crack propagation runs through a greater amount of TCs,
stronger tear strength would follow owing to the covalent
nature of the TC bonds. A clear correlation between the rel-
ative concentration of TCs and the tear resistance of the six
films investigated here was not observed (Fig. 6a). Struc-
tural features other than TCs, such as the size and orienta-
tion of the crystalline lamellae, must be responsible for this
observation. It is reported that larger lamellae being oriented
along a certain direction result in good tear strengths in that
direction.19 A close examination of our data showed that the
quantity of TCs may contribute to the tear resistance dis-
crepancy between the MD and TD of the same film; it ap-
peared that a higher concentration of TCs led to a larger
discrepancy (Fig. 6b). This observation agrees with the find-
ing of Chen et al.20

Conclusions
The relative concentrations of tie chains (TCs) in six ss-

LLDPE thin blown films were determined via the FTIR
measurements of the amorphous orientation of the stretched
films upon relaxation. The critical issues are the determina-
tion of an appropriate strain and the separation of the amor-
phous orientation from those of the crystalline chains. We
demonstrated that at a strain of 20%, the amorphous chains
(most importantly the TCs) were oriented to a significant
degree, and the disturbance to the crystalline lamellar layer
was limited to the minimum. The separation of the amor-
phous and crystalline orientations was solved by using the
procedure reported by Kissin.14 The average molar mass
and the interchain distribution pattern of SCBs have signifi-
cant effects on the amount of TCs. An optimal ethylene se-
quence length between SCBs must exist for the formation of
TCs with other structural features remaining similar. The re-
lationship between the relative concentration of TCs and the
physical properties of the films showed that the quantity of
TCs and the dart impact strength are positively related and

that no clear correlation between the relative concentration
of TCs and the tear strength was observed, indicating that
other morphological features, such as lamellar size and ori-
entation, may be more important in determining the tear re-
sistance. The quantity of TCs may contribute to the
discrepancy in MD and TD tear resistance of the films.
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Conductivity percolation of carbon nanotubes
(CNT) in polystyrene (PS) latex film

Ş. Uğur, Ö. Yargi, and Ö. Pekcan

Abstract: In this study, the effect of multiwalled carbon nanotubes (MWNT) on film formation behaviour and electrical
conductivity properties of polystrene (PS) latex film was investigated by using the photon transmission technique and elec-
trical conductivity measurements. Films were prepared by mixing PS latex with different amounts of MWNTs, varying in
the range between 0 and 20 wt%. After drying, MWNT content films were separately annealed above the glass transition
temperature (Tg) of PS, ranging from 100 to 270 8C, for 10 min. To monitor film formation behavior of PS–MWNT com-
posites, transmitted light intensity, Itr, was measured after each annealing step. The surface conductivity of annealed films
at 170 8C was measured and found to increase dramatically above a certain fraction of MWNT (4 wt%) following the per-
colation theory. This fraction was defined as the percolation threshold of conductivity, Rc. The conductivity scales with
the mass fraction of MWNT as a power law with exponent 2.27, which is extremely close to the value of 2.0 predicted by
percolation theory. In addition, the increase in Itr during annealing was explained by void closure and interdiffusion proc-
esses. Film formation stages were modeled and the corresponding activation energies were measured.

Key words: multiwalled carbon nanotubes, polystyrene, latex, nanocomposites, conductivity, transmission, percolation, film
formation.

Résumé : Faisant appel à la technique de transmission photonique et à des mesures de conductivité électrique, on a étudié
l’effet de nanotubes de carbone à parois multiples (NCPM) sur le comportement de formation de films et sur les propriétés
de conductivité électrique de films de latex au polystyrène (PS). Les films ont été préparés en mélangeant du latex de PS
avec diverses quantités de nanotubes de carbone à parois multiples allant de 0 à 20 % en poids. Après les avoir soumis au
séchage, les films contenant des nanotubes de carbone à parois multiples ont été recuits séparément à une température su-
périeure à la celle de la de transition de verre (Tv) du PS, de 100 à 270 8C, pendant dix minutes. Afin de suivre le compor-
tement de formation des films composites PS/NCPM, on a mesuré l’intensité de la lumière transmise, Itr, après chaque
étape de recuisson. On a aussi mesuré la conductivité de surface des films recuits à 170 8C et on a observé une augmenta-
tion dramatique au-dessus d’une certaine fraction (4 % en poids), en accord avec la théorie de percolation. On a défini
cette fraction comme le seuil de percolation de conductivité, Rc. Les échelles de conductivité utilisant la fraction massique
des nanotubes de carbone à parois multiples avec une loi de puissance avec un exposant 2,27 sont très près de la valeur de
2,0 prédite par la théorie de la percolation. De plus, l’augmentation de Itr durant la recuisson peut être expliquée par la fer-
meture du vide et des processus d’interdiffusion. On a calculé des modèles des stages de formation des films et on a me-
suré les énergies d’activation correspondantes.

Mots-clés : nanotubes de carbone à parois multiples, polystyrène, latex, nanocomposites, conductivité, transmission, perco-
lation, formation de film.

[Traduit par la Rédaction]

Introduction

As a result of worldwide efforts by theorists and experi-
mentalists, a very good understanding of the mechanisms of
latex film formation has been achieved.1 Traditionally, the
film formation process of polymer latex is considered in
terms of three sequential steps: (i) Water evaporation and
subsequent packing of polymer particles. (ii) Deformation
of the particles and close contact between the particles if

their glass transition temperature (Tg) is less than or close to
the drying temperature (soft or low Tg latex). Latex with a
Tg above the drying temperature (hard or high Tg latex) stays
undeformed at this stage. In the annealing of a hard latex
system, deformation of particles first leads to void closure2–4

and then after the voids disappear, diffusion across particle–
particle boundaries starts, i.e., the mechanical properties of
hard latex films evolve during annealing, after all solvent
has evaporated and all voids have disappeared. (iii) Coales-
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cence of the deformed particles to form a homogeneous
film3 where macromolecules belonging to different particles
mix by interdiffusion.5,6

This understanding of latex film formation can now be ex-
ploited to underpin the processing of new types of coatings
and adhesives. The blending of latex particles and inorganic
nanoparticles provides a facile means of ensuring dispersion
at the nanometer scale in composite coatings. Carbon nano-
tubes (CNT) and monodispersed nanoparticles are two of the
most important building blocks proposed to create nanodevi-
ces. Recently, CNT–polymer nanocomposites have been
widely investigated due to their remarkable mechanical,6
thermal,7 and electrical properties.8 CNT have potential ap-
plications in many areas such as biosensors, conducting
agents, field-effect transistors, and nanocomposites.9 The
polymeric or ceramic matrix of composites is usually consid-
ered nonconductive material because of its extremely low
electrical conductivity (in the order of 10–10–10–15 S/m). Dis-
persing conductive materials into the nonconductive matrix
can form conductive composites. The electrical conductivity
of a composite is strongly dependent on the volume fraction
of the conductive phase. At low volume fractions, the con-
ductivity remains very close to the conductivity of the pure
matrix. When a certain volume fraction is reached, the con-
ductivity of the composite drastically increases by many or-
ders of magnitude. The phenomenon is known as percolation
and can be well explained by percolation theory. The electri-
cal percolation threshold of conductive reinforcements em-
bedded in an insulating matrix is sensitive to the
geometrical shape of the conductive phase. The small size
and large aspect ratio (length/diameter) help lower the perco-
lation threshold.10 Depending on the matrix, the processing
technique, and the nanotube type used, percolation thresh-
olds ranging from 0.001 wt% to more than 10 wt% have
been reported.11,12 Because carbon nanotubes have tremen-
dously large aspect ratios (100–10 000), many researchers
have observed exceptionally low electrical percolation
thresholds.12 The electric current-carrying ability of CNTs
may be 1000 times that of copper wires.13 Due to the high
aspect ratio of their external shapes, nanotubes can form per-
colated networks even at very low filler fractions (<5 wt%)
to impart tremendous filler reinforcement effects. There
have been many studies on low volume fraction composites
where the addition of a very small amount of nanotubes sub-
stantially modifies the electrical properties of polymer matri-
ces.13–16 Thus, carbon nanotubes are excellent candidates to
blend with polymers to produce electrostatic dissipative ma-
terials and other useful components in electronics.

As for the electrical properties of CNT–polymer compo-
sites, it was reported that the use of CNTs as conductive fill-
ers in a polymer matrix implies a very low percolation
threshold.13,15,17 However, as CNTs are generally insoluble
in common solvents and polymers, they tend to aggregate
and disperse poorly in polymer matrix, resulting in deleteri-
ous effects. To overcome these difficulties, several methods
have been developed to disperse CNTs in host polymers.
CNTs could be dispersed in certain polymer solutions via ul-
trasonication18–22 or in the presence of surfactants.23–25 Sev-
eral groups have reported electrical resistivity results for
multiwalled nanotubes (MWNT) and single-walled nanotube
(SWNT) ropes.26 In a recent study ,Gojny et al.27 concluded

that multiwalled carbon nanotubes offer the highest potential
for enhancement of electrical conductivity. The rationale
behind this conclusion is that the multiwalled nanotubes
usually have a better dispersability than single-walled nano-
tubes. Measured electrical conductivities for nanotube-based
composites typically range from 10–5 to 10–2 S/m for nano-
tube contents above the percolation threshold.28 However,
electrical conductivity tailored to the range of 0.01–
3480 S/m by varying the nanotube content from 0.11 to
15 wt% has also been reported.17 Surely, the increase of the
nanotube volume fraction can increase the electrical conduc-
tivity of composites. Previous studies indicate that the over-
all resistances of SWNT bundle networks and carbon
nanotube-based composites are dominated by the contact re-
sistance.29 Measurements on crossed SWNTs30 gave contact
resistance of 100–400 kU for metal–metal or semiconduct-
ing–semiconducting SWNT junctions and values two orders
higher for metal–semiconducting junctions.

Waviness is a dominant feature of carbon nanotubes in
composites. Wavy nanotubes dispersed in a matrix tend to
have more contact points than straight nanotubes, and there-
fore, have a considerable effect on electrical conductivity
due to the dominant role of contact resistance. Previous
studies have only investigated the effect of waviness on per-
colation threshold and elastic stiffness of composites.31–35

The basic conclusion reached in these studies is that the
waviness tends to increase the percolation threshold but re-
duces the elastic stiffness. To date, almost all the computa-
tional simulations of the electrical conductivity of nanotube-
based composites assumed nanotubes as straight sticks.34

More recently, Li et al.36 simulated wavy nanotubes using
elongated polygons, and the current carrying backbones of
percolation clusters in the composite are identified by a di-
rect electrifying algorithm.37 The tunneling resistance due to
an insulating film of matrix material between crossing nano-
tubes is considered. Results of Monte Carlo simulations in-
dicate that the electrical conductivity of composites with
wavy nanotubes is lower than that of composites with
straight nanotubes. In experimental measurements of con-
ductivities, researchers have strived to pursue composite sys-
tems with well dispersed fillers. Such an ‘‘ideal’’ system
forms a basis for the comparison of conductivity percolation
thresholds as influenced by factors such as filler aspect ratio,
matrix materials, contact resistance, nanotube waviness, and
so forth. The anisotropy of conductivity is strongly affected
by nanotube alignment, especially when the nanotube con-
tents are small. But the effect of alignment becomes weaker
at larger nanotube contents.38,39

In the work reported here, we investigated the film forma-
tion behavior and electrical conductivity properties of poly-
mer–CNTs depending on the CNTs content using the photon
transmission technique and electrical conductivity measure-
ments. In this work, MWNTs were chosen as conductive fill-
ers rather than single-wall carbon nanotubes (SWNTs) since
MWNTs are less expensive than SWNTs and polymer–
MWNT composites may be more acceptable than polymer–
SWNT composites in industrial application. Furthermore,
MWNTs are easier to disperse in the polymer matrix com-
pared to SWNTs. Polystyrene (PS) was used as the polymer
matrix because its properties are well-known; it is easy to
process, it is soluble in a broad range of solvents, and its
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clarity allows dispersion of MWNTs to be optically observed
at the micron scale. Films were prepared by mixing PS latex
with MWNT particles in various compositions and annealing
them at temperatures above the glass transition temperature
of PS. After each annealing step, the transmitted light inten-
sity, Itr, was monitored to observe the film formation proc-
ess. The increase in Itr up to the healing temperature, Th,
and above Th during annealing was explained by void clo-
sure and interdiffusion processes, respectively. From the
measurements of the electrical conductivities of the compo-
sites, the percolation threshold of conductivity was found to
be 4 wt% MWNT.

Experimental

Materials
PS particles were produced via surfactant free emulsion

polymerization process. The polymerization was performed
batch-wisely using a thermostatted reactor equipped with a
condenser, thermocouple, mechanical stirring paddle, and ni-
trogen inlet. The agitation rate was 400 rpm and the poly-
merization temperature was controlled at 70 8C. Water
(100 mL) and styrene (5 g) were first mixed in the polymer-
ization reactor where the temperature was kept constant (at
70 8C). The potassium peroxodisulfate (KPS) initiator
(0.1g), dissolved in small amount of water (2 mL), was then
introduced to induce styrene polymerization. The polymer-
ization was conducted during 18 h. The polymer has a high
glass transition temperature (Tg = 105 8C). The latex disper-
sion has an average particle size of 400 nm. Figure 1a shows
a scanning electron microscope (SEM) image of the PS latex
produced for this study.

Commercially available MWNTs (Cheap Tubes Inc., VT,
USA, 10–30 mm long, average inner diameter: 5–10 nm,
outer diameter: 20–30 nm, the density is approximately
2.1 g/cm3, and purity is higher than 95 wt%) were used as
supplied in black powder form without further purification.
A stock solution of MWNTs was prepared following the
manifacturers regulations: nanotubes were dispersed in de-
ionized (DI) water with the aid of polyvinyl pyrolidone
(PVP) in the proportions of 10 parts MWNTs, 1–2 parts
PVP, 2.000 parts DI water by bath sonication for 3 h. PVP
is a good stabilizing agent for dispersions of carbon nano-
tubes, enabling preparation of polystyrene composites from
dispersions of MWNT in polystyrene solution. Figure 1b
shows the transmission electron microscope (TEM) image
of MWNTs used in this study (www.cheaptubesinc.com).

Preparation of PS–MWNT composite films
A 15 g/L solution of polystyrene (PS) in water was pre-

pared separately. The dispersion of MWNTs in water was
mixed with the solution of PS yielding the required ratio, R,
of MWNTs in PS latex by using the relation

R ¼ MMWNT

MPS þMMWNT

where MPS and MMWNT represent the weight of PS and
MWNTs in the mixture, respectively. Eighteen different
mixtures were prepared with 0, 0.15, 0.45, 0.8, 1, 1.5, 1.8,
2, 2.5, 3, 4, 5, 8, 10, 13, 15, 18, 20 wt% MWNTs by using
this relation. Each mixture was stirred for 1 h followed by

sonication for 30 min at room temperature. By placing the
same number of drops on glass plates with similar surface
areas (0.8 � 2.5 cm2) and allowing the water to evaporate
at 60 8C in the oven, dry films were obtained. After drying,
samples were separately annealed above the Tg of PS for
10 min at temperatures ranging from 100 to 270 8C. The
temperature was maintained within ±2 8C during annealing.
After each annealing step, films were removed from the
oven and cooled down to room temperature. The thickness
of the films was determined from the weight and the density
of samples and ranged from 6 to 10 mm.

Measurements
Photon transmission experiments were carried out using

model Carry 100 bio UV–visible (UVV) spectrometer from
Varian. The transmittances of the films were detected at

Fig. 1. (a) SEM image of PS latex and (b) TEM image of multi-
walled nanotubes (MWNTs) (www.cheaptubesinc.com) used in this
study.

Fig. 2. A schematic illustration of sample position and transmitted
light intensity (Itr).
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500 nm at which the composite’s spectra is almost flat, i.e.,
at this wavelength polystyrene and carbon nanotubes have
no specific absorption. This picture is quite common for the
polymeric films studied using the optical transmission tech-
nique.40–42. A glass plate was used as a standard for all UVV
experiments. The sample position and the transmitted light
intensity, Itr, are presented in Fig. 2.

Scanning electron microscope (SEM) images were taken
using LEO Supra VP35 FESEM.

Electrical conductivity was measured by a two-probe
method using a Keithley Model 6517a Electrometer with an
ultrahigh resistance meter. For the surface resistance meas-
urements, the samples were coated onto thin rectangular
glass slabs with typical dimensions of 2.0 � 3.0 cm2. The
electrical contact was made using a silver paste. Electrical
resistivities of the composite films were measured by alter-
nating polarity technique with electrometer and a test fixture.
The composite films were placed in the text fixture, which
have disk shaped electrodes, then their surface resistivities,
Rs (U), were measured for 15 s under 100 V alternating po-
tential. All the resistivities of the composite films were de-
termined for four different orientations and measurements
were repeated many times to lower the error level. The sur-
face resistivity was converted into surface conductivity.

Results and discussion

Film formation process of PS–MWNT composites
Transmitted light intensities, Itr, versus annealing temper-

atures are plotted in Fig. 3 for the films with 0, 1.5, 3, 5, 10,
and 15 wt% MWNT content. Upon annealing, the transmit-
ted light intensity, Itr, started to increase for all film samples
except for 15 wt% MWNT content film. The increase in Itr
with annealing can be explained by the evaluation of the
transparency of the films and surface smoothing upon an-
nealing. Most probably, the increase in Itr up to Th corre-
sponds to the void closure process,39,43–46 i.e., the
polystyrene starts to flow upon annealing and voids between
particles can be filled. On the other hand, the increase in Itr
above Th corresponds to the interdiffusion process. However,
for 15 wt% MWNT content film, Itr almost doesn’t change
with annealing, which means that no film formation process
occurs, and light transmission is completely blocked by dis-
persion of the MWNTs in the composite film. On the other
hand, Itr decreases with increasing MWNT content in films
at all annealing temperatures, predicting that less transpar-
ency occurs at high MWNT content films. The plots of the
maximum values of (Itr)max versus MWNT content in Fig. 4a
also confirms this picture, i.e., as the MWNT content is in-
creased, (Itr)max first decreases continuously from 70% to
30% at 4 wt% MWNT, and then shows a slight decrease
reaching its minimum value (10%) around 15 wt% MWNT.

To see dispersion of MWNTs in PS lattice during anneal-
ing, SEM micrographs of composite film with 15 wt%
MWNT content were taken after annealing them at 100 and
150 8C (see Fig. 5), respectively. In Fig. 5a, for the 15 wt%
MWNT film annealed at 100 8C no deformation in PS par-
ticles is observed and PS particles keep their original spher-
ical shapes. After annealing treatment at 150 8C (Fig. 5b),
SEM images show that complete particle coalescence has
been achieved. It can be clearly seen that the composite

film consists of a network of bundles and indicates signifi-
cant porosity, which results in strong scattering. The optical
transmission of the films versus MWNT content above 15
wt% MWNT (Fig. 4a) is a good indicator of how finely
nanotubes are dispersed in the matrix. This result is consis-
tent with the microstructural analysis.

The increase in Itr intensity below and above the Th point
in the 0–10 wt% MWNT range can be explained by void
closure and interdiffusion processes, respectively.47 To
understand these phenomena, the following mechanisms and
their formulations are proposed.

Voids closure
Latex deformation and void closure between particles can

be induced by shearing stress, which is generated by surface
tension of the polymer, i.e., polymer–air interfacial tension.
The void closure kinetics can determine the time for optical
transparency and latex film formation.48 To relate the
shrinkage of a spherical void of radius r to the viscosity of
the surrounding medium, h, an expression was derived and
given by the following relation.48

½1� dr

dt
¼ � g

2h

1

rðrÞ

� �

where g is surface energy, t is time, and rðrÞ is the relative
density. It has to be noted here that surface energy causes a
decrease in void size and the term rðrÞ varies with the mi-
crostructural characteristics of the material, such as the num-
ber of voids, the initial particle size, and packing. Equation
[1] is similar to one that was used to explain the time depen-
dence of the minimum film formation temperature during la-
tex film formation.49 If the viscosity is constant in time, the
integration of eq. [1] gives the relation as

½2� t ¼ � 2h

g

Zr

r0

rðrÞdr

where r0 is the initial void radius at t = 0.
The dependence of the viscosity of the polymer melt on

temperature is affected by the overcoming of the forces of
macromolecular interaction, which enables the segments of
the polymer chain to jump over from one equilibration posi-
tion to another. This process happens at temperatures at
which free volume becomes large enough and is connected
with the overcoming of the potential barrier. The Frenkel–
Eyring theory produces the following relation for the tem-
perature dependence of viscosity.50–52

½3� h ¼ ðN0h=VÞexp ðDG=kTÞ

where N0 is Avagadro’s number, h is Planck’s constant, V is
the molar volume, and k is Boltzmann’s constant. It is
known that DG ¼ DH � TDS, then eq. [3] can be written as

½4� h ¼ Aexp ðDH=kTÞ

where DH is the activation energy of viscous flow, i.e., the
amount of heat that must be given to 1 mol of material for
creating the act of a jump during viscous flow. DS is the en-
tropy of activation of viscous flow. Here, A represents a
constant for the related parameters that do not depend on
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temperature. Combining eq. [2] and [4] the following useful
equation is obtained

½5� t ¼ � 2A

g
exp

DH

kT

� �Zr

r0

rðrÞdr

To quantify the above results, eq. [5] can be employed by
assuming that the interparticle voids are equal in size and
the number of voids stay constant during film formation
(i.e., rðrÞ1r�3), then integration of eq. [5] gives the relation

½6� t ¼ 2AC

g
exp

DH

kT

� �
1

r2
� 1

r2
0

� �

where C is a constant related to the relative density, rðrÞ.
To quantify the behavior of Itr curves below Th presented

in Fig. 3, the void closure model can be applied, where a
decrease in void size (r) causes an increase in Itr/(Itr)max ra-
tios and vice versa. If the assumption is made that the
Itr/(Itr)max ratio is inversely proportional to the 6th power of
the void radius, r, then eq. [6] can be written as

½7� t ¼ 2AC

g
exp

DH

kT

� �
Itr

ðItrÞmax

� �1=3

Here, r�2
0 is omitted from the relation since it is very

small compared to r�2 values after a void closure process is
started. Equation [7] can be solved for Itr/(Itr)max

½8� ItrðTÞ ¼ SðtÞexp
�3DH

kT

� �

where S(t) =(yt/2AC)3 and Itr = Itr/(Itr)max. For a given time
the logarithmic form of eq. [8] can be written as follows

½9� lnItrðTÞ ¼ lnSðtÞ � 3DH

kBT

� �

Equation [9] can now be used to produce viscous flow ac-
tivation energies, DH. lnItr versus T–1 plots and their fits to
eq. [9] are presented in Fig. 6 (right hand side of the curves)
from which DH activation energies were obtained. The
measured void closure, DH activation energies are listed in
Table 1, which are present at a minima around 4 wt%.

Healing and interdiffusion
The decrease in Itr was already explained in the previous

section, by the increase in transparency of latex film due to
the disappearance of deformed particle–particle interfaces.
As the annealing temperature is increased above healing
temperature, Th, some part of the polymer chain may cross
the junction surface and particle boundaries start to disap-
pear, as a result, Itr increases due to the shorter optical and

Fig. 3. Plots of transmitted photon intensities, Itr, vs. annealing temperatures depending on MWNT content in the films. The numbers on
each figure show the MWNT content in the film.
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long mean free paths of a photon.43–47 To quantify these re-
sults, the Prager–Tirrell (PT) model53 for the chain crossing
density can be employed. These authors used de Gennes’s54

‘‘reptation’’ model to explain configurational relaxation at
the polymer–polymer junction where each polymer chain is
considered to be confined to a tube in which it executes a
random back and forth motion. A homopolymer chain with
N freely jointed segments of length L was considered by
PT, which moves back and forth by one segment with a fre-
quency, n. In time, the chain displaces down the tube by a
number of segments, m. Here, n/2 is called the ‘‘diffusion
coefficient’’ of m in one-dimensional motion. PT calculated
the probability of the net displacement with m during time t
in the range of n – D to n – (D + dD) segments. A Gaussian
probability density was obtained for small times and large
N. The total ‘‘crossing density’’, s(t) (chains per unit area),
at the junction surface was then calculated from the contri-
butions of s1(t) due to chains still retaining some portion of
their initial tubes, plus a remainder, s2(t). Here, the s2(t)
contribution comes from chains that have relaxed at least

once. In terms of reduced time, t ¼ 2nt=N2, the total cross-
ing density can be written as

½10� sðtÞ=sð1Þ ¼ 2p�1=2

�
t1=2

þ 2
X1
k¼0

ð�1Þn½t1=2expð�k2=tÞ

� p�1=2erf cðk=t1=2Þ�
�

For small t values the summation term of the above equa-
tion is very small and can be neglected, which then results
in

½11� sðtÞ=sð1Þ ¼ 2p�1=2t1=2

This was predicted by de Gennes54 on the basis of scaling
arguments. Here, it should be mentioned that the depend-
ence on time, t, in eq. [10] goes as t1/4 at early times of heal-
ing.54,55 To compare our results with the crossing density of
the PT model, the temperature dependence of sðtÞ=sð1Þ
can be modeled by taking into account the following Arrhe-
nius relation for the linear diffusion coefficient

½12� n ¼ noexpð�DEb=kTÞ

Here, DEb is defined as the activation energy for back-
bone motion depending on the temperature interval. Com-
bining eqs. [11] and [12], a useful relation is obtained as

Fig. 4. (a) A plot of the maxima of transmitted light intensities,
(Itr)max, in Fig. 3 vs. MWNT content, R (w/w); (b) log–log plot of
(Itr)max vs. (R – Rc).

Fig. 5. SEM images of composite films prepared with 15% MWNT
content and annealed for 10 min at (a) 100 and (b) 150 8C tem-
peratures.
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½13� sðtÞ=sð1Þ ¼ Aoexp ð�DEb=2kTÞ

where Ao ¼ ð8not=pN
2Þ1=2 is a temperature independent

coefficient.
The increase in Itr above Th is already related to the disap-

pearance of particle–particle interfaces, i.e., as annealing
temperature is increased, more chains relax across the junc-
tion surface and as a result the crossing density increases.
Now, it can be assumed that Itr is proportional to the cross-
ing density, s(t), in eq. [13] and then the phenomenological
equation can be written as

½14� ItrðTÞ=Itrð1Þ ¼ Aexp ð�DE=2kTÞ

Logarithmic plots of Itr versus T–1 are presented in Fig. 6
(left hand side of the curves) for various MWCNT content.
The activation energies, DE, are produced by least-squares
fitting the data to eq. [14] and are listed in Table 1, where
it is seen that DE values present a maximum around 3 wt%
MWNT content, while DH values have a minimum about
the same point. In other words, the interdiffusion of polymer
chains needs more energy to cross over the junction surface
than the amount of heat that was required by 1 mol of poly-
meric material to accomplish a jump during viscous flow. In

fact, these optimum points correspond to the percolation
threshold for the electrical conductivity and for the optical
transparency in composite film (see the next section).

Electrical conductivity of PS–MWNT composites
The surface conductivity properties of the films were meas-

ured at room temperature by using a two probe technique.
Figure 7a shows the electrical conductivity (s) of PS–
MWNT composite films and its best fit as a function of the
MWNTs ratio, R. While low MWNT content composites
(R < 0.04) show similar conductivity between 10–13–10–12 S,
the conductivity of high MWNT content films (R > 0.04) in-
crease dramatically to *10–7–10–6 S. In other words, above
0.04 MWNTs form an interconnected percolative network.
However, below 0.04, clusters of MWNT become separated
by the polystyrene layers. From here we could conclude that
the electrical conductivity of the films exhibited a type of per-
colation56 behavior since below a certain amount of MWNT,
called the percolation threshold, Rcs (= 0.04), the conductivity
exhibited only a very little change (10–13-10–12 S). While for a
further increase of MWNTs to above Rcs = 0.04, the conduc-
tivity shows a drastic increase ca. 6–7 orders of magnitude
(10–7–10–6 S), as compared with low MWNTs content films.
Zang and co-workers57,58 found the percolation threshold is
about 4 wt% MWNT for the MWNT–PS composites prepared
by the polymerization filling method.

Percolation theory
The basis of the percolation theory is to determine how a

Fig. 6. The ln(Itr) vs. T–1 plots of the data in Fig. 3. The slope of the straight lines produces DH and DE activation energies, which are
listed in Table 1.

Table 1. Experimentally determined activation energy values.

MWNT (wt%) 0 1.5 2 3 4 5 10 15
DH (kcal/mol) 2.1 3.0 1.1 1.8 0.8 2.2 3.7 —
DE (kcal/mol) 0.7 4.6 8.6 4.6 5.5 1.4 2.1 —
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given set of sites, regularly or randomly positioned in some
space, is interconnected.56 At some critical probability,
called the ‘‘percolation threshold (pc)’’, a connected network
of sites is formed that spans the sample, causing the system
to percolate. In 1957, Broadbent and Hammersley,59 intro-
duced the term ‘‘percolation theory’’ and used a geometrical
and statistical approach to solve the problem of fluid flow
through a static medium. Initial work focused on the deter-
mination of the percolation thresholds in simple two- and
three-dimensional geometries. Two types of percolation
were considered: site percolation, where sites in a lattice are
either filled or empty, or bond percolation, where all the
sites in a lattice are occupied, but are either connected or
not.60 Extensive simulations and theoretical work have
shown that the percolation probability, P?(p) vanishes as a
power-law near pc:

½15� p1ðpÞ � ðp� pcÞb

For all volume fractions p > pc, the probability of finding
a spanning cluster extending from one side of the system to
the other side is 1. The largest cluster spans the lattice con-
necting the left and right edges to the bottom edge, which is
called ‘‘percolating cluster’’. Whereas for all volume frac-
tions p < pc, the probability of finding such an infinite clus-
ter is 0.

The concept of percolation has been applied to many di-
verse applications, including the spread of disease in a pop-
ulation, flow through a porous medium, quarks in nuclear
matter, and variable range hopping in amorphous semicon-
ductors.61 Percolation theory has been used to interpret the
behaviour in a mixture of conducting and nonconducting
components.62 The sudden transition in such materials from
insulator to conductor is evidence of a percolation threshold.
The conductivity, s, of a percolative system is generally de-
scribed as a function of the mass fraction, R, by the scaling
law in the vicinity of the percolation threshold (Rcs):

½16� s ¼ s0ðR� RcsÞbs

where s is the composite conductivity (in Siemens), s0 is
the self conductivity of MWNTs film and is equal to 1. R
represents the weight fraction of MWNTs, Rcs represents
the percolation threshold of conductivity, and bs is the criti-
cal exponent. This equation is valid at concentrations above
the percolation threshold, i.e., when R > Rcs. The value of
the critical exponents, bs, is dependent on the dimensions
of the lattice.59

To calculate the percolation threshold, eq. [16] was trans-
formed into the logarithmic form:

½17� log ðsÞ ¼ log ðs0Þ þ bslogjR� Rcj

Fig. 7. (a) Conductivity, s, and its best fitted curve vs. MWNT
content, R (w/w); (b) log–log plot of the best fitted curve of s vs.
(R – Rc).

Fig. 8. (a) Scattering light intensity, Isc, and its best fitted curve vs.
MWNT content, R (w/w); (b) log–log plot of the best fitted curve
of Isc versus (R – Rc).
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Then to produce an estimated value for Rcs and the crit-
ical exponent bs we fitted the log(s) – logjR – Rcj data in
Fig. 7b for R > Rcs, to eq. [17]. Here, due to the limitation
on getting more data in critical region, we used the continu-
ous function fitted best to the experimental points in Fig. 7a.
The goodness of the fit was around r2 & 0.9. The value of
bs has been determined from the slope of the linear relation
of log(s) – logjR – Rcj plot of the best fitted curve in Fig. 7b
and found to be 2.27. This value agrees well with the uni-
versal scaling value of bs = 2.0. The difference between the
theoretical and experimental values (13.5%) might be ex-
plained with the errors originating from the fitting. In three-
dimensional lattice systems60 bs values change from 1.3 to
3. The fact that bs is not significantly greater than 2.0 also
suggests that the bundles are not separated by polymer tun-
neling barriers and shows that the polymer coating observed
in Fig. 5 cannot simply coat individual bundles but must
coat the network as a whole, allowing intimate contact be-
tween bundles at junction sites.

On the other hand, as seen in Fig. 4a, the inclusion of
MWNTs into the PS lattice strongly decreases the transmit-
ted light intensity. This finding can be rationalized by first
assuming that s is proportional to the scattered light inten-
sity, Isc = 1 – (Itr)max, by obeying the following relation

½18� IscðRÞ ¼ ðR� RcÞb

Here, it should be realized that inclusions of MWNTs into
the PS lattice creates a two phase heterogeneous structure,
which causes light scattering from the composite film sur-
face, while the conductivity increases in the same fashion.
Equation [18] describes the percolation model for MWNTs
distribution in the PS lattice where Rc was produced in
Fig. 4b from the intersection of two broken straight lines.
When R approaches Rc, the largest cluster of MWNTs ap-
pears by connecting the left and right edges to the bottom
edge of the MWNTs.

The scattered light intensity, Isc, versus MWNTs content
and its best fit are plotted in Fig. 8a, where it is seen that
Isc has increased to large values for all samples above 4
wt% MWNT content. This behavior of scattering light inten-
sity can be explained by percolating MWNT particles in the
PS lattice. In Fig. 8b, the log–log plot of eq. [18] is fitted to
the data in Fig. 8a, where the slope of the straight line pro-
duced the critical exponent, b = 0.18, above Rc = 0.04,
which is not so far from the bond-percolation theory. In a
simple cubic lattice b is found to be 0.25 for the bond per-
colation model.56

Conclusions
We have reported an investigation of the film formation

and electrical conductivity of PS–MWNT composites. Be-
low 10 wt% MWNT content, two distinct film formation
stages, which are named as void closure and interdiffusion,
were observed. However, MWNT concentrations above 10
wt% MWNT, no film formation can be achieved. On the
other hand, sample conductivities were observed to depend
strongly on the MWNT contents, which are drastically
changed with an increase of the MWNT content above the
percolation threshold of 4 wt% MWNT. With the introduc-
tion of 4 wt% MWNTs, the conductivity presented an in-

crease by 6–7 orders of magnitude compared with low
MWNT content films.

Void closure (DH) and interdiffusion (DE) activation en-
ergies presented optimum values around the threshold of the
electrical contuctivity and optical transparency percolation
around 4 wt% MWNT content. Our results are quite similar
to other reports on low conductance with CNTs amounts and
start to saturate at higher CNTs content. Further investiga-
tion of electrical properties of the composite films is under-
way in our laboratory to understand the behaviors of (DH)
and (DE) activation energies around the percolation point.
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Sci. 2001, 79, 2014. doi:10.1002/1097-4628(20010314)
79:11<2014::AID-APP1010>3.0.CO;2-3.
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Biomaterials for neural-tissue engineering —
Chitosan supports the survival, migration, and
differentiation of adult-derived neural stem and
progenitor cells

Vanessa I. Scanga, Alex Goraltchouk, Nasser Nussaiba, MollyS. Shoichet, and
Cindi M. Morshead

Abstract: Neural precursor cells (NPCs or stem and progenitor cells) are promising in transplantation strategies to treat an
injury to the central nervous system, such as a spinal cord injury (SCI), because of their ability to differentiate into neu-
rons and glia. Transplantation studies to date have met with limited success for a number of reasons, including poor cell
survival. One way to encourage cell survival in injured tissue is to provide the cells with a scaffold to enhance their sur-
vival, their integration, and potentially their differentiation into appropriate cell types. Towards this end, four amine-func-
tionalized hydrogels were screened in vitro for adult murine NPC viability, migration, and differentiation: chitosan,
poly(oligoethylene oxide dimethacrylate-co-2-amino ethyl methacrylate), blends of poly(oligoethylene oxide dimethacry-
late-co-2-amino ethyl methacrylate), and poly(vinyl alcohol), and poly(glycerol dimethacrylate-co-2-amino ethyl methacry-
late). The greatest cell viability was found on chitosan at all times examined, Chitosan had the greatest surface amine
content and the lowest equilibrium water content, which likely contributed to the greater NPC viability observed over
three weeks in culture. Only chitosan supported survival of multipotent stem cells and the differentiation of the progenitors
into neurons, astrocytes, and oligodendrocytes. Plating intact NPC colonies revealed greater cell migration on chitosan rel-
ative to the other hydrogels. Importantly, long term cultures on chitosan showed no significant difference in total cell
counts over time, suggesting no net cell growth. Together, these findings reveal chitosan as a promising material for the
delivery of adult NPC cell-based therapies.

Key words: biomaterials, chitosan, hydrogels, stem cells, cell viability.

Résumé : Les cellules neurales précurseurs (CNP, cellules souches et progéniteurs) sont très prometteuses dans les straté-
gies de transplantation pour le traitement de blessures au système nerveux central, tel un traumatisme au cordon médullaire
(TCM), en raison de leur habilité à différencier les neurones des cellules gliales. Jusqu’à maintenant, les études de trans-
plantation n’ont eu que des succès mitigés en raison de divers facteurs, dont le faible taux de survie des cellules. Une fa-
çon d’augmenter ce taux de survie dans les tissus traumatisés est de fournir des cellules comportant un échafaudage
permettant d’augmenter leur survie, leur intégration et éventuellement leur différentiation dans les divers types de cellules.
À cette fin, quatre hydrogels portant des amines fonctionnalisées, le chitosane, le poly(diméthacrylate de l’oxyde d’oligoé-
thylène-co-2-aminométhacrylate d’éthyle), des mélanges de poly(diméthacrylate de l’oxyde d’oligoéthylène-co-2-aminomé-
thacrylate d’éthyle) et d’alcool polyvinylique et du poly(diméthacrylate de glycérol-co-2-aminométhacrylate d’éthyle) ont
été soumis à une évaluation in vitro, pour la migration, la différentiation et viabilité de cellules neurales précurseurs de
murine adulte. Dans tous les cas, la viabilité la plus grande des cellules a été observée avec le chitosane. Le chitosane
comporte le degré le plus élevé d’amine de surface et la quantité la plus faible d’eau en équilibre, ce qui a vraisemblable-

Received 1 September 2009. Accepted 16 November 2009. Published on the NRC Research Press Web site at canjchem.nrc.ca on
24 February 2010.

This article is part of a Special Issue dedicated to Professor M. A. Winnik.

V.I. Scanga. Institute of Medical Science, University of Toronto, Toronto, ON M5S 1A8, Canada; Department of Surgery, University of
Toronto, Toronto, ON M5S 1A8, Canada.
A. Goraltchouk. Department of Chemical Engineering and Applied Chemistry, University of Toronto, Toronto, ON M5S 3E5, Canada;
Institute of Biomaterials and Biomedical Engineering, University of Toronto, Toronto, ON M5S 3G9, Canada.
N. Nussaiba. Department of Surgery, University of Toronto, Toronto, ON M5S 1A8, Canada.
M.S. Shoichet.1 Institute of Medical Science, University of Toronto, Toronto, ON M5S 1A8, Canada; Department of Chemical
Engineering and Applied Chemistry, University of Toronto, Toronto, ON M5S 3E5, Canada; Institute of Biomaterials and Biomedical
Engineering, University of Toronto, Toronto, ON M5S 3G9, Canada; Department of Chemistry, University of Toronto, Toronto, ON
M5S 1A8, Canada.
C.M. Morshead. Institute of Medical Science, University of Toronto, Toronto, ON M5S 1A8, Canada; Department of Surgery,
University of Toronto, Toronto, ON M5S 1A8, Canada; Institute of Biomaterials and Biomedical Engineering, University of Toronto,
Toronto, ON M5S 3G9, Canada.

1Corresponding author (e-mail: cindi.morshead@utoronto.ca).

277

Can. J. Chem. 88: 277–287 (2010) doi:10.1139/V09-171 Published by NRC Research Press



ment contribué à la plus grande viabilité des cellules neurales précurseurs sur une période de trois semaines dans les cultu-
res. Seul le chitosane permet de supporter la survie de cellules souches à plusieurs composantes et de différencier les pro-
géniteurs en neurones, astrocytes et oligodendrocytes. L’examen de plaques de colonies intactes de cellules neurales
précurseurs met en évidence que la migration de ces cellules sur le chitosane est beaucoup plus rapide que sur les autres
hydrogels. Les cultures à long terme sur le chitosane ne présentent pas de différences significatives dans les comptages to-
taux de cellules en fonction du temps; cette observation est importante puisqu’elle suggère qu’il ne supporte aucune crois-
sance nette de cellules. Toutes ces observations mettent en évidence le fait que le chitosane est un matériau plein de
promesses pour conduire à des thérapies basées sur les cellules neurales précurseurs adultes.

Mots-clés : biomatériaux, chitosane, hydrogels, cellules souches, viabilité des cellules.

[Traduit par la Rédaction]

_______________________________________________________________________________________

Introduction
Traumatic injury to the adult mammalian spinal cord

causes irrevocable damage, producing an environment that
inhibits regrowth of damaged axons.1–4 The initial damage
to the cord is compounded by a prolonged secondary cas-
cade of injury including the disappearance of growth-pro-
moting cues, the appearance of growth-inhibiting factors,
apoptosis, and the formation of a glial scar. This series of
post-injury cascades leads to the formation of a cystic cav-
ity, axonal degeneration, and ultimately an inability of the
adult cord to self-repair.5,6 Regeneration of severed central-
nervous-system (CNS) axons has been reported for both cel-
lular bridges7–9 and biomaterial implants;10–13 however,
functional recovery from these single application treatments
has been limited. The complicated pathophysiology resulting
from spinal cord injury (SCI) likely necessitates a combina-
tion strategy to promote axonal repair and regeneration.
Neurons, astrocytes, and oligodendrocytes comprise the pri-
mary cell types of the CNS and because these cells die at
the site of injury after SCI, cell replacement therapies will
undoubtedly be key to combination strategies aimed at re-
pairing the damaged spinal cord.

The therapeutic potential of CNS stem cells has received
considerable attention.14–27 The observation that stem-cell
populations can be isolated from along the developing and
adult neuroaxis28,29 has led to the development of a number
of cell-based therapies to treat SCI. In the context of devel-
oping regenerative-medicine strategies, the use of adult-
derived populations is a significant step forward as it affords
an approach that is independent of ethical concerns. Adult
neural stem cells are maintained throughout the life of the
animal in both the brain and spinal cord and have the ca-
pacity to self-renew and differentiate into astrocytes, oligo-
dendrocytes, and neurons.28,30–33 Neural stem cells can be
isolated and propagated in vitro using a well-described
colony-forming assay whereby individual stem cells prolifer-
ate in the presence of epidermal growth factor (EGF) and
(or) fibroblast growth factor (FGF2) to form free-floating
colonies of cells termed ‘‘neurospheres’’. Individual neuro-
spheres can be dissociated into single cells and replated in
the presence of these growth factors to form new neuro-
spheres thereby resulting in an expansion of neural stem-
cell-derived cell populations, and demonstrating the cardinal
stem cell property of self-renewal. Individual neurospheres
are comprised of a mixed population of stem and progenitor
cells31 and are referred to collectively as neural precursor
cells (NPCs). Upon exposure to differentiation conditions,

neurosphere-derived cells can differentiate into all of the
neural phenotypes comprising the CNS (neurons, astrocytes,
and oligodendrocytes), thereby illustrating their multipoten-
tiality. The ability to proliferate and differentiate into CNS-
specific cell types makes NPCs promising candidates for
cell replacement strategies to replace cells lost after CNS in-
jury.

The extracellular matrix during development influences
cell adhesion, growth, differentiation, and motility34 while
at the same time contributing to tissue strength.35 The regen-
erative ability in the damaged adult CNS is limited in large
part due to the release of inhibitory matrix proteins and a
breakdown in the structural scaffolding provided by the ex-
tracellular matrix to neurons, astrocytes, and oligodendro-
cytes.36,37 Accordingly, bridging strategies provide attractive
models of repair following damage to the nervous system
and have included the use of nerve guides,38,39 hydrogel
scaffolds,40 and tissue and cell transplants such as fetal tis-
sue, Schwann cells, olfactory ensheathing glia, neural stem
cells, and progenitor cells27,41–45 as well as macrophages.46

The partnership of some of these bridging strategies with
the administration of neurotrophic47–49 or survival50–53 fac-
tors have clearly demonstrated the powerful effects of com-
bination therapy in the treatment of this debilitating injury.
However, these studies have shown only modest functional
improvement. The extent of intrinsic cell renewal following
the local delivery of mitogenic agents such as EGF and
FGF2 to stimulate endogenous precursor cells47 has also
been insufficient in promoting significant recovery following
SCI. Additionally, the poor survival rate of cells trans-
planted directly into the site of injury following SCI54 re-
flects the need to provide a better environment for cell
survival. Work by Karimi-Abdolrezaee et al.14 has shown
that combining NPC transplantation and the delivery of
growth factors via an osmotic mini-pump leads to a dra-
matic increase in cell survival and differentiation and, more-
over, leads to measurable functional recovery. Hence, we
propose that a nerve guidance channel that is biodegradable,
biocompatible, supportive of NPC survival and differentia-
tion, and amenable to the incorporation of a drug delivery
system will promote axon regeneration following SCI. To-
wards this end, we set out to identify the microenvironment,
and specifically the matrix material, that met the specific
criteria of NPC viability, migration, and differentiation.

Four polymeric biomaterials were screened using
neurosphere-derived NPCs isolated from the forebrain of
adult mice. These biomaterials were required to be biode-
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gradable, amine-functionalized (to promote cell adhesion),
non-cytotoxic, and capable of being processed into a
nerve guidance channel. The following biomaterials were
compared in terms of NPC viability, cell migration, and
differentiation: (i) chitosan, a naturally-derived polysac-
charide; (ii) poly(oligoethylene oxide dimethacrylate-co-2-
amino ethyl methacrylate), P(PEG-co-AEMA); (iii) blends
of P(PEG-co-AEMA) and poly(vinyl alcohol) (PVA),
P(PEG-co-AEMA)–PVA; and (iv) poly(glycerol dimetha-
crylate-co-2-amino ethyl methacrylate), P(GDMA-co-AEMA).
Chitosan was studied because it has already demonstrated
some promise in neural-tissue engineering55 and PEG-
AEMA based polymers were synthesized with the under-
standing that PEG would be biocompatible56 while AEMA
would provide amine functional groups for enhanced cell
adhesion.

Materials and methods

Materials
All reagents were purchased from Sigma-Aldrich and

used as received unless otherwise stated. Poly(ethylene gly-
col) dimethacrylate (PEGDMA, molecular weight: 400 Da)
and poly(vinyl alcohol) (PVA, molecular weight: 6000 Da,
hydrolyzed to 80%) were purchased from PolySciences Inc.
(Warrington, PA, USA). The MicroBCA Protein Assay Kit
was purchased from Pierce (Rockford, IL, USA). Deionized
water was obtained from Milli-RO 10 Plus and Milli-Q UF
Plus (Bedford, MA, USA) and used at 18 MO resistance.

Preparation of chitosan films
Deacetylated chitosan films were prepared from chito-

san (NovaMatrix, Norway, Mw: approximately 150 000–
400 000 g/mol) by two successive alkaline hydrolysis steps
with 40 wt% NaOH solution at 100 8C for 1 h. The hydro-
lyzed flakes were washed to neutrality with water and
lyophilized using the Thermo Savant ModulyoD freeze
dryer at –50 8C and 1.5 mbar pressure. Following lyophili-
zation, 5 g of deacetylated chitosan flakes were added to
166.7 mL of 2 wt% acetic acid in water solution (2/3
working solution). A stock neutralization solution was pre-
pared by mixing 30 mL of ammonia with 70 mL of water
and 900 mL of ethanol. Five to six g of the chitosan work-
ing solution was poured into a 10 cm Petri dish and al-
lowed to stand uncovered for 24 h. The air-dried films
were then washed twice with 20 mL of neutralization sol-
ution for 1 h each time. The neutralized films were then
washed with PBS and allowed to dry overnight (Fig. 1A).

Synthesis of PEGDMA-co-AEMA films
One g of PEGDMA was added to 20 mL of water in a

30 mL vial. The solution was vortexed and 20 mL of con-
centrated phosphoric acid was added to keep the pH below
4.0. One gram of 2-amino ethyl methacrylate (AEMA) was
added to the solution and allowed to completely dissolve.
Stock solutions of 10 wt% ammonium persulfate (APS) and
10 wt% sodium metabisulfite (SMBS) in water were pre-
pared. After complete dissolution of the monomers, 100 mL
of each of the APS and SMBS stock solutions were added,
and the solution was vortexed and transferred to a 10 cm
Petri dish for polymerization at 37 8C for 24 h (Fig. 1B).

The disks were washed 3 times with PBS for 1 h each time
and then washed in PBS overnight prior to use. We did not
expect any adverse response due to residual APS–SMBS
based on previously published results.55

Synthesis of PEGDMA-co-AEMA-blend–PVA films
The identical method as described for the synthesis of

PEGDMA-co-AEMA films was followed with the dissolu-
tion of the PEGDMA in 20 mL of a 5 wt% solution of
PVA (6000 Da) in water instead of water alone in the first
step (Fig. 1C).

Preparation of GDMA-co-AEMA films
One g of glycerol dimethacrylate (GDMA) and 20 mL of

concentrated phosphoric acid were dissolved in a 1:1 (v/v)
mixture of water and acetone. After the pH was lowered to
pH < 4.0, to minimize rearrangement of the AEMA mono-
mer via the acyl migration mechanism, 1 g of AEMA was
added to the solution. Upon complete dissolution of all the
monomers, 100 mL of the APS and SMBS stock solutions
were added, and the solution was vortexed and transferred
to a 10 cm glass Petri dish covered with a glass slide. The
dish with the polymerizing mixture was placed in an oven
at 83 8C for 40 min. Soon after gelation, but prior to the

Fig. 1. Four amine-functionalized polymer films were synthesized
to assay neural precursor cell - matrix interaction: (A) chitosan,
(B) poly(oligoethylene oxide dimethacrylate-co-2-amino ethyl
methacrylate [P(PEGDMA-co-AEMA)], (C) physically blended
poly(vinyl alcohol) and P(PEGDMA-co-AEMA) [P(PEGDMA-co-
AEMA)–PVA], and (D) poly(glycerol dimethacrylate-co-2-amine
ethyl methacrylate) [P(GDMA-co-AEMA)].
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change in turbidity, the films were cooled to room temper-
ature and 10 mL of water added (Fig. 1D).

Analysis of polymer films
Polymer films were analyzed for equilibrium water con-

tent (EWC) according to eq. [1].

½1� EWC ¼ mw � md

md

Wet mass (mw) was measured after allowing 5 mm disks of
each material to swell in water for 2 weeks. Dry mass (md)
was measured after freeze-drying. The surface chemical
composition was analyzed by X-ray photoelectron spectro-
scopy (XPS) in survey mode and for specific elements (C,
N, O) using the Mg Ka X-ray photoelectron spectrometer
[Leybold (SPECS) Max 200].

Isolation and culturing neural precursor cells
Neural precursor cells (NPCs) were isolated from the sub-

ependyma lining the lateral ventricles in the forebrain of
adult CD1 mice (Charles River) as previously described.57

Bulk cultures were maintained at clonal densities (10 cell/
mL) in 1% penicillin–streptomycin serum-free medium (P/S-
SFM) supplemented with EGF (20 ng/mL), FGF2 (10 ng/
mL), and heparin (7.32 ng/mL) according to Tropepe et al.
All supplements were purchased from Sigma-Aldrich (Oak-
ville, ON, CA). The cultures were passaged weekly57 to a
maximum of three weeks.

NPC plating and immunocytochemistry
Prior to cell plating, the polymer biomaterial films

(8.6 mm2) were disinfected with 100% ethanol for 5 min,
followed immediately by three serial washes in standard
phosphate-buffered saline. The films were placed at 37 8C
for 2–3 h prior to cell plating. Cell populations were plated
at a density of 3 � 104 single cells/film by slowly pipetting
cells across the surface of the material. At 24 h, the plates
were examined to ensure that there was no clumping of cells
over the film surface. Cell migration studies involved plat-
ing 10 whole neurospheres onto the surfaces of each of the
biomaterials tested and comparing to MatrigelTM controls.
Cell counts were conducted in five non-overlapping areas of
the polymer films as observed in 10� fields of view of each
sample area. An in-vitro experimental paradigm was estab-
lished to analyze the viability of cells within a defined time
course. Cell-seeded films were exposed to standard
neurosphere-forming media described above followed by
the addition of fetal bovine serum (+FBS) on day 2 post-
plating to induce differentiation. Cultures were maintained
for 2, 7, or 19 days after the addition of FBS and cell-seeded
discs were analyzed at 4 (2 days with EFH + 2 days with
FBS), 9 (2 + 7), and 21 (2 + 19) days post-seeding. Day-21
samples received new media every 7 days. Sample counts of
Hoechst-positive cells were made at 10� magnification per
field of view. To compare cell counts over time and in the
center and periphery of the film surfaces, 50% of the total
film area was defined as the center area and 50% defined as
the perimeter area. In all cases, 6–10 individual wells con-
taining single material discs (n ‡ 3 independent trials) were
analysed per group, per trial. In a separate set of experi-

ments, cell viability on chitosan was analysed and compared
to MatrigelTM usng a PicoGreen assay (Invitrogen) on d0, 2,
4, 9, and 21 post-plating (n = 3 discs/trial from 3 independ-
ent trials). NPCs were plated in growth factor conditions for
2 days followed by 1% FBS for an additional 2, 7, or
19 days, similar to the Hoechst counting study described
above. Cells were lysed off the films, and along with d0
samples, lysates were stored at –80 8C. Lysates were proc-
essed according to the manufacturer’s instructions and DNA
content was measured using a fluorescent microplate reader
(excitation 480 nm, emission 520 nm). The concentration of
dsDNA per lysate sample was converted to an estimation of
total viable cells (6.05rg DNA / diploid mammalian cell).

To determine whether neural stem cells persisted on chi-
tosan following exposure to differentiation conditions, cells
plated on chitosan or MatrigelTM for 9 d were lifted from
chitosan surfaces by washing three times with standard PBS
followed by a 5 min incubation in 500 mL of 0.25% trypsin-
EDTA at 37 8C. Each well sample was triturated five times
using a fire-polished glass pipette to dislodge the cells from
chitosan surfaces. Cells were centrifuged for 5 min at
1500 rpm, and the supernatant was replaced with a 10 mg /
15 mL solution of trypsin inhibitor (Roche) followed by cen-
trifugation (5 min at 1500 rpm). The supernatant was re-
placed with 500 mL SFM including EGF, FGF2, and
heparin. Cells were replated onto non-adherent 24-well
plates and neurosphere formation was assayed 7–9 days
later. Recovered neurospheres were dissociated and pas-
saged in standard neurosphere culture conditions and the
presence of new neurospheres was assayed after 7 days.
Neurosphere-derived cells were plated in 1% fetal bovine
serum to examine their differentiation profile using standard
immunocytochemistry as described below.

Immunocytochemistry was conducted as reported.57,58

Briefly, single cells derived from dissociated neurospheres
were plated onto the surfaces of biomaterials in 1% P/S-
SFM containing FBS in the presence of growth factors fol-
lowing the culture conditions described above. Two, 7, and
19 days after plating the cell-seeded materials were fixed
with 4% paraformaldehyde for 20 min. Cells were stained
with antibodies to glial fibrillary acidic protein (GFAP,
1:400 rabbit polyclonal, Chemicon), nestin (1:1000 mouse
monoclonal, Chemicon), bIII tubulin (1:500 mouse mono-
clonal, Sigma-Aldrich) and O4 (1:75 mouse monoclonal,
Chemicon). Hoechst 33258 (0.725 mL/mL, Sigma-Aldrich)
was used to visualize the nuclei of plated cells to estimate
the total number of cells as described above. To determine
the percentages of differentiated cell types, the number of
immunolabeled cells was counted and expressed as a per-
centage of the total number of Hoechst positive cells from 5
nonoverlapping fields of view per well (‡3 wells/group/anti-
body, n ‡ 3 independent trials). Appropriate secondary anti-
bodies (FITC or Alexa goat anti-rabbit, goat anti-mouse;
FITC, or TRITC (1:200) from Jackson, Alexa (1:400) anti-
bodies from Molecular Probes) were used. Secondary-only
controls were prepared in the same manner as cell-plated bi-
omaterials with 10% normal goat serum (Jackson) replacing
primary antibodies. Cells were visualized on an Olympus
IX70 fluorescent microscope with Olympus Microsuite Soft-
ware.
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Statistical analysis
Student t test was performed for statistical analysis with

95% confidence using Microsoft Excel statistical software.

Results

Cell counts are greater on chitosan compared with
P(PEGDMA-co-AEMA), P(PEGDMA-co-AEMA)–PVA
blends and P(GDMA-co-AEMA)

A key limitation with cell transplantation is the poor rate of
cell survival following implantation. For improved therapeu-
tic efficacy following nervous system damage, an increased
rate of cell survival is key to success. To determine which of
the four biomaterials examined (chitosan, P(PEGDMA-co-
AEMA), P(PEGDMA-co-AEMA)–PVA blend, or P(GDMA-
co-AEMA)) best supports cell adhesion and viability of
neurosphere-derived NPCs, the nuclear marker Hoechst
was used to compare cell counts at 4 and 9 d post-plating.
Cells showed a relatively even distribution on each mate-
rial surface at 24 h post-plating; however this changed
over time, depending on the material. As shown in
Fig. 2A, at 4 d there were significantly more NPCs on chito-
san at 2.33 ± 0.053 � 103 (comparable to MatrigelTM at
2.00 ± 0.01 � 103) than on the other hydrogel polymers
studied, with the fewest number of NPCs found on
P(GDMA-co-AEMA), followed by P(PEGDMA-co-AEMA).
and P(PEGDMA-co-AEMA)–PVA. The low number of
NPCs present on the synthetic polymer surfaces between
d4 and d9 reflects either poorly maintained cell adhesion
or poor cell survival. The lack of cell survival was further
highlighted by the appearance of smaller nuclei,59 which is in-
dicative of poor cell viability, at both d4 and d9 on P(GDMA-
co-AEMA), P(PEGDMA-co-AEMA), and P(PEGDMA-co-
AEMA)–PVA (Figs. 2B and 2C). Both chitosan and Matri-
gelTM controls showed greater total numbers of cells sur-
viving on d9 relative to d4, suggesting proliferation of
NPCs between these two time points. This proliferation of
NPCs observed on chitosan between d4 and d9 prompted
the examination of longer survival times in culture because
the continued proliferation of cells would be an undesirable
attribute of the cell-material interaction. Cell counts on chi-
tosan and MatrigelTM plated for 4, 9, and 21 d in vitro re-
vealed that by d21 the total number of Hoechst-positive
cells was not significantly different from the d4 counts on
either matrix (p = 0.17 for d4 compared to d21 on Matri-
gelTM and p = 0.21 for d4 compared to d21 on chitosan).
A PicoGreen assay was also performed at 2, 4, 9, and
21 days post-plating to determine the number of viable
cells over time and relative to day 0. The assay employs a
fluorochrome that selectively binds double-stranded DNA
and can be used to extrapolate the numbers of viable cells
per sample. We determined the numbers of viable cells at
day 2 (prior to the addition of FBS) as a baseline to reflect
the amount of cell death that occurred following initial
plating. We observed a decrease in the numbers of cells
on both chitosan and MatrigelTM on day 2 (Fig. 2D); how-
ever, between d4 and d9, we observed a 1.6- and 1.7-fold
increase in the numbers of viable cells on chitosan and
MatrigelTM, respectively, and similar to what was observed
with the Hoechst counts (Fig. 2A). As with the Hoechst
analysis, the numbers of viable cells on day 21 was not

significantly different from the numbers present on d4.
Overall, these data suggest that chitosan supports greater
NPC survival and not uncontrolled cell proliferation. While
chitosan and MatrigelTM demonstrated similar cell survival,
MatrigelTM is derived from a mouse sarcoma and consists
of a multitude of proteins and factors that would not be
acceptable for implantation. Moreover, unlike chitosan,
MatrigelTM cannot be easily processed into a nerve guid-
ance channel. Taken together, these data suggest that chito-
san is the most promising of the materials tested in terms
of promoting cell adhesion and survival.

XPS and EWC analyses
To better understand the NPC–matrix interaction, chito-

san, P(GDMA-co-AEMA), P(PEGDMA-co-AEMA), and
P(PEGDMA-co-AEMA)–PVA were analyzed by X-ray pho-
toelectron spectroscopy (XPS) for surface composition and
bulk equilibrium water content (EWC). As shown in Table 1,
of the four biomaterials tested, chitosan had the highest ni-
trogen content (2.75 ± 0.45) and thus the highest amine sur-
face concentration, reflecting that it is approximately 99.2 ±
0.5% deacetylated chitin.60 Interestingly, chitosan also had
the lowest EWC. Our finding that NPC counts are greatest
on chitosan is in agreement with Freier et al. who suggested
that the higher amine content in chitosan results in increased
cell viability relative to films with lower cationic ammo-
nium charge, likely because of non-specific interactions
with the negatively charged cell membranes.60 P(GDMA-
co-AEMA), P(PEGDMA-co-AEMA), and P(PEGDMA-co-
AEMA)–PVA have significantly greater water content and
thus were more hydrophilic than chitosan, reflecting the sig-
nificant water capacity of PEG and AEMA hydrogels. PEG
has been used repeatedly to limit cell adhesion61 and protein
adsorption;62 thus, despite copolymerization with AEMA to
introduce amine functional groups, the high water content
likely contributed to the limited cell adhesion and viability
observed.

Neural precursor colony adhesion
Based on the XPS and EWC analysis performed, we hy-

pothesized that a greater initial adhesion of NPCs to the chi-
tosan surface relative to P(GDMA-co-AEMA), P(PEGDMA-
co-AEMA), and P(PEGDMA-co-AEMA)–PVA may be a
reason for the higher cell counts on chitosan. To test this,
we plated 10 intact colonies of NPCs (neurospheres) on
each biomaterial surface using identical culture conditions
to those used for single cell plating, and examined the num-
ber of neurospheres that adhered to each surface at 9 days
after cell plating. We observed a greater number of neuro-
spheres adhering to the surface of chitosan relative to the
hydrogel polymers (80% on chitosan versus 20%–30% on
the other polymers tested). These differences support the hy-
pothesis that the greater amine surface concentration and de-
creased water content of chitosan, relative to the synthetic
hydrogels tested, led to greater cell adhesion and thus
greater survival on chitosan.

The plating of whole neurospheres allowed us to look at
cell migration on the surfaces of the polymer matrices. A
prominent feature of NPCs and their progeny, both in
vivo63–65 and in vitro,26 is their ability to migrate. We di-
rectly tested cell migration on all four biomaterial films
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compared to MatrigelTM controls by examining the diameter
of adherent neurospheres (Fig. 2E). When intact neuro-
spheres of equal diameter (100 mm) were plated on day 0

and the diameter of the adherent colony was examined on
d4, the cells migrated significantly more on chitosan relative
to the other polymeric surfaces tested (chitosan: 2.13 ±

Fig. 2. (A) Cell viability was analyzed at d4 and d9 counting Hoechst-positive nuclei. Data are shown as mean ± SEM, n = 3 independent
trials of 6–10 films. All synthetic materials have significantly reduced numbers of cells present at 4 and 9 days relative to MatrigelTM con-
trols. * indicates significant difference relative to day 4 (p < 0.05) (B) At d4 (top row) and d9 (bottom row) most cells on P(GDMA-co-
AEMA) (iii, iii’), P(PEG-co-AEMA) (iv, iv’), and P(PEG-co-AEMA)–PVA (v, v’) were notably smaller and regionalized to the perimeter of
the discs compared to chitosan (ii, ii’) and MatrigelTM controls (i, i’). Dotted lines indicate the edge of the disk where cells were exclusively
observed on P(PEG-co-AEMA) and P(PEG-co-AEMA)–PVA. (C) Bright phase images of cells on chitosan and MatrigelTM showing the
morphology of the adherent cells on d4 and d9 post plating single cells. (D) Cell viability analyzed on MatrigelTM and chitosan at 2, 4, 9,
and 21 days in culture using the PicoGreen assay and showing the fold change in the numbers of viable cells relative to the numbers of
seeded cells on d0. Data represents means ± sem. * = significant difference relative to d0 (p < 0.05). (E) Whole neurosphere on chitosan at
d9 showing adhesion and migration of cells. Scale bar = 100 mm.
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0.75 mm; P(GDMA-co-AEMA): 0.37 ± 0.18 mm;
P(PEGDMA-co-AEMA): 0.49 ± 0.14 mm, and P(PEGDMA-
co-AEMA)–PVA): 0.51 ± 0.36 mm). Hence, chitosan sup-
ports cell adhesion and migration to a greater extent than
the other biomaterials tested herein, making it a promising
material for cell delivery.

NPC differentiation
Neural precursor cells have the potential to differentiate

into astrocytes, oligodendrocytes, and neurons in vitro in
the presence of serum on MatrigelTM.29,34 To test the differ-
entiation capacity of NPCs on the candidate matrices, we
examined the differentiation profile using immunohisto-
chemistry at various times post-plating. Single NPCs plated
onto each biomaterial (and MatrigelTM controls) were immu-
nostained for glial fibrillary acidic protein (GFAP) expres-
sion to assess for astrocyte formation; bIII tubulin for
neurons; and O4 for oligodendrocytes (Figs. 3A and 3B).
Strikingly, chitosan was the only candidate material of the
four analyzed that supported NPC differentiation regardless
of the time in culture (d4, d9, or d21). Moreover, chitosan
supported the differentiation of all three cell types (astro-
cytes, neurons, and oligodendrocytes), similar to what is ob-
served on MatrigelTM (Fig. 3A); however, the relative
percentages of the differentiated phenotypes varied between
the two substrates. Notably, neurons were observed on both
chitosan and MatrigelTM at d9 and an increase in the per-
centage of neurons was observed on chitosan over time; oli-
godendrocytes were present at each time point and the
percentage was not statistically different on chitosan over
time; however the percentage of oligodendrocytes decreased
on MatrigelTM, and astrocytes were present at each time
point on both chitosan and MatrigelTM and comprised the
major cell type at all time points. While it is still not known
which cell type, or combination of cell types, is best suited
for enhancing neural regeneration, the fact that all cell types
can be formed on chitosan suggests that it may be advanta-
geous for developing cell transplantation strategies using
nerve guidance channels following nervous system damage.

Neural stem cells persist on chitosan
The neurosphere-derived cells seeded onto the matrices

were a mixed population of stem and progenitor cells. Hav-
ing observed the multipotentiality of the progenitor cells on
chitosan, we questioned whether neural stem cells (i.e., the
neurosphere-forming cells) also persisted on the matrix. We
assayed for the survival of stem cells by lifting the cells off
the matrix 9 days post-plating and placing the cells in cul-
ture conditions that permit neurosphere formation. We
examined the cells in terms of their ability to re-form neuro-
spheres and for the expression of nestin (an intermediate fil-

ament protein that is expressed by virtually 100% of
neurosphere-derived NPCs prior to differentiation and con-
tinues to be expressed following differentiation in vitro).
We observed nestin expression following differentiation on
chitosan at d4, d9, and d21 post-plating (Fig. 3), suggesting
that undifferentiated precursors were maintained on chito-
san. Notably, there was significant overlap in the GFAP-
and nestin-expressing populations (ie. single cells ex-
pressed both markers) which may reflect an immature phe-
notype of astrocytes in culture.66,67 Importantly, we isolated
neurosphere-forming cells from chitosan cultures in compa-
rable numbers to those observed on MatrigelTM. Similarly,
the recovered neurospheres could be passaged and gave rise
to neurons, astrocytes, and oligodendrocytes following dif-
ferentiation. Hence, chitosan supports the differentiation of
all three neural cell types in addition to the survival of mul-
tipotent stem cells.

Discussion
It has been shown that extrinsic factors originating from

both diffusible factors68–71 and cellular interactions72–74 can
regulate the proliferation and differentiation of cells. To our
knowledge, this report is the first to show that cell viability,
migration, and differentiation of adult murine NPCs differ
over time on distinct amine-functionalized polymer surfaces.
Moreover, the study identifies adult-derived NPCs and chi-
tosan matrices as promising candidates for surgical implan-
tation strategies aimed at restoring neurological deficits
following injury to the nervous system.

Recently, Young et al.74 reported that chitosan and
poly(vinylidene fluoride) (PVDF) substrates could support
the proliferation and differentiation of embryonic-derived
cortical precursors. Interestingly, their observations using an
embryonic-derived starting population of cells generated no-
table differences from our study when comparing the behav-
iour of cells plated on chitosan. Our starting population of
single adult-derived cells was capable of differentiating into
the three neural cell types on chitosan (Fig. 3), which differs
from what was found using embryonic cortical precursor
populations where single cells were inhibited from prolifer-
ating and differentiating on chitosan. This is a good example
of the importance of considering both the material and the
starting population of cells when designing strategies for tis-
sue repair.

An important criterion in biomaterial selection in this
study was the cell–biomaterial interaction. Irrespective of
time in culture, NPC counts were significantly greater on chi-
tosan than on the other synthetic hydrogels analyzed, demon-
strating the importance of surface composition and water
content which is consistent with the observations of
others.27,75–77 P(GDMA-co-AEMA), P(PEGDMA-co-AEMA),
and P(PEGDMA-co-AEMA)–PVA hydrogels were either
covalently or physically cross-linked to form highly water-
swellable polymer networks. The high water content of these
polymeric hydrogels minimized protein adsorption and cell
adhesion78,79 reflecting the high water content associated
with PEG.80 To facilitate cell adhesion, amine-functionalized
AEMA was copolymerized with GDMA and PEGDMA;
however, this proved insufficient to overcome the low pro-
tein- and cell-adhesion properties associated with PEG. In-

Table 1. X-ray photoelectron spectroscopy and water equilibrium
content analysis.

Material
Nitrogen surface
concentration (%)

Equilibrium
water content

Chitosan 2.75 ± 0.45 8.01 ± 1.37
P(GDMA-co-AEMA) 0.35 ± 0.05 56.74 ± 1.81
P(PEGDMA-co-AEMA) 1.65 ± 0.15 50.71 ± 3.51
P(PEGDMA-co-AEMA)–PVA 0.5 ± 0.20 54.68 ± 1.87
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terestingly, there was a progressive increase in cell viability
and adhesion with decreasing water content in the polymer
films studied and it was water content, not amine functional-
ization, that had the overriding effect on cell adhesion and
thus viability. The low equilibrium water content, coupled
with the amine functional groups present on chitosan, ren-
dered chitosan cell-adhesive. Chitosan has also been shown

to be biocompatible and to degrade to non-cytotoxic prod-
ucts,60,81 making it desirable for further investigation.

Adult NPCs are proliferative cells that migrate along a
well-defined pathway to the olfactory bulb where they
differentiate into neurons in vivo.58,63,82–85 Proliferation, mi-
gration, and differentiation are also well-established charac-
teristics of NPCs in vitro.86 The cell behaviour observed

Fig. 3. (A) The quantification of single-plated neural precursor cells for GFAP (astrocytes), neurons (ßIII tubulin), oligodendrocytes (O4)
and Nestin (undifferentiated cells) on MatrigelTM controls and chitosan on d4, d9, and d21. * indicates significant difference relative to day
4 (p < 0.05). (B) Immunohistochemistry of neural precursor cells plated on MatrigelTM and chitosan at d9 showing individual cells expres-
sing GFAP (green), ßIII tubulin (red), O4 (red), and Nestin (red) as indicated by arrows. Nuclei are Hoechst-positive (blue). Immunohisto-
chemistry captured on chitosan exhibits an increased fluorescent background relative to MatrigelTM. Scale bars = 100 mm.
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was dependent on the cell-matrix interaction and accord-
ingly varied significantly between the matrices. Cell prolif-
eration was observed on chitosan and control matrices
between d4 and d9 and this coincided with an increase in
the total numbers of cells in the center of the film. This mi-
togenic effect on chitosan surfaces has also been seen with
human fibroblast and keratinocyte populations in vitro87 and
is thought to be the result of the highly deacetylated chito-
san potentiating the effect of growth factors present in cul-
ture. Importantly, the total numbers of cells on d21 did not
continue to increase, thereby reducing the likelihood of un-
controlled cell growth in vivo following implantation strat-
egies after CNS damage. The ability of chitosan to promote
the differentiation of all cell types (neurons, astrocytes, and
oligodendrocytes) may be advantageous because its thera-
peutic potential as a delivery vehicle could be maximized
for CNS injury repair and is attractive for developing re-
generative medicine strategies. Importantly, chitosan is
amenable to the incorporation of a drug delivery system
that will further facilitate the development of specific cell
types over time. Taken together, these features make chito-
san a promising material for future development in the treat-
ment of nervous system injury. More broadly, our findings
provide the necessary framework for combining cellular
therapeutics and implantation strategies in tissue engineering
repair strategies of the damaged nervous system.

Conclusions
Of four biomaterials screened, chitosan supported the

greatest survival, migration, and multipotent differentiation
of adult-derived neural precursors, making it a promising
candidate material for cell-biomaterial transplantation stud-
ies in CNS applications. Importantly, chitosan supported the
survival of multipotent, self-renewing stem cells without un-
controlled proliferation. Taken together, these findings pro-
vide the necessary framework for combining cellular
therapeutics and implantation strategies to repair the dam-
aged CNS.
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Methods for probing the long-range dynamic of
confined polymers in nanoparticles using small-
angle neutron scattering

Y. Rharbi, M. Yousfi, Lionel Porcar, and Q. Nawaz

Abstract: Motivated by the recent advances in new technologies, a lot of effort has been dedicated to developing methods
for quantifying the dynamic of nanoconfined polymers. Particularly, polymers confined in nanoparticles are an important
system for several environment-friendly applications such as waterborne coatings and nanoblends. In this work, we discuss
two methods to probe the large scale dynamic of nanoconfined polymers in nanoparticles in two situations: (i) nanoblends
and (ii) the close-packed structure. In the methods we apply stress at the nanoscopic level around the polystyrene particles
and we probe their deformation in real time using small-angle neutron scattering. These methods give new possibilities to
probe, in a nonintrusive manner, the dynamic of confined polymers in nanoparticles, which could ultimately bring conclu-
sive insight to this field.

Key words: polymer dynamic, confinement, nanoblends, polymer nanoparticles.

Résumé : Motivés par les développements récents dans les nouvelles technologies, beaucoup d’efforts ont été déployés
dans le but de mettre au point des méthodes permettant de quantifier la dynamique des polymères nanoconfinés. En parti-
culier, les polymères confinés dans des nanoparticules sont des systèmes importants pour plusieurs applications respectueu-
ses de l’environnement, tels les enduits et les mélanges aqueux. Dans ce travail, on discute de deux méthodes d’étudier la
dynamique à grande échelle des polymères nanoconfinés dans des nanoparticules, dans deux situations: (i) les nanomélan-
ges et (ii) la structure à grande compacité. Dans ces méthodes, on applique un stress au niveau nanoscopique autour des
particules de polystyrène et on étudie leur déformation en temps réel en faisant appel à la diffusion des neutrons à angles
faibles. Ces méthodes fournissent de nouvelles possibilités pour étudier, d’une façon non intrusive, la dynamique des poly-
mères confinés dans des nanoparticules et elles pourraient éventuellement permettre d’obtenir un éclairage conclusif pour
comprendre ce champ.

Mots-clés : dynamique des polymères, confinement, nanomélanges, nanoparticules de polymère.

[Traduit par la Rédaction]

Introduction

There are numerous indications that the dynamic of nano-
confined polymers near an interface deviates from that of
the bulk.1–23 This property is of great importance for several
nano-technological applications such as the elaboration and
stability of nanoscale polymer structures, adhesion, and en-
vironment-friendly coatings, among others. By far, thin film
is the most studied nanoconfinement geometry1–19 compared
to the other geometries: nanospheres20–23 and nanotubes.9

Numerous studies determined the existence of an impressive
depression of the nanoconfined glass transition temperature
(Tg) in supported and free-standing polystyrene (PS) thin
films.1–6 For supported films, the Tg was found to increase
or decrease depending on the nature of the substrate and the
polymer.1,2

The glass transition temperature in bulk polymers is usu-
ally linked to the segmental dynamic, thus, one expects the
activation of the dynamic to accompany the observed Tg re-
duction in confined systems.1 Therefore, several methods
were proposed to monitor the dynamic of confined polymers
at different length scales.7–19 The segmental dynamic in free-
standing PS films measured by means of dielectric relaxation
was found to be faster than the bulk, which is coherent with
the Tg reduction.7,8 On the other hand, the numerous methods
used to probe the large scale dynamic yielded different con-
clusions. For example, Reiter et al.10 used the dynamic of
dewetting of polystyrene on a solid substrate to extract infor-
mation on the dynamics of polymer chains. Roth and
Dutcher11 investigated the dynamic of thin films using hole-
opening experiments. Russell and co-workers12 used fluores-
cence recovery after photobleaching to measure the chain
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diffusion in polystyrene thin films and found a reduction of
the diffusion coefficient with decreasing film thickness.
They concluded that chain adsorption on the substrate is
what slows chain diffusion. O’Connell and McKenna13 car-
ried out mechanical tests using the ‘‘bubble inflation’’ techni-
que on ultrathin films and suggested a strong reduction of
rubbery compliance as the film thickness decreases, which
could mean a higher entanglement density than in the bulk.
Bodiguel and Fretigny14 monitored the dynamic of contrac-
tion in free-standing thin films under the action of surface
tension and did not find any variation of the rubbery plateau.
However, they reported a reduction of the viscosity with de-
creasing film thickness.14 Si et al.15 performed stretching
experiments on free-standing films and proposed that intra-
chain entanglement decreases with decreasing film thickness.
Recently, several researchers investigated the dynamics of
the free surface layer of polystyrene films by looking at the
time dependence of hole closure.16–19 Reference 16 sug-
gested that the relaxation of the free surface exhibits a bulk
behavior for temperatures close to the bulk Tg and then
strongly deviates from the bulk relaxation for temperatures
below the Tg. To explain the discrepancy between the results
of the literature there is still a need to develop new methods
to precisely probe the dynamic of confined polymers.

The confinement of polymers in nanoparticles is impor-
tant in many environmental applications:20,21 blends, copoly-
mers, nanocomposites, colloids, coatings, and so forth. One
example is zero volatile organic compound (VOC) coatings,
where polymer nanoparticles are used in the film-making
process.22–26 VOCs are used in coatings to lower the particle
Tg and to soften the particle, which permits the fabrication
of crack-free films at room temperature.20,21 If the polymer
dynamic is activated and the Tg decreases by decreasing the
nanoparticle size, the use of VOCs could be avoided, which
would have a positive impact on the environment. Another
example is in nanoblends, where hard polymer nanoparticles
are used to reinforce soft matrices. If confinement in this ap-
plication causes the reduction of the hard particles’ Tg and
the activation of the polymer dynamics, reducing the particle
size would be counterproductive for reinforcement since it
would cause the softening of the hard particles.27,28 Thus,
there is a real need to develop appropriate methods to meas-
ure the dynamics of polymer in nanoparticles.

In this paper, we discuss two methods to monitor the
large scale dynamic of polystyrene in nanoparticles in two
situations: polymer particles in nanoblends and polymer par-
ticles in a close-packed structure. We apply stress to the par-
ticles at the nanoscopic level using various procedures and
we probe the deformation of the particle in real time by
means of small-angle neutron scattering. Particle deforma-
tion is then used to quantify the dynamic of confined poly-
styrene in nanoparticles. Recently, we proposed a method
for probing the dynamic of polystyrene nanoparticles in
nanoblends28 and we applied it to a single particle size
(80 nm). In the present paper, we first extend these results
by discussing the effect of particle. Secondly, we discuss
how the void closure between close packed particles could
be used to monitor the absolute values of the relaxation
time of polymer nanoparticles.

Experimental

Materials
Monomers, deuterated styrene (D8, Sigma-Aldrich, 99%),

nondeuterated styrene (Sigma-Aldrich, 99%), butyl acrylate
(Sigma-Aldrich, 99%), butyl methacrylate (Sigma-Aldrich,
99%), and cross-linker, ethylene glycol dimethylacrylate
(EGDMA), were used as received. The surfactant, sodium
dodecyl sulfate (SDS, Sigma-Aldrich, 99%), the initiator,
potassium persulfate (KPS, Sigma-Aldrich, 98%), and buffer
sodium bicarbonate were used as received. Double deionized
water was used in the emulsion polymerization.

Synthesis
Poly(butyl methacrylate) (PBMA), poly(butyl acrylate)

(PBA), deuterated polystyrene (dPS), and hydrogenated pol-
ystyrene (PS) particles were prepared using emulsion poly-
merization at 80 8C. The polymer concentrations in water
were 10 wt% for the PBMA, 10 wt% PS, and 2 wt% for
dPS. The PBMA particles were cross-linked at 10% using
ethylene glycol dimethylacrylate (EGDMA) during the poly-
merization. The PBMA and PS nanoparticles were prepared
in a standard three-neck round flask (500 mL) with a con-
denser and a nitrogen inlet. For the preparation of PBMA,
the mixture (26 g) of the cross-linker (EGDMA) and mono-
mer (BMA) were added to the predegassed SDS (3 g)/water
(250 g) solution, which had previously been heated at 80 8C.
The solution was vigorously agitated for 20 min before the
initiator was added. A solution of the initiator KPS (33 mg)
in water (1.7 g) was added to the reaction. After 4 h, another
solution of the KPS (5.4 mg) in water (0.7 g) was added to
polymerize all the nonreacted styrene monomer.

The dPS was either prepared from pure deuterated styrene
(D8) or from a 50/50 wt% mixture of deutertaed styrene (D8)
and hydrogenated styrene. The dPS particles were prepared
in a 50 mL minireactor equipped with a gas inlet and a
homemade minicondenser. The size of the dPS particles
was controlled by varying the added amount of surfactant in
the reaction. The mixture of water (18 g) and SDS was
heated to 80 8C, under nitrogen flux for 20 min and then
0.3 g of styrene monomer (50/50 wt% deuterated and hydro-
genated) was added. A solution of the initiator KPS (14 mg)
in water (0.5 g) was added to the reaction. After 4 h, another
solution of the KPS (1.4 mg) in water (0.25 g) was added to
polymerize all the nonreacted styrene monomer. The SDS
concentration was varied to control the size of the particles.

The surfactant and free ions were removed from the dis-
persions using a mixture of anionic and cationic exchange
resins (Dowex, Sigma-Aldrich). The suspensions were
cleaned a few minutes prior to film preparation.

Polymer and particle characterization
Particle diameters (D) were measured using quasi elastic

light scattering (QELS) (Malvern 5000) at a 908 angle. The
molecular weight was measured using gas permeation chro-
matography (GPC) in tetrahydrofuran (THF). The molecular
weight of PS-93 was found to be Mw & 280 000 kg/mol and
its Mn & 92 000 kg/mol. For dPS-5 the Mw = 371 000 kg/mol
and the Mn = 216 000 kg/mol.

The bulk glass transition temperature of polystyrene was
measured by differential scanning calorimetry (DSC, Mettler
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Toledo DSC 823) during the heating step at a rate of
10 K/min for polystyrene and 40 K/min for highly cross-
linked PBMA. The powder dried at 45 8C, was added to the
DSC pan, and annealed for 10 min at 140 8C to remove the
thermal history before the first DSC scan. The Tg is taken as
the midpoint in the DSC trace, and in Table 1, we report the
Tg value from the first run. Also in Table 1, we list the prop-
erties of dPS and cross-linked PBMA.

Preparation of the samples for the neutron scattering
The surfactant and free ions were removed from the dis-

persions using a mixture of anionic and cationic exchange
resins (Dowex, Sigma-Aldrich). The dPS-5 suspension was
annealed in a stainless steel bomb at 120 8C for 20 min to
release their thermal histories.

The nanoblends were prepared by mixing dPS and PBMA
dispersions to make dPS concentrations of 2 wt% of the
solid PBMA. The blends containing dPS-1 and dPS-6 were
prepared using PBMA (lot 2) and dPS-5 was prepared from
a PBMA (lot 1). Cracked films were obtained after water
evaporation at 56 8C. The hydrogenated PS samples were
prepared by drying the PS suspension at 45 8C for 48 h.
This yielded a cracked PS powder.

SANS experiments
The small-angle neutron scattering (SANS) experiments

were carried out on spectrometer PAXY of Laboratoire Léon
Brillouin (LLB, Saclay, France) at the reactor Orphée Saclay
and at D22 and D11 of Institut Laué-Langevin (ILL, Greno-
ble, France). The scattered neutrons, collected on an XY bidi-
mensional multidetector, were circularly averaged to obtain
spectra of intensities (I) versus the magnitude of the scatter-
ing wave vector (Q). Several configurations of the wave-
lengths and sample-to-detector distances were chosen to
yield a range of Q values between 2 � 10–3 and 1 � 10–1 Å–1.

The nanoblend samples were prepared by gently grinding
the cracked films into a powder with grains of 0.5 mm
beads. This powder (105 mg) was then introduced between
two quartz disks separated by a spacer of 12 mm inner di-
ameter and 1.2 mm thickness. The nanoblends were an-
nealed (in situ), the sample was positioned in the neutron
beam in a homemade oven equipped with two quartz win-
dows and was heated to the desired temperature during the
SANS measurements. The sample temperatures were moni-
tored using a thin thermocouple placed in the proximity of
the sample. The sample temperature was found to reach the
desired temperature within 2 min. Neutron spectra were
taken for 1 min at various annealing times.

The PS samples were separated into several samples of
0.2 g placed in glass bottles. Each of these samples were an-
nealed at 100 8C ± 0.2 8C for a given time between 1 min
and 2 h. The samples were then gently grinded into 0.5 mm
beads. This powder (0.09 ± 0.002 g) was then placed be-
tween two pieces of aluminum scotch tape (0.1 mm thick)

separated by a spacer of 14 mm inner diameter and 0.8 mm
thickness. The powder was then pressed using 15 kgf/cm2

(1 kgf/cm2 = 98.0665 kPa) to obtain a homogeneous film
thickness of 0.8 mm.

Results and discussion
A good protocol to monitor the dynamic of polymer nano-

particles requires (i) that a stress is applied to the particle at
the nanoscopic level and (ii) a sensitive method to monitor
the change in the particle shape during its deformation.
From the time dependence of the particle shape one can de-
duce the relaxation time of the polymer and its dependence
on the temperature and the confinement condition. We apply
this procedure to probe the dynamic of polystyrene in two
different environments: (i) polystyrene dispersed in nano-
blends and (ii) close-packed polystyrene particles.

Protocol for measuring the dynamic of polystyrene
nanoparticles in nanoblends

In a previous report, we proposed a new method to apply
the stress locally to the polystyrene nanoparticles dispersed
in nanoblends by using the following procedure:28 Nano-
blends composed of colloidal suspensions of cross-linked
PBMA and 2% dPS nanoparticles were prepared via water
evaporation, see Scheme 1. These blends were prepared at
temperatures above the Tg of cross-linked PBMA particles
(T g

PBMA) and well below the Tg of PS (T g
PS). This should

lead to a deformation of the PBMA particles under capillary
pressure (PLap = 12.9gaw/R * 23 MPa, where gaw is the sur-
face tension of air/water and R is the radius of the particle)
filling the voids between them while the glassy dPS nano-
particles remain spherical. With PLap * 23 MPa, the glassy
PS particles with a modulus G ~ GPa should remain spheri-
cal at the temperature of film formation (T f). The cross-
linked PBMA particles, which exhibit an elastic modulus of
G < 23 MPa are expected to deform under PLap * 23 MPa
for T f > T g

PBMA. This leads to storage of elastic energy
within the PBMA nanoparticles.

After annealing the nanoblends above the T g
PS, the PBMA

around the PS release the stored elastic energy by partially
regaining their spherical shape, which induces the deforma-
tion of the PS particles (Scheme 1). SANS is then used to
monitor the evolution of the shape of the PS particle and to
quantify the dynamic of the confined polystyrene.

The adequate procedure to obtain individual nanoparticles
in nanoblends

To properly study the confined PS in nanoblends, one
should first succeed in making films containing PS particles
individually dispersed within cross-linked matrices. When
the PS and the matrix-forming particles are mixed at low
concentrations, they remain stable in water because of elec-
trostatic repulsion. The idealistic situation to obtain a con-

Table. 1. Properties of the PBMA and PS samples.

PBMA-10 PBA-10 dPS-5 dPS-6 dPS-1 PS-93
Cross-linking percentage 10% 10% 0% 0% 0% 0%
Particle diameter (nm) 55 50 80 77 30 93
Tg (8C) 55 103 103 99 104.4
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trolled dispersion at the nanoscopic level is that the two par-
ticles remain stable throughout the whole water evaporation
process. During water evaporation the particle concentration
increases, which could affect the stability of the different
particles.

In Fig. 1, we compare the SANS spectra of 30 nm dPS
particles dispersed in PBA and PBMA matrices. The spectra
of dPS in a PBA matrix exhibit a strong scattering for
q ? 0, which could be fitted to a power law with an expo-
nent of –2.85. This suggests that dPS particles form large
aggregates of dPS particles in the PBA matrix. On the other
hand, the spectra of the same dPS particles in PBMA yields
a low scattering intensity for q ? 0, which suggests that
dPS are individually dispersed within the PBMA matrix. As
we showed before when the PS and PBMA suspensions are
cleaned using the ion exchange procedure, one can obtain
nanoblends with perfect dispersion of the PS in the
PBMA.27 On the other hand, we could not obtain individual
PS particles in the PBA even when both suspensions are
cleaned in the same procedure as in the PS/PBMA. This
shows that the ability to obtain nonaggregated particles in
the blends depends on the physicochemical properties of the
two particles during evaporation. In the following, we focus
our discussion on the nanoblends of dPS in the PBMA ma-
trix.

The SANS spectra of blends containing 2 wt% dPS (30,
77, and 80 nm) dispersed in a 10% cross-linked PBMA ma-
trix exhibit a continuously decreasing scattering intensity,
I(q) (Fig. 2). The I(q) were found to fit well to the P(q) of
polydispersed hard spheres (Fig. 2). The best fit was found
to yield for dPS-6 (77 nm) a mean particle diameter of
73 nm and for the dPS-1 (30 nm) a particle diameter of
28 nm. These diameters are similar to those from quasi elas-
tic light scattering. This infers that the dPS nanoparticles are
individually dispersed within the PBMA matrices and re-
main spherical in the blends. The intensity, I(q), can be writ-
ten as I(q) = P(q)�S(q) where P(q) is the form factor and
S(q) is the structure factor of the dPS particles. S(q) & 1

because of a low dPS concentration and the absence of se-
lective aggregation. The spectra in Fig. 2 also imply that
the cross-linked PBMA particles are deformed under Lap-
lace pressure to fill the interstices. If not, a strong scattering
peak from the PBMA matrix at q = 2p/DPBMA = 0.01 Å–1

would be visible, similar to that observed in glassy PS par-
ticles as will be discussed later.

Change of the shape of the particle after annealing
When the nanoblends of 77 nm dPS nanoparticles in 10%

cross-linked PBMA are annealed above the bulk Tg, the
shape of the dPS particles changes remarkably. The oscilla-
tions of the scattering spectra disappear and the intensity,
I(q), decreases for q < 0.01 Å–1 and increases for

Fig. 1. SANS spectra of films made from 2 wt% deuterated poly-
styrene particles (30 nm) dispersed in a 10% cross-linked PBA ma-
trix (&) and in 10% cross-linked PBMA matrix (&). The films
were prepared via evaporation at 56 8C of a mixture of dPS/PBMA
(&) and dPS/PBA (&) suspensions.

Scheme 1. Description of the procedure for measuring the dynamic of PS in nanoblends. Step 1 is the procedure of nanoblends preparation
and step 2 is the procedure for annealing the nanoblends (reproduced from ref. 28).
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q > 0.01 Å–1. This observation is found to be the same as
the 80 nm dPS sample (dPS-5) reported previously.28 The
30 nm particle also clearly shows the decrease of the inten-
sity at q values after annealing. The evolution of the SANS
spectra shows that the shape of the dPS nanoparticles
evolves during the annealing process. We have shown previ-
ously that such change results from a deformation of the in-
dividual dPS particles during annealing.28 One could
imagine that the change in the SANS spectra results from
penetration of deuterated polystyrene chains in the PBMA
matrix or fusion of dPS particles. Fusion is unlikely because
it results in large particles with a lower total surface area.
This specific interface area between the dPS and the PBMA
is estimated using the Porod law as q4�I(q) at large q values.
The average value of q4�I(q) is found to triple after anneal-
ing, contrary to what is expected in fusion (Fig. 3 from ref.
28). Furthermore, since fusion yields large particles, a high
scattering intensity for q ? 0 is expected (I (0) ~ 4�Vpart,
where 4 is the volume fraction and Vpart is the volume of
the particles). In fact, the measured I(q) for low q after an-
nealing is lower than I(q) of the nonannealed films in the
range of q values investigated. This could mean that the vol-
ume of dPS particles remain unchanged despite the change
in their shape. One could also imagine that the change in
the SANS spectra results from penetration of deuterated pol-
ystyrene chains in the PBMA matrix. Polystyrene and un-
cross-linked PBMA form an interface which is a few
nanometers thick,29 whereas highly cross-linked PBMA is

likely to inhibit the interpenetration of the polymers. If pen-
etration of dPS into the PBMA matrix is what causes the ob-
served transformation in the SANS spectra, then the change
should be more enhanced in low cross-linked PBMA matri-
ces. In contrast with this, the spectra of films made of low
cross-linked PBMA matrices remain slightly the same upon
annealing (Fig. 4 from ref. 28). It is therefore clear that fu-
sion of dPS nanoparticles and penetration of dPS into the
PBMA matrix are not responsible for the observed transfor-
mation of the SANS spectra upon annealing. The change of
SANS spectra most likely results from the deformation of
individual polystyrene nanoparticles, which is dictated by
the behavior of the surrounding cross-linked PBMA par-
ticles. During annealing, the cross-linked PBMA particles
regain their spherical shape and squeeze the dPS particles
between them. Such mechanism is likely to produce a dPS
nanoparticle with an elongated shape with many branches.
The simplest picture is that the dPS nanoparticles deform
into a star-like shape with 12 branches according to
Scheme 1.

Dynamics of deformation of polystyrene confined in
nanoblends at temperatures above the bulk glass transition

The shape of the spectra of 77 nm dPS in a 10% cross-
linked PBMA matrix continuously changes during annealing
at 140 8C: the intensity at low q decreases and that of large
q increases (Fig. 3a). The evolution of the spectra with time
reflects the change in the particles’ shape during their defor-
mation. Annealing the nanoblends with 30 nm particles at
140 8C gives the same behavior as the 77 nm particles
(Fig. 3b): the intensity decreases in the low q range. This
shows that this procedure can be used to test the dynamic
of dPS particles in nanoblends for particles as small as
30 nm.

To quantify the dynamics of polystyrene particles in
nanoblends, we can either use (i) the change of the scatter-
ing intensity at various q values, I(q,t), or (ii) the variation
of the gyration radius, Rg, of the dPS particle with time. In
Fig. 4a, we show the scattering intensity at various q values
for 77 nm dPS particles in 10% cross-linked PBMA matrix
annealed at 140 8C. These plots fit perfectly to a stretched
exponential with an exponent of b = 0.6 (Fig. 5) and a re-
laxation time, t, which depends on the q value. The reliabil-
ity of the fit and the estimation of the error bar in b and t

are estimated from the width of the minimum of the least-
squares plots versus b and t. The magnitude of change in
the scattering intensity during annealing decreases when
one approaches the minimum of P(q), which makes it diffi-
cult to monitor the dynamic for q > 0.005 Å–1 for 77 nm and
q > 0.01 Å–1 for 30 nm particles.

The Rg(t) at various annealing times is calculated by fit-
ting the low q values of I(q) using the Guinier representa-
tion, ln(I(q)) = ln(I(0)) – q2�Rg

2/3. The Rg(t)/Rg(0) decay for
77 nm dPS fits perfectly to a stretched exponential with a
decay time of tR g = 25 min and b = 0.64 (Fig. 6). This be-
havior is exactly the same as that found previously on
80 nm particles;28 however, the exponent was found to be
b = 0.716 ± 3%, which is slightly higher than that found
here. This infers that the exponent depends slightly on the
property of the dPS particle and the surrounding matrix.

Fig. 2. SANS spectra of films made from 2 wt% deuterated poly-
styrene particles dispersed in a 10% cross-linked PBMA matrix:
(a) 77 nm dPS (PS-6) and (b) 30 nm dPS (PS-1) particles. The
films were prepared from a mixture of two suspensions: 10% cross-
linked PBMA particles (56 nm) and dPS nanoparticles. The films
were prepared by evaporation at 56 8C (above the Tg of PBMA and
below Tg of dPS). The SANS curves are fitted to a form factor of
(a) polydispersed spheres with a diameter of 73 nm and a polydis-
persity of PDI = 7% and (b) to polydispersed spheres with a dia-
meter of 28 nm. (Insert: SANS of 80 nm particle (dPS-5) for a wide
range of q, up to q = 0.1 Å–1, fitted to a factor of spherical parti-
cle.)

292 Can. J. Chem. Vol. 88, 2010

Published by NRC Research Press



The time decay of the scattering intensity of the 30 nm
particle was also found to fit to a stretched exponential with
an exponent b = 5 for q < 0.01 Å–1, which is slightly lower
than that calculated in large particles (Fig. 5). The relaxation
of the bulk PS is well-accepted to be a stretched exponential

with an exponent of 0.4.30 The exponent, b, in our experi-
ment reflects the change in the spreading mechanism of the
dPS particle between the PBMA particles and therefore con-
tains information on the exponent of the polymer relaxation
as well as other parameters such as the particle size.

Fig. 3. (a) The scattering spectra plotted for various annealing times for 77 nm dPS nanoparticles in a 10% cross-linked PBMA matrix
before annealing (&) and at 4 (&), 17 (D), and 37 min (~). (b) The scattering spectra plotted for various annealing times for 30 nm dPS
nanoparticles in a 10% cross-linked PBMA matrix. The films were annealed at 140 8C.

Fig. 4. The evolution of the scattering intensity at various q values, as a function of the annealing time for blends made from (a) 77 nm dPS
nanoparticles and (b) 30 nm particles. The plot is fitted to a stretched exponential (continuous lines).

Fig. 5. The exponent b of the fit of the decays (I(q, t)) in Fig. 4 to a stretched exponential (I(q,t) = I(q,0)exp – (t/t)b), plotted against the q
values for (a) 30 nm particles and (b) 77 nm particles.

Rharbi et al. 293

Published by NRC Research Press



The appropriate parameter to characterize the stretched
exponential dynamic is the average relaxation time, <t>,
which is calculated as <t> = $exp(–(t/t)b)dt using the t and
b values.31 The <t (q)> in 77 nm dPS particles decreases
with increasing q from 16.6 min to 11.4 min for q values
between 2.58 � 10–3 Å–1 and 5.1 � 10–3 Å–1 (Fig. 7a). For
30 nm dPS <t> was also found to decrease with increasing
q in the same manner as the 77 nm particles (Fig. 7b). Such
tendency is similar to that reported previously on dPS-6.
Since I(q) at each q value portrays the density fluctuations
with a size of x = 2p/q, <t (q)> also describes the relaxation
dynamic of the density fluctuation with a size of x. Larger
fluctuations would require more time to change than a
smaller fluctuation. Therefore, <t (q)> increases with in-
creasing x and thus increases with deceasing q. For q ap-
proaching q = 0, <t (q)> converges toward the relaxation
time of the gyration radius, <tR g>, which is the largest size
of the system, <t (q)>R g = 34 min.

The <t (q)> of 30 nm particles is found to be larger than
the <t (q)> of 77 nm when measured at the same q values
(Fig. 7b). The <t (q)> and <tR g> describe the dynamic of
particle deformation under the applied stress, s (t), and de-
pends directly on the relaxation time of the confined poly-
mer (ta). During the film formation, PBMA particles
around smaller dPS particles undergo a small deformation
as compared to around large particles, thus, they store less
stress. Therefore, one expects smaller particles to deform
more slowly than large ones if the PS behaves dynamically
in the same manner in the two particles. To derive ta
from <t (q)> and <tR g> , we assume the polymer to exhibit
a single exponential relaxation with a time ta and use the
following differential equation (eq. [1]).

½1� dsðtÞ
dt
þ sðtÞ

ta
¼ G

d3ðtÞ
dt

where G is the high shear modulus and the deformation
strain, (3(t)), defined by Rg(t)/Rg(0) or I(q,t)/I(q,0). Equation
[1] applies only if the time and the position dependence of

3(t) and s (t) can be separated. It is easy to accept that the
stored strain, s(t), decrease with increasing the time in the
same manner as 3(t). If we take 3(t) and s(t) as exponential
with relaxation time, <t (q)> or <t R g> , we found

½2� hti � G

sð0Þ ta

The PBMA particles around small dPS particles undergo
a small deformation compared to around large dPS ones.
Thus, one expects the stored stress, s(0), in the case of small
dPS particles to be lower than that in large ones. If we take
s(0) to be proportional to the dPS particle diameter, D (s(0)
! D), we found ta ! <t> . D. In Fig. 8, we compare the
plots <t> . D versus q for 77 nm and 30 nm dPS particles.
The <t> . D of 30 nm particles is found to be lower than
that of 77 nm, which could infer that the relaxation time of
confined polystyrene, ta, of 30 nm is smaller than that of
77 nm.

The decay times, <t (q)> and <tR g>, contain useful infor-
mation about the relaxation time of the confined polystyrene
in the nanoparticles in nanoblends. The evolution of these
times with temperature and the particle size will be used to
obtain information on the effect of confinement on the poly-
mer dynamic.

Protocol for measuring the dynamic of polystyrene
nanoparticles in a close-packed structure

To apply the stress locally to polymer nanoparticles, we
also propose the following procedure: When suspensions of
polymer particles are evaporated below the glass transition
temperature (Tg) of the polymer, the particles remain spheri-
cal and form a close-packed structure separated with voids
(Scheme 2, stage II). The presence of a large interface area
(polymer/air) in the voids makes the particles a confined
system, which could affect the polymer dynamic and, conse-
quently, the kinetic of particle deformation and void closure.
The presence of the voids applies Laplace pressure in the in-
terstices due to the air/polystyrene surface tension (gp/a),
PLap = agp/a /R, gp/a = 0.03 N/m2. This tends to deform the
particle and close the voids to yield a bulk-like polymer
(Scheme 2, stage III). If the particles are glassy, the voids
should remain unaffected by Laplace pressure during the
time of the experiment, and when the system is annealed
above the polymer Tg, the particles deform and the voids
close. If one can probe the closure of the interstices, then
this can be used as a nonintrusive method to study the dy-
namic of confined polymers in nanoparticles. We used the
small-angle neutron scattering technique to probe the defor-
mation of the particles during annealing. Previous experi-
ments used atomic force microscopy to monitor the change
in the free surface corrugation during annealing of submi-
cron size particles.32–35 The dynamic of free surface corruga-
tion in polyacrylate was found to be similar to the bulk
dynamic.34,35

The SANS spectra of films made from 93 nm PS particles
at 45 8C before annealing exhibit a well-defined narrow first
peak followed by two small peaks (Fig. 9). The position of
the first peak, q*, corresponds to a characteristic distance of
D* = 2p(3/2)1/2/q* = 99 nm, which is almost equal to the
hydrodynamic diameter of the particles measured by dy-
namic light scattering. It is well-accepted that the drying of

Fig. 6. Rg(t) vs. the annealing time for blends made from 77 nm
dPS nanoparticles in 10% cross-linked PBMA annealed at 140 8C.
Rg is calculated using the Guinier representation.
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suspensions of monodispersed particles form a face centered
cubic structure (FCC).25 The contrast in the neutron scatter-
ing comes from the difference between the PS in the par-
ticles and the voids between them. The strong contrast in
the SANS when the suspensions are dried below Tg infers
that the particles remain spherical and separated with voids
(Scheme 1, stage II).

Dynamic of void closure in 93 nm particles at the bulk Tg

When the PS samples are annealed at 100 8C both the
first, second, and the third peaks decrease progressively and
broaden during annealing (Fig. 9). After 30 min, the second
peak disappears while the first peak turns into a broad max-
imum, and at 60 min both peaks have disappeared. The in-
tensity measured at the first peak decreases steadily during
annealing until it becomes purely the incoherent scattering
from the PS (Fig. 10). The steady decrease of the intensity
results from the progressive closure of the voids under the
action of Laplace pressure. The scattering intensity varies as
I(t) ! (Vvoids(t))2, where Vvoids is the volume of the voids
between the particles. A random close-packed structure cor-
responds to a volume fraction of the solid of 0.64 and frac-

tion of the voids of 0.36.36 Thus, the intensity can be written
as I(t) ! (Vvoids(0))2(0.36 – 3(t))2, where 3(t) is the deforma-
tion strain of the sample and Vvoids(0) is the initial volume of
the voids or I(t)/ I(0) ! ((0.36 – 3(t))/(0.36 – 3(0))2.

Using a generalized Hertezian model37,38 for the deforma-
tion of particles in a close-packed morphology, and assum-
ing film shrinking occurs in the z direction, the governing
equation can be written as eq. [3] when the deformation is
averaged over all directions and over the entire film.36

½3�
6:69ð1� nÞgp=a

R
¼
Z t

0

Gðt � t0Þ d3
3=2

dt0
dt0

where G(t) is time dependent shear stress, gp/a is the surface
tension between the PS and air, n is the Poisson’s ratio of
polystyrene (n = 0.33), and R is the particle radius.

Near Tg and for short times, the compliance of PS is do-
minated by the glassy relaxation process.47 If we assume the
PS in this condition to exhibit a single relaxation time,
t(G(t) is an exponential), the tclose can be calculated from
eq. [3] as the time for which 3(tclose) = 0.36 to give eq. [4]:

½4� tclose �
0:0479 G

gp=a

R � t

where G is the high frequency shear stress (G * 1 GPa) and
R the particle radius. From eq. [4], we can estimate t &
37 s for D = 93 nm. When the relaxation time was calcu-
lated by numerically resolving eq. [3], using the strain 3(t)
from I(t)/I(0) ! ((0.36 – 3(t))/(0.36 – 3(0))2 we found t &
44 s. The polystyrene dynamic in the glassy regime near the
Tg is more likely to be a stretched exponential (G(t) =
exp(–(t/t)b)) with an exponent b = 0.4.30,39 In this case, we
estimated the average relaxation time, <t> (<t> =
$exp(–(t/t)b)dt), by numerically resolving eq. [3] with 3(t)
from I(t)/I(0) ! ((0.36 – 3(t))/(0.36 – 3(0))2, which leads
to <t> & 47 s. This shows that the various methods for cal-
culating the relaxation time yield similar values.

Contrary to the first method described here, this method
gives an absolute value of the relaxation time of the con-
fined polystyrene in nanoparticles. The evolution of <t>
with a change in temperature and particle size will be used

Fig. 7. (a) Average relaxation time, <t(q)>, plotted against q for blends of 77 nm dPS particles in 10% cross-linked PBMA matrix. <t(q)> is
calculated from the fit of the scattering intensities (I(q) vs. time) to a stretched exponential (Fig. 4). (b) Comparison of the plots <t(q)> vs. q
of the 77 nm (dPS-6) (&) and 30 nm dPS-1 (&) particles. <t(q)> is calculated from the fit of the scattering intensities (I(q,t)) to a stretched
exponential.

Fig. 8. Relaxation time, <t(q)> . D plotted against q for 77 nm
(dPS-6) (&) and 30 nm dPS-1 (&). <t(q)> is calculated from the
fit of the scattering intensities (I(q) vs. time) to a stretched expo-
nential.
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in further work to obtain information on the effect of con-
finement on the polymer dynamic.

Conclusion
We presented two methods to probe the dynamic of poly-

mers in nanoparticles in two different environments:
(i) nanoblends and (ii) close-packed structures. We use neu-
tron scattering to probe the kinetic of nanoparticle deforma-
tion under the action of applied stress at the nanoscopic
level. For the nanoblends, we prepared the samples by water
evaporation of suspensions of glassy PS and elastic PBMA
(cross-linked) nanoparticles at T g

PBMA < T ev < T g
PS. This

leads to storage of elastic stress in the cross-linked PBMA
particles around the PS. During annealing at T annealing >
T g

PS, the PS particles deform, and this deformation is probed
by SANS. The characteristic time from this method can be
used to obtain information on the relaxation time of con-
fined PS nanoparticles in nanoblends. In the close-packed
structure, the voids between the spherical particles apply
Laplace pressure to the particles, which deforms the particle
and closes the voids. The kinetic of void closure is used to
obtain information on the dynamic of confined PS in nano-
particles. These two methods give new possibilities to probe,
in a nonintrusive manner, the dynamic of confined polymers
in nanoparticles, which ultimately could bring conclusive in-
sight in this field.

Acknowledgment
We Acknowledge the Pakistani ministry of education, the

Higher Education Commission (HEC) of Pakistani and the
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Hybrid microspheres with alternating layers of
a polymer and metal nanoparticles

Alla Petukhova, Andrew S. Paton, Ilya Gourevich, Selvakumar V. Nair,
Harry E. Ruda, Alexander Shik, and Eugenia Kumacheva

Abstract: We studied the optical properties of hybrid multilayer microspheres (HMMs). We prepared multilayer particles
with alternating radial layers of gold nanoparticles (NPs) and poly(methyl methacrylate) and achieved control over particle
size, the thickness of particle layers, and the surface coverage of gold NPs. We showed the ability to tune the spectral
characteristics of the HMMs, which was based on frequency dispersion of the dielectric constant of polymer–metal NP
structures. Good agreement between experimental and theoretical extinction properties of the HMMs was obtained. In
comparison with multilayer structures synthesized solely from polymers, hybrid multilayer microspheres have a larger re-
fractive layer contrast between adjacent layers, which is important for practical applications in optoelectronic devices.

Key words: hybrid polymer–inorganic materials, polymer microspheres, gold nanoparticles, optical properties, extinction
spectra.

Résumé : On a étudié les propriétés optiques de microsphères multicouches hybrides (MMH). On a préparé les particules
à multicouches comportant des couches radiales alternantes de nanoparticules (NP) d’or et de poly(méthacrylate de mé-
thyle) et on a pu contrôler la taille des particules des couches et la surface de la couverture des nanoparticules d’or. On a
pu contrôler les caractéristiques spectrales des microsphères multicouches hybrides en ajustant la fréquence de dispersion
de la constante de diélectrique des structures des nanoparticules polymère–métal. On a obtenu un bon accord entre les pro-
priétés d’extinction expérimentales et théoriques des microsphères multicouches hybrides. Par comparaison avec les struc-
tures multicouches synthétisées uniquement à partir de polymères, les microsphères multicouches hybrides possèdent un
plus grand contraste de réfraction par couche entre les couches, propriété importante pour les applications pratiques dans
les appareils optoélectroniques.

Mots-clés : matériaux hybrides polymère–inorganique, microsphères de polymère, nanoparticules d’or, propriétés optiques,
spectres d’extinction.

[Traduit par la Rédaction]

Introduction
Polymer microspheres with a multilayer onion-like struc-

ture possess optical properties that are useful in photonic
crystals,1,2 optical data storage,3,4 biometrics,5,6 and, sensing
and single-particle optical limiting.7–10 Polymer multilayer
particles with a radial modulation in the refractive index
can also be used as optical-frequency resonators: due to
Bragg reflection at the interfaces between the layers, light
propagation in the particles at a given wavelength can be
suppressed when reflection from the interfaces adds in phase
and approaches unity.11 For this application, the advantage
of using polymer multilayer microspheres is their narrow
size distribution and precisely controlled thickness of con-
stituent layers, achieved in multistep polymerization proc-

esses.12,13 The drawback of all-polymer particles is an
inherent low refractive index contrast, Dn, between the
layers, which requires a large number of layers to be incor-
porated in the multilayer structure, to achieve suppressed
light propagation.11,14 Fabrication of such multilayer struc-
tures, with specific properties of the layers, represents a
cumbersome technological procedure. One of the promising
approaches to such particles relies on an increase in the re-
fractive index contrast between adjacent layers.

In the present work, this problem is solved by replacing
all-polymer multilayer structures with metal–polymer, hy-
brid multilayer microspheres (HMMs). We synthesized and
assembled multilayer particles with alternating layers of
gold nanoparticles (NPs) and poly(methyl methacrylate)
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(PMMA). The use of layers of NPs (versus homogeneous
gold layers) provided the ability to maintain a well-defined
wavelength of absorption of the hybrid structures, in com-
parison with a red-shifted plasmonic resonance peak charac-
teristic for dielectric particles with continuous gold shells.15

In addition, a strong frequency dispersion of the dielectric
constant of polymer–metal NP structures provided the abil-
ity to tune the spectral characteristics of the HMMs. We
achieved control over particle size, the thickness of particle
layers, and the surface density of gold NPs. Experimentally
measured and theoretically predicted extinction properties of
the HMMs were in good agreement.

Experimental

Materials
Methyl methacrylate (99%) was purchased from Fluka Can-

ada. Ethylene glycol dimethacrylate (EGDMA, 98%), 4-vinyl-
pyridine (4VP, 95%), 2,2’-azobis(2-methylpropionamidine)
dihydrochloride (V-50, 97%), poly(diallyldimethylammo-
nium chloride) (PDDMAC, low molecular weight, 20 wt% in
water), poly(sodium 4-styrenesulfonate) (PSS, average Mw &
70 000), hydrogen tetrachloroaurate(III) (HAuCl4, 30 wt% sol-
ution in dilute hydrochloric acid, 99.99%), tetrakis (hydroxy-
methyl) phosphonium chloride (THPC, 80% solution in H2O)
were purchased from Sigma-Aldrich Canada. All chemicals
were used as received. Deionized water (18.2 MO cm) was pu-
rified by using a Millipore Milli-Q Plus purification system
(Millipore Corp.).

Synthesis of hybrid multilayer microspheres

Preparation of gold NPs
Negatively charged gold NPs were prepared by the reduc-

tion of tetrachloroauric acid with tetrakis(hydroxymethyl)-
phosphonium chloride, which was adapted from a method
described elsewhere.16 Briefly, to a vessel (e.g., a 125 mL
erlenmeyer flask) containing 96 mL of deionized water,
aqueous solutions of sodium hydroxide (1 mol/L, 1.0 mL)
and the reducing agent THPC (1.29% w/w in water,
1.5 mL) were added under stirring. There were 4 min al-
lowed between the addition of THPC and tetrachloroauric
acid, and then HAuCl4 (28 mmol/L, 1 mL) was injected rap-
idly into the stirring solution. The color of the solution
changed to dark brown, indicating the formation of small
gold NPs. The NPs were aged for two weeks before the at-
tachment to polymer particles.

Synthesis of hybrid multilayer microspheres
The procedure of the synthesis of HMMs is shown sche-

matically in Fig. 1. The latex particles were prepared using a
surfactant-free emulsion polymerization procedure described
elsewhere.12,14 All reactions were carried out under nitrogen
pressure in a double-walled three-neck flask equipped with a
reflux condenser, a nitrogen inlet, and a mechanical stirrer at
80 ± 0.1 8C.

Step 1 — Synthesis of the polymer core
Positively charged 120 nm PMMA-co-P4VP particles

(microspheres cores) were synthesized in a batch reaction.
The reactor was charged with water (100 g) and mixture of
methyl methacrylate (1.5 g), 4-vinylpyridine (0.015 g), and

the cross-linking agent EGDMA (0.015 g) and purged with
nitrogen for 30 min. The temperature of the mixture was
then increased to 80 ± 0.1 8C. An aqueous solution of V-50
(0.05 g) was injected into the reactor with a syringe. The re-
action was carried out for 3 h. After the 30 min centrifuga-
tion cycle at 10 000 rpm (Eppendorf centrifuge 5417R), the
supernatant was removed, the precipitated particles were re-
dispersed in deionized water and sonicated for 2–3 min.

Step 2 — Attachment of gold NPs to PMMA-co-P4VP
polymer particles

To achieve 30% surface coverage of the surface of poly-
mer microspheres with gold NPs, 35 g of the solution of
gold NPs were added at pH = 6.0 to 4 g of the dispersion
of latex particles synthesized in Step 1 under vigorous stir-
ring for 1 h. The system was then centrifuged at 8000 rpm
for 30 min, the sediment was removed and diluted with
water up to 50 mL and sonicated for 40 min. To achieve
surface coverage lower than 30%, the solution of gold NPs
was mixed with PSS with the concentration in the range of
0.01–0.001 wt% and this mixed solution was added to the
dispersion of polymer particles, as described above.

Step 3 — Adsorption of PDDMAC
An aqueous solution of the cationic polyelectrolyte,

PDDMAC (100 mL, 0.1%), was added dropwise at a rate
20 mL/h to the aqueous solution of hybrid microspheres
from Step 2 using a fluid-metering pump. Excess PDDMAC
was removed by centrifugation of the particles at 10 000 rpm
for 30 min. The supernatant was removed and the precipi-
tated particles were redispersed in deionized water and soni-
catated for 1 h.

Step 4 — Synthesis of the PMMA layer on the surface of
hybrid particles

The PMMA layer on the surface of hybrid particles was
prepared by using a multistage surfactant-free emulsion pol-
ymerization method.12,14 The dispersion of hybrid micro-
spheres (150 g) from Step 3 and water (10 g) were charged
in the reaction flask and methyl methacrylate (1 g),
EGDMA (0.01 g), and an aqueous solution of V-50 (0.05 g)
were introduced using a syringe pump at a rate of
0.144 mL/h. The system was heated to 80 8C, and the poly-
merization reaction was continued for 1 h after the feeding
stage was complete. The latex was purified by centrifugation
at 8000 rpm for 30 min, the supernatant was removed, and

Fig. 1. Schematics of the preparation of hybrid multilayer micro-
spheres (HMMs) (see text).

Petukhova et al. 299

Published by NRC Research Press



the precipitated particles were redispersed in deionized
water (100 g) and then sonicated for 2–3 min.

Step 5 — Synthesis of the PMMA-co-P4VP layer on the
surface of hybrid particles

The synthesis of the PMMA-co-P4VP layer on the surface
of hybrid particles was conducted in the same manner as in
Step 4. Briefly, after mixing an aqueous solution of hybrid
microspheres (70 g) from Step 4 and water (60 g) in the re-
action flask, methyl methacrylate (2.5 g), EGDMA (0.025 g),
4-vinylpyridine (0.025 g), and an aqueous solution of V-50
(0.025 g) were introduced into the flask using a syringe
pump at a rate of 0.4 mL/h. The system was heated to
80 8C, and the polymerization reaction was continued for
1 h. The centrifugation/redispersion step was repeated as in
Step 4.

Steps 6–8 — Synthesis of alternating layers of gold and
PMMA-co-P4VP layers

The synthesis of alternating layers of gold and PMMA-co-
P4VP layers was conducted as in Steps 2–4.

Characterization of hybrid multilayer microspheres

Characterization of particle size, shape, and morphology
Scanning electron microscopy (SEM) imaging was per-

formed on a Hitachi S-5200 microscope operating at an ac-
celerating voltage of 1.0 kV and a current of 10 mA. A drop
of dilute latex dispersion was dried on a carbon-coated cop-
per transmission elecron microscopy (TEM) grid. Scanning
transmission electron microscopy (STEM) was carried out
on Hitachi HD-2000 microscope using a high angle annular
dark field imaging (HAADF-STEM) detector and operating
at an acceleration voltage of 200.0 kV and a current of 40
mA. Prior to the STEM imaging, the microspheres were mi-
crotomed with a diamond knife using Leica Ultracut UCT
microtome by embedding microbeads in the epoxy resin
(5 min epoxy resin 12 Lepage, Henkel Canada Corporation).
The 20 nm slices were then placed onto a carbon-coated
copper TEM grid.

Particle size was determined by analyzing SEM images
using the Image Tool software (University of Texas, Health
Science Centre). The error of image analysis was ±1%. The
size distribution of the particles was characterized by the co-
efficient of variation as CV (%) = (s/Dm) � 100, where Dm

is the mean diameter of the particles and s is the standard
deviation of the particle diameter.

Characterization of the extinction properties of HMMs
The extinction spectra of the hybrid multilayer micro-

spheres were recorded with a Varian UV–vis-NIR Cary
5000 spectrophotometer using water as the reference. Prior
to the measurements, we ensured that the samples were suf-
ficiently dilute to avoid multiple scattering. The extinction
intensity was normalized by the path length of light (equal
to 1 cm) and the concentration of particles (which was de-
termined as the number of particles per unit volume). Typi-
cally, the concentration of particles varied in the range of
107 particles/mL (Step 8) to 1010 particles/mL (Steps 1–3).

Results and discussion

Synthesis of hybrid microspheres
Figure 1 shows the schematic of the preparation of

HMMs with a PMMA core, two alternating layers of gold
NPs, and two alternating layers of PMMA. In Step 1, cati-
onic 120 nm diameter latex microspheres were synthesized
by emulsion polymerization by copolymerizing methyl
methacrylate with 1 wt% of vinyl 4-pyridine (4VP) in the
presence of a cationic water-soluble initiator, 2,2’-azo-bis(2-
methylpropionamidine) dihydrochloride (V-50). The nega-
tively charged 4 ± 1 nm diameter gold NPs stabilized with
tetrakis (hydroxymethyl)phosphonium chloride were pre-
pared using a method described elsewhere.16 Using electro-
statically mediated attraction between the anionic NPs and
cationic microspheres, the NPs were deposited at pH = 6 on
the surface of the latex particles (Fig. 1, Step 2). We stress
that copolymerization of methyl methacrylate with a small
amount of 4VP was critical to ensure the dense surface cov-
erage and the uniform distribution of the gold NPs on the
surface of the microspheres. Figure 2 shows that the positive
charge of the latex particles originating solely from the use
of the cationic initiator did not result in the dense attach-
ment of gold NP to the particle surface.

Control of the fraction of the polymer surface covered

Fig. 2. SEM images of the surface of 120 nm diameter (a) PMMA
and (b) PMMA-P4VP microspheres coated with gold NPs. The
scale bar is 100 nm.

Fig. 3. DF-TEM images of (a) the PMMA particles synthesized in
Step 1 and PMMA particles coated with (b) 5%, (c) 20%, and (d)
30% of gold NPs (Step 2), using the competition between electro-
statically driven attraction of gold NPs and PDDMAC to the
PMMA particles. The scale bar is 100 nm.

300 Can. J. Chem. Vol. 88, 2010

Published by NRC Research Press



with gold NPs was achieved by depositing gold NPs on the
microspheres in the presence of the anionic polyelectrolyte
poly(sodium 4-styrenesulfonate), that is, by using the com-
petition between the adsorption of gold NPs and the polye-
lectrolyte onto the cationic latex microspheres. When the
relative concentration of poly(sodium 4-styrenesulfonate) in
the solution of gold NPs changed from 0.01 to 0 wt%, the
fraction of the surface of latex microspheres coated with
gold NPs increased from 5% to 30%, as determined by the
analysis of dark-field transmission electron microscopy im-
ages (DF-TEM) of the surface of HMMs (Fig. 3). In Steps
3–8 (Fig. 1) we used PMMA-co-P4VP particles with the
highest (30%) surface coverage with gold NPs (later in the
text, for simplicity, we will refer to these particles as
PMMA particles). A cationic polymer poly(diallyldimethyl
ammonium chloride) (PDDMAC) was adsorbed onto the
polymer particles coated with gold NPs, to minimize the de-
sorption of the NPs from the surface of microspheres in sub-
sequent polymerization reactions. The PDDMAC-coated
PMMA microspheres were used as seeds for the starve-fed
interfacial polymerization of an outer polymer layer with
thicknesses varying from 40 to 100 nm (Fig. 1, Steps 4 and
5, respectively).

To synthesize HMMs with two alternating layers of gold
NP and two alternating polymer layers, the procedures of
competitive adsorption of gold NPs and PDDMAC and in-
terfacial copolymerization of methyl methacrylate and 4VP
were repeated in Steps 6–8 (Fig. 1). The morphology of the
microspheres and the presence and location of gold NPs in
the HMMs were verified using DF-TEM. Figure 4 shows
typical DF-TEM images of the hybrid microspheres pro-
duced in Steps 4–6 and Step 8. The multistep synthesis

yielded highly monodisperse HMMs with the alternating ra-
dial layers of gold NPs and PMMA-co-P4VP, as conceptual-
ized and rationalized in Fig. 1. No evidence of aggregation
in the system was observed. Gold NPs placed on the poly-
mer surface were not desorbed in consecutive polymeriza-
tion steps. Instead, they formed well-defined thin concentric
layers. The characteristics of the HMMs such as the diame-
ters and polydispersity of the HMMs and the thicknesses of
the polymer and NP layers, all determined by the analysis of
the SEM images, are provided in Table 1. We note that to
examine the role of the thickness of polymer layers on the
optical properties of HMMs, polymerizations in Steps 4 and
5 were carried out to produce the polymer layer with the
same composition but with a different thickness.

Optical properties of hybrid microspheres
Optical properties of the HMMs were examined experi-

mentally and theoretically. Theoretical calculations of the
extinction spectra required the knowledge of the effective
dielectric constant of the layers of gold NPs placed between
the concentric polymer layers or localized at the water–poly-
mer interface (e.g., for the HMMs produced in Steps 2 and
6). Following the procedure described in Appendix A, we
obtained the polarizabilities of a gold NP placed at the
PMMA–water interface. The calculated polarizabilities,
akand a?, for the electric field oriented parallel and perpen-
dicular to the interface of a 2 nm diameter gold NP are
shown in Fig. 5. Due to anisotropy induced by the interface,
the surface plasmon resonance was different for perpendicu-
lar and parallel polarizations.

Using the polarizability data we then computed the effec-
tive dielectric constant of the composite monolayer of gold
NPs using the effective medium model described in Appen-
dix A. For PMMA and water we used reported values of the
dielectric constant.17 Once the dielectric constants of each
material constituting the HMMs were determined, the ex-
tinction spectra were calculated using an extension of Mie
scattering theory to include the radial anisotropy of the di-
electric constant of the gold NP layer. The calculated extinc-
tion spectra for the structures generated in Step 2 for the
different coverage of the PMMA surface with gold NPs are
shown as dashed lines in Fig. 6. Experimentally measured
extinction spectra are also shown in Fig. 6 as solid lines.
The results presented in Fig. 6 show that the magnitude of
extinction of HMMs increased with increasing surface cov-
erage of the PMMA particles with gold NPs. A very good
agreement between the theoretical and experimental results
was obtained for the spectral position of the plasmonic
peaks, however, the magnitude of the plasmonic peak was
higher in the theoretical spectra. This is most likely due to
the approximations in our effective medium theory, which
is strictly valid only for dilute composites. In fact, in three-
dimensional metal–dielectric composites such effective me-
dium theories are known to overestimate the surface plas-
mon resonance.18

Furthermore, for the 30% coverage of the polymer surface
with gold NPs we studied the evolution of the extinction
spectra of HMMs by adding new polymer and NP layers
(Fig. 1, Steps 3–8) and compared the results of calculations

Fig. 4. Dark-field TEM images of HMMs synthesized in (a) Step 4,
(b) Step 5, (c) Step 6, and (d) Step 8. Cross-sections of HMMs are
shown in (e). Polymer and gold NPs appear dark and bright, re-
spectively. The scale bar is 300 nm.
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and experiments. Figure 7 shows the following features:
First, reasonably good agreement was achieved between the
experimental and theoretical extinction spectra. Engulfment
of the layer of gold NPs with the polymer layer (Step 2?
Step 4) resulted in a red-shift of the plasmon peak from 522
to 550 nm, which was caused by the dependence of the plas-
mon wavelength on the dielectric environment. The differ-
ence in the values of 3 of PMMA and water yielded the 5%
shift in the position of plasmon maximum, in agreement
with experimental results shown in Fig. 7. Further increase
in the thickness of the polymer layer (Step 4? Step 5) did
not affect the dielectric environment around the NPs and the
position of the plasmonic maximum did not change. The
magnitude of the plasmon band increased for the HMMs
synthesized in Step 6 and decreased in Step 8. Both of these
changes were supported by theory. The experimentally
measured and calculated positions of plasmon bands were
also in reasonably good agreement.

Table 1. Mean diameter, Dm, coefficient of variation, CV, thickness of layers, d, and types of layers in HMMs.

Step numbers (as in Fig. 1) 1 2 4 5 6 8
Diameter of microspheres, Dm, (nm) 120 120 200 322 322 430
Layer — Gold NPs Polymer Polymer Gold NPs Polymer
Thickness of the layer, d (nm) — 4–5 40 100 4–5 55
Coefficient of variation, CV (%) 3 3 3.3 2.8 2.8 2.65

Fig. 5. The real and imaginary parts of the polarizability, a, of a
spherical gold NP of radius a embedded in PMMA at an interface
with water for polarization parallel (solid lines) and perpendicular
(dashed lines) to the interface. The polarizability is shown scaled
by a3. The inset shows a schematic of the geometry.

Fig. 6. Comparison of experimental and calculated (solid and
dashed lines, respectively) extinction spectra of HMMs dispersed in
water for the polymer core (Fig. 1, Step 1) with different surface
coverages of gold NPs (Fig. 1, Step 2): (A) 5%, (B) 20%, (C) 30%.
The experimental spectra are normalized by the path length (1 cm)
and the concentration of particles (the number of particles per unit
volume).

Fig. 7. Comparison of experimental and calculated (solid and
dashed lines, respectively) extinction spectra of HMMs dispersed in
water for Steps 2, 4, 6, and 8 in Fig. 1. The experimental spectra
were normalized by the path length (1 cm) and the concentration of
particles (the number of particles per unit volume). For clarity of
presentation the data for Step 6 and Step 8 are scaled up by a factor
of 100.
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Conclusion
To summarize, we conceptualized and synthesized hybrid

multilayer polymer–inorganic microspheres comprising al-
ternating concentric layers of a polymer and gold nanopar-
ticles. The microspheres had a narrow size distribution and
the thickness of the radial layers was well-defined. We ex-
perimentally characterized the extinction properties of the
hybrid multilayer microspheres and compared the experi-
mentally acquired spectra with the theoretical spectra calcu-
lated using a generalized classical Clausius–Mossotti (CM)
theory. Good agreement was achieved between the experi-
mental and theoretical results.

We emphasize that even in the HMMs with a single or
two metal NP layers, the larger refraction index contrast re-
sults in noticeable changes in the extinction spectra, com-
pared to all-polymer structures with similar size and number
of layers.12c This makes the described hybrid multilayer mi-
crospheres promising objects for spherical resonators and
other optoelectronic devices. For example, when combined
with luminescent semiconductor quantum dots,12c they have
the potential to be used as both passive and active types of
devices.
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Appendix A
We used a generalized classical Clausius–Mossotti (CM)

theory to construct a model for the effective dielectric con-
stant, 3eff, of a monolayer of spherical NPs at an interface
between two different dielectrics. We first consider a single
particle of radius a and dielectric constant, 3i, localized in a
medium of the dielectric constant 3b just above the interface
with a substrate having the dielectric constant 3s. The value
of a is sufficiently small compared to the wavelength of
light that the polarizability of the NP can be obtained from
the quasistatic model by calculating the dipole moment in-
duced in the NP by an applied electric field.

The induced dipole moment can be calculated by solving
the Laplace equation for the situations when the electric
field is either parallel or perpendicular to the interface. We
used an analytical solution using bispherical coordinate-
s.A1,A2 Since the final expressions are cumbersome, we
present the polarizability of NPs in the asymmetric
system (the gold NPs localized at the interface of PMMA
and water) in the numerical form.

We used the reported or experimentally measured values
of the dielectric constant of water, PMMA,A3a and gold.A3b

In the latter case, we corrected the experimental data to ac-
count for increased momentum relaxation due to the surface
scattering as follows: We first fitted the experimentally
measured dielectric constant of gold (3expt)A3b in the long-
wavelength region to the Drude model and extracted the
plasma frequency (up) and relaxation time (t) . This fitting
provided the values of hup = 8.98 eV and h/t = 75 meV.
The value of 3i of the NPs was then calculated as

½A1� 3i ¼ 3expt þ
u2

p

uðu� i=tÞ �
u2

p

uðu� i=t � ihnF=aÞ

where vF is the Fermi velocity of bulk gold equal to
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1.57 � 108 cm/s and h is an adjustable parameter of the or-
der 1. The calculated polarizability is shown in Fig. 5. We
note that for gold NPs in a uniform background such as
PMMA, the polarizability may be calculated using the well-
known expression for the spherical particles in a dielectric
medium.A4

In the next step, the CM theory was applied to the calcu-
lation of the effective dielectric constant 3eff of a monolayer
of NPs with surface density n. In terms of symmetry, 3eff is
a uniaxial tensor with the components 3?eff and 3keff , which
had to be found separately for the applied electric field, E0,
perpendicular and parallel to the interface. The NPs were
treated as point dipoles with a dipole moment, a?kEloc,
where Eloc is the local electric field at the NP location.

Perpendicular polarization
The effective dielectric constant of the NP layer, 3?eff , was

determined by the ratio between the average polarization
and the macroscopic electric field, E, inside the layer. To
calculate E, the induced dipoles were treated as a two-di-
mensional dipole layer with the dipole density D = na?Eloc
and the thickness t, so thatA4

½A2� E ¼ E0 �
4pna?Eloc

t

The local field, Eloc, was calculated as the sum of the ap-
plied field and the field induced by the dipoles as

½A3� Eloc ¼ E0 �
X0

n
m=r3

n

where the sum is taken over all dipoles, except the one at
the origin, where the local field is being computed, rn is the
distance from the origin and m = a?Eloc is the dipole mo-
ment of the nth dipole. The exact sum over dipoles depends
on their microscopic arrangement but its ensemble average
scales as mn3/2x. The numerical constant, x, is weakly depen-
dent on geometry and is 8.8927 or 9.0336 for the hexagonal
or square lattices, respectively.A5 For the random arrange-
ment of NPs described in the present work, we used x = 9.
By eliminating E0 from eqs. [A2] and [A3], we obtained the
average local field

½A4� hEloci ¼
E

1þ n3=2a?x � 4pna?=t

and obtained

½A5� 3?eff ¼ 3b 1þ 4pna?=t

1þ n3=2a?x � 4pna?=t

� �

Parallel polarization
In this case, all the dipoles are oriented in the plane of the

layer and the macroscopic field is equal to the applied field
and

½A6� Eloc ¼ E0 þ
X0

n
m=2r3

n

so that the effective dielectric constant is given by

½A7� 3keff ¼ 3b 1þ 4pnak=t

1� n3=2akx=2

� �

In the calculations presented above, we assumed that t =
2a. Since the polarizability of spherical particles is propor-
tional to a3, the value of 3eff depends on the geometrical pa-
rameters only through the NP area fraction, f = pa2n.
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TRIBUTE

A tribute to Mitch Winnik

Mitch Winnik was born in Milwaukee Wisconsin in 1943. He
received his B.A. degree in Chemistry from Yale University in
1965. He carried out his doctoral research under the guidance
of Professor Ronald Breslow at Columbia University and re-
ceived his Ph.D. in organic chemistry in 1969. After postdoc-
toral studies with Professor George Hammond at the
California Institute of Technology, he joined the faculty at the
University of Toronto in September 1970 as an organic chem-
ist. In those early days, he saw himself as a physical organic
chemist and carried out research in the area of reaction mech-
anisms. He had a particular interest in intramolecular photo-
chemical reactions of conformationally flexible molecules.
Most of these experiments involved measurements of phos-
phorescence in solution of various benzophenone derivatives.
Based on this work, he was promoted to Associate Professor
with tenure in 1975. Two years later, while on a sabbatical in
France, he met at a conference Walter Stockmayer, who per-
suaded him that his scientific life would be much richer if he
would study similar processes in longer molecules. When he
returned to Toronto in 1978, he and his postdoc Tony Red-
path began a study of polymer cyclization in solution based
upon time-resolved fluorescence measurements of excimer
formation of pyrene attached to the chain ends. This turned
out to be an enormously rich area of study, since it coincided
with blossoming theoretical advances in the description of
polymer conformation and dynamics in solution and new tech-
niques to study those processes. It began Mitch’s transforma-
tion from an organic chemist to a polymer chemist, and
pyrene had now replaced benzophenone as his favourite lumi-
nescent chromophore.

In the early 1980s, Mitch began working with Mel Croucher
at the Xerox Research Centre of Canada on polymer micro-
particles synthesized by dispersion polymerization. This inter-
action opened his eyes to the world of polymer materials,
taught him about how to interact with scientists in industry,
and led to the development of new techniques based upon flu-
orescence measurements for characterizing polymer morphol-
ogy. Toward the end of the 1980s, a number of very exciting
developments occurred in the Winnik research group. Jose
Martinho joined his group and made major contributions to
the study of diffusion-controlled reactions. Two key co-work-
ers joined the group at this time, Cheng Le Zhao and Yongcai
Wang. They pioneered efforts to apply fluorescence as a tool
to study hydrophobically-modified polymers in water, work en-
couraged by David Bassett at Union Carbide because these
polymers were important rheology modifiers for coatings.
They also pioneered the Winnik group foray into the study of
latex films, in which they developed techniques based upon
fluorescence resonance energy transfer (FRET) to study the
diffusion of polymer molecules across the boundaries between
adjacent latex polymer nanoparticles as they pack in the film
upon drying. This is the step that leads to the build-up of use-
ful mechanical properties in the film. This work was initiated
with support from ICI Paints and has continued for more than
a decade in collaboration with scientists in many companies in
the coatings field: ICI, Dow, Union Carbide, 3M, BASF, Air
Products, Cytec, Johnson Polymers, and most recently, with
Willie Lau at Rohm and Haas. This work has been widely rec-
ognized, for example by four First Place Roon awards (1991,
1995, 1998, and 2007) for the top publication in the coating

field, by an American Chemical Society Tess Award (1999),
and by the Mattiello lecture award (2001) given by the Feder-
ation of Societies for Coatings Technology. These awards rec-
ognize that advances in fundamental science can also have
an important impact on technology.

In the early 1990s, Ahmad Yekta and Jean Duhamel helped
transform the Winnik group in a different direction. They rec-
ognized that data from FRET experiments carried out on
dyes confined to nanometre-size domains could be interpreted
to provide information about the size and shape of those do-
mains. They brought a high level of mathematical rigour to
these experiments. This in turn allowed a much deeper rich-
ness of information to be obtained from many studies in the
Winnik group, on water-soluble polymers, on block copolymer
micelles in solution, and on polymer diffusion in latex films. It
also opened the possibility to study interfaces where polymers
of different compositions meet. These interfaces have widths
of only a few nanometers, larger than monomer units and
smaller than polymer molecules, domain sizes that could be
determined using the concept of energy transfer in restricted
dimensions.

A collaboration with Ian Manners on micelles formed by
polyferrocenylsilane (PFS) block copolymers began in the late
1990s with the co-supervision of Jason Massey’s Ph.D. re-
search. This system is surprisingly rich, with many unex-
pected discoveries. For example, this seems to be the only
known block copolymer that forms fiber-like micelles by a
mechanism similar to that of proteins, for example amyloid fi-
bers. Many co-workers made critical contributions here. Sev-
eral who stand out include Yahya Rharbi, who suggested that
the PFS core might be crystalline, Xiaosong Wang, who dis-
covered living self-assembly, Gerald Guerin, who contributed
light scattering prowess, and Hai Wang who demonstrated
that these nanofibres could serve as templates for the forma-
tion of arrays of metal nanoparticles.

A recent turning point in the Winnik group research inter-
ests began in 2005 when Mitch was invited to join a project in
collaboration with Vladimir Baranov, Olga Ornatsky, and Mark
Nitz, based upon the use of inductively coupled mass spec-
trometry (ICP-MS) for highly multiplexed bioassays. The idea
is to use different (lanthanide) metal isotopes as labels to at-
tach to antibodies, in much the same way that others attach
fluorescent dyes. The initial focus was on phenotyping human
leukemia cells. The Winnik group was asked to synthesize
metal chelating polymers to carry many copies of a given
metal or single isotope (like 153Eu) so that each antibody
would carry about 100 metal ions. The long term objective is
to be able to measure quantitatively as few as 100 copies of
a particular biomolecule in an individual cell. Recent experi-
ments using the new technique of mass cytometry can detect
and quantify more than 20 biomarkers cell-by-cell in a single
assay.

Over the years, Mitch has been a Visiting Professor at the
Université de Bordeaux (1977–1978), a world Trade Scholar
at IBM (1982), a JSPS Fellow at the Tokyo Institute of Tech-
nology (1985–1986), an Alexander von Humboldt Fellow at
the Max Planck Institute for Polymer Science (1996) in Mainz,
Germany, and the holder of La Chaire de Paris-Sciences at
l’Ecole Supérieure de Physique et Chimie Industrielle (2000)
in Paris, France.

Mitch has received numerous awards including the CIC
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Award in Polymer Science (1993), the Bell-Canada Forum
Award for University-Industry interactions (1995), an Alexander
von Humboldt Senior Scientist Award (1996), and the CIC
Medal (2004). He was elected a Fellow of the Royal Society of
Canada (1996) and of the Polymer and Material Sciences divi-
sion of the American Chemical Society (2002). In 2006, he was
listed as one of the most cited authors in chemistry by the ISI
Web of Science. His 550+ publications have been cited more
than 14 000 times (h* = 57). At the University of Toronto, he

holds the title University Professor, the University’s highest
award in recognition of academic excellence.

The number and quality of the papers submitted to this
dedicated issue of the Canadian Journal of Chemistry attests
to the breadth and reach of his influence in the chemistry and
polymer science communities.

Jean Duhamel
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HOMMAGE

Hommage à Mitch Winnik

Mitch Winnik est né à Milwaukee, au Wisconsin, en 1943. Il
obtient son baccalauréat en chimie de l’Université Yale en
1965. Il poursuit ses études au programme de doctorat sous
la direction du professeur Ronald Breslow de l’Université Co-
lumbia et reçoit son doctorat en chimie organique en 1969.
Après ses études postdoctorales sous la supervision du pro-
fesseur George Hammond au California Institute of Technol-
ogy, il joint la faculté de l’Université de Toronto en septembre
1970 à titre d’organicien ou chimiste spécialiste de la chimie
organique. À cette époque, il se voit plutôt comme spécialiste
de la chimie organique physique et mène des travaux de re-
cherche sur les mécanismes réactionnels, plus particulière-
ment sur les réactions photochimiques intramoléculaires des
molécules présentant une mobilité conformationnelle. La plu-
part de ces expériences portent sur les mesures de phosphor-
escence de différents dérivés de la benzophénone en
solution. De par ces travaux, il est nommé professeur agrégé
permanent en 1975. Deux ans plus tard, alors qu’il est en
congé sabbatique en France, il fait la rencontre, à l’occasion
d’un congrès, de Walter Stockmayer qui le convainc que sa
carrière scientifique serait d’autant plus riche s’il réorientait
ses recherches sur les processus similaires dans des molé-
cules plus longues. Dès son retour à Toronto, il entreprend
en 1978, avec le concours de son étudiant postdoctoral Tony
Redpath, une étude de la cyclisation des polymères en solu-
tion; étude qui repose sur des analyses de fluorescence – en
temps résolu – de la formation d’excimères du pyrène attaché
aux extrémités de la chaine. Ce domaine d’étude s’avère ex-
trêmement fertile en raison de l’effervescence concomitante
d’avancées théoriques dans la description de la conformation
et de la dynamique des polymères, et des nouvelles méth-
odes pour étudier ces processus. C’est ainsi que Mitch dé-
laisse le domaine de la chimie organique au profit de la
chimie des polymères, et la benzophénone cède la place au
pyrène à titre de chromophore luminescent de prédilection.

Au début des années 1980, Mitch collabore avec Mel
Croucher du Centre canadien de recherche Xerox sur la re-
cherche des microparticules de polymères synthétisées par
voie de polymérisation par dispersion. Pour lui, cette collabo-
ration est plus qu’une ouverture sur le monde des matériaux
polymères. En effet, elle donne lieu à des échanges privil-
égiés avec les scientifiques de l’industrie et à l’élaboration de
nouvelles techniques axées sur les mesures de fluorescence
pour la caractérisation de la morphologie des polymères. La
fin des années 1980 est marquée par un nombre de change-
ments très importants au sein du groupe de recherche de
Winnik. En effet, Jose Martinho se joint au groupe et apporte
des contributions majeures à l’étude de réactions contrôlées
par la diffusion. De plus, Cheng Le Zhao et Yongcai Wang,
deux autres contributeurs clés, se joignent alors au groupe.
Ces chercheurs font œuvre de précurseurs en utilisant la fluo-
rescence comme outil dans l’étude des polymères modifiés
d’une façon hydrophobe dans l’eau; travail appuyé par David
Bassett d’Union Carbide, car ces polymères sont d’importants
modificateurs rhéologiques des revêtements. Cheng Le Zhao
et Yongcai Wang sont également responsables de l’incursion
du groupe de Winnik dans l’analyse des pellicules de latex, ce
qui lui permet d’élaborer des techniques de transfert d’énergie
par fluorescence de résonance (FRET) pour étudier la diffu-
sion des molécules polymères transfrontalière entre les nano-

particules de latex polymères adjacentes durant leur
agglomération en pellicule à l’assèchement. Cette étape
mène ensuite à la découverte d’un assortiment de propriétés
mécaniques pratiques pour les pellicules. Amorcé avec l’appui
d’ICI Paints, ce travail se poursuit pendant plus de 10 ans en
collaboration avec les chercheurs de l’industrie, y compris ICI,
Dow, Union Carbide, 3M, BASF, Air Products, Cytec, Johnson
Polymers, et plus récemment, avec Willie Lau de Rohm and
Haas. Les efforts du groupe sont universellement reconnus et
primés, comme en témoignent les quatre premières places du
prix Roon (1991, 1995, 1998 et 2007) pour la meilleure publi-
cation dans le domaine des revêtements, le prix Tess de
l’American Chemical Society (1999) et le prix de conférence
Mattiello (2001) de la Federation of Societies for Coatings
Technology. Ces prix reconnaissent non seulement l’impor-
tance des progrès en sciences fondamentales, mais aussi
leurs répercussions sur les technologies.

Au début des 1990, Ahmad Yekta et Jean Duhamel insuf-
flent une nouvelle orientation au groupe de Winnik en mon-
trant que les données issues d’expériences par FRET sur
des colorants confinés à des domaines de tailles nanométri-
ques pouvaient être interprétées pour fournir des renseigne-
ments sur la taille et la forme de ces domaines. Ils inculquent
une rigueur mathématique de haut niveau à ces travaux de
recherche, ce qui se traduit par une plus grande richesse d’in-
formation pour bon nombre d’études réalisées par le groupe
de Winnik, y compris les études sur les polymères hydrosolu-
bles, sur les micelles de copolymères séquencés en solution
et sur la diffusion des polymères dans les pellicules de latex.
Par ailleurs, elle ouvre la voie aux études des interfaces où
les polymères de composition variée interagissent. De largeur
de quelques nanomètres, ces interfaces, qui ont une taille
supérieure aux unités de monomères, mais inférieure aux
molécules polymères, présentent des tailles de domaine pou-
vant être déterminées à l’aide du concept de transfert d’én-
ergie dans des dimensions restreintes.

Alors qu’il participe à la supervision des travaux de re-
cherche doctorale de Jason Massey à la fin des années
1990, il établit une collaboration avec Ian Manners sur l’étude
des micelles de copolymères séquencés formées par le poly-
ferrocenylsilane (PFS). Ces travaux s’avèrent étonnamment
fertiles et débouchent sur un grand nombre de découvertes
inattendues. À titre indicatif, il semble être le seul copolymère
séquencé connu qui forme des micelles fibreuses par un mé-
canisme analogue à celui des protéines, comme les fibres
amyloı̈des. Bon nombre de chercheurs ont apporté des contri-
butions considérables. Au nombre des chercheurs les plus
mémorables, mentionnons Yahya Rharbi qui attribue une na-
ture cristalline éventuelle au noyau du PFS; Xiaosong Wang
qui découvre l’autoassemblage spontané; Gerald Guerin qui
contribue aux prouesses techniques de la diffusion de la lumi-
ère; Hai Wang qui montre que ces nanofibres peuvent servir
de matrices dans la formation d’une diversité de nanoparti-
cules métalliques.

Un tournant dans les intérêts scientifiques du groupe de
Winnik s’est amorcé en 2005 lorsque Mitch est invité à partic-
iper à un projet avec Vladimir Baranov, Olga Ornatsky et Mark
Nitz; projet qui fait appel à la spectrométrie de masse avec
plasma à couplage inductif (ICP-MS) pour les dosages biolo-
giques hautement multiplexés. L’idée ici est d’utiliser différents
isotopes métalliques (lanthanide) comme étiquettes pour mar-

xi

Published by NRC Research Press



quer des anticorps, de façon analogue à l’utilisation de fluoro-
chromes. L’accent est porté initialement sur le phénotypage
des cellules leucémiques humaines. On demande ensuite au
groupe de Winnik de synthétiser des polymères métallifères
pour porter de nombreuses copies d’un métal ou d’un isotope
(comme 153Eu) donné afin de munir chaque anticorps de quel-
que 100 ions métalliques. L’objectif à long terme est de me-
surer de façon quantitative aussi peu que 100 copies d’une
biomoléculaire particulière dans une cellule donnée. Des ex-
périences récentes faisant appel à cette nouvelle technique
de cytométrie de masse peuvent détecter et quantifier plus
de 20 biomarqueurs pour chacune des cellules à l’aide d’une
seule analyse.

Au fil des années, Mitch est professeur invité à l’Université
de Bordeaux (1977–1978), éminent spécialiste du commerce
à IBM (1982), boursier JSPS à l’Institut de technologie de To-
kyo (1985–1986), boursier Alexander von Humboldt à l’Institut
Max Planck pour la recherche sur les polymères (1996) à
Mainz, Allemagne, ainsi que titulaire de la chaire de Paris-Sci-
ences à l’École Supérieure de Physique et Chimie Industrielle
(2000) de Paris, France.

Mitch est récipiendaire de nombreuses distinctions, y comp-
ris le prix de l’Institut de chimie du Canada (ICC) en science
des polymères (1993), le prix Forum Bell Canada pour les in-
teractions université-industrie (1995), le prix Alexander von
Humboldt pour chercheur principal (1996) et la médaille de
l’ICC (2004). Il devient membre de la Société royale du Can-
ada (1996) et de la division des sciences des matériaux poly-
mères de l’American Chemical Society (2002). En 2006, il
figure comme l’un des auteurs les plus cités en chimie par le
Web of Science de l’ISI Web of Science. Ses quelque 550
publications sont citées plus de 14 000 fois (h* = 57). À l’Uni-
versité de Toronto, on lui décerne le titre de « Professeur Uni-
versitaire », le prix le plus prestigieux de cette université
attribué en reconnaissance de l’excellence universitaire.

Le nombre et la qualité des articles de ce numéro dédié de
la Revue canadienne de chimie sont des gages de l’étendue
et la portée de son influence dans le milieu de la chimie et de
la science des polymères.

Jean Duhamel
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Transfer hydrogenations of benzaldehyde using
glycerol as solvent and hydrogen source

Dorith Tavor, Oxana Sheviev, Christina Dlugy, and Adi Wolfson

Abstract: Benzaldehyde was successfully reduced by catalytic transfer hydrogenation in glycerol using several ruthenium
based complexes and bases. Glycerol was employed as a green solvent and hydrogen source, and it allowed for easy prod-
uct separation and catalyst recycling and enabled the use of a microwave-assisted reaction.

Key words: transfer hydrogenation, catalysis, glycerol, green solvent, benzaldehyde.

Résumé : Le benzaldéhyde a été réduit avec succès par une hydrogénation de transfert catalytique, dans le glycérol, en
présence de plusieurs complexes et bases à base de ruthénium. Le glycérol a été utilisé à la fois comme source d’hy-
drogène et de solvant écologique et il permet de séparer facilement le produit, de recycler le catalyseur et d’utiliser les mi-
cro-ondes pour faciliter la réaction.

Mots-clés : hydrogénation par transfert, catalyse, glycérol, solvant écologique, benzaldéhyde.

[Traduit par la Rédaction]

Introduction
Carbonyl reduction is a fundamental organic transforma-

tion done using a variety of synthetic procedures.1–3 Metal
hydrides, and especially borohydrides, are cheap and simple
reducing agents that can easily reduce many carbonyl com-
pounds while producing characteristically high yields and
selectivities, but their use is usually accompanied by large
amounts of waste. Catalytic hydrogenation with molecular
hydrogen, using different homogeneous and heterogeneous
metal catalysts, is another potential route; however, it re-
quires extra precautionary measures and special, high pres-
sure equipment. Alternatively, transfer hydrogenation of
carbonyl compounds using different organic molecules as
the hydrogen source has also been intensively studied and
reported in the literature.4–7

The transfer hydrogenation of aldehydes and ketones is
usually performed in 2-propanol under a homogeneous
mode with different ruthenium based complexes and organic
or inorganic bases as cocatalysts.5,6 To overcome the diffi-
culties of the separation and recycling of homogeneous com-
plexes, supported ruthenium catalysts were introduced.8,9

We recently showed that 2-propanol can be replaced by
glycerol, which served as green solvent and hydrogen donor
in the transfer hydrogenation of various unsaturated organic
compounds and which facilitated easy product separation
and catalyst recycling.10 The promising physical and chemi-
cal properties of glycerol enabled its application as a green
solvent in many organic reactions, using various homogene-
ous and heterogeneous chemo- and bio-catalysts.11–13 As the
main byproduct of the conversion of oils and fats in oleo-
chemical production, glycerol is becoming more plentiful,

which reduces its price, due to increases in the production
and use of fatty acid derivatives in food, in the cosmetics
and drugs industries, and in biofuel synthesis, i.e., biodiesel.
As increasingly larger quantities of glycerol are generated
by the biodiesel industry, it is vital that economical ways of
utilizing glycerol be explored to further defray the cost of
biodiesel production. In addition to glycerol’s low environ-
mental impact, its replacement of 2-propanol in transfer hy-
drogenation reactions allowed for experiments to be run at
higher temperatures and facilitated easier product separation.
Furthermore, during the reaction glycerol is dehydrogenated
to dihydroxyacetone, which is a valuable ingredient in sun-
less tanning products.

In this study, glycerol was used as both solvent and hy-
drogen donor in the transfer hydrogenation of benzaldehyde
as the representative carbonyl compound (Fig. 1). Various
ruthenium complexes and different bases were tested as cat-
alysts and promoters, respectively. The effects of catalyst
and base types and of loading and reaction temperature on
catalytic performance were tested. In addition, catalyst recy-
cling tests and microwave-assisted reactions were also per-
formed.

Experimental

In a typical procedure, 2.2 mmol of benzaldehyde (0.22 g)
and 270 mmol of base (KOH, NaOH, or triethyl amine) were
added to a vial with 4 g of glycerol (all purchased from
Sigma-Aldrich). A corresponding amount of ruthenium cata-
lyst was added, such that the molar ratio of benzaldehyde to
ruthenium was in the range of 50–150. The mixture was
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placed in a preheated oil bath and heated to the required
temperature (45–75 8C), after which it was magnetically
stirred for 5–72 h. At the end of the reaction, the reaction
mixture was cooled and extracted with 3 � 5 mL diethyl
ether. The organic phase was concentrated under reduced
pressure, and the resulting crude product was analyzed by
gas chromatography (GC) analysis using an HP-5 column
(30 m � 0.25 mm, 0.25 mm thick).

Catalyst recycling experiments were done in a 100 mL
Erlenmeyer flask. For the first reaction cycle, 2 g benzalde-
hyde, 0.12 g Ru(p-cumene)Cl2-dimer, and 0.17 g KOH were
dissolved in 25 g of glycerol, and the reaction mixture was
heated in an oil bath to 70 8C for 18 h. At the end of the
reaction, the product and the residual substrate were ex-
tracted with 3 � 25 mL diethyl ether and the catalyst was
recycled by adding fresh benzaldehyde and running the reac-
tions under conditions similar to those of the first run.

The transfer hydrogenation of benzaldehyde under micro-
wave irradiation was carried out using a Ru(p-cumene)Cl2-
dimer as the catalyst and KOH as the base. Experiments
were conducted at atmospheric pressure in a domestic mi-
crowave oven (Crystal WP900, 900 W) in a 250 mL glass
vessel covered with a watch glass. Benzaldehyde (2 g) was
dissolved in 25 g of glycerol to which was added 0.12 g of
the complex and 0.17 g of KOH. The vessel was covered
with the watch glass, and the reaction mixture was heated
in the microwave for 3 min from 26 to 72 8C. The vessel
was then cooled to room temperature, and the reaction mix-
ture was extracted with diethyl ether for GC analysis.

Results and discussion

As previously mentioned, the homogeneous catalytic
transfer hydrogenation of carbonyl compounds is usually
performed with ruthenium complexes and a base. Thus, the
investigation began by running the transfer hydrogenation of
benzaldehyde in glycerol with different ruthenium catalysts
and several bases (Table 1). As expected, performing the re-
action in the absence of a base with all types of ruthenium
catalysts did not yield any product. In contrast, running the
reaction with potassium hydroxide but without a catalyst for
5 h resulted in a 20% yield of benzyl alcohol, but that yield
did not change when the reaction was allowed to continue
beyond 5 h (Table 1, entry 1). Increasing the amount of
base while performing the reaction without catalyst resulted
in a faster reaction, but did not change the final yield of
benzyl alcohol. Replacing KOH with triethyl amine as a rep-
resentative organic base and performing the reaction in the
absence of the ruthenium complex failed to yield any prod-
uct (Table 1, entry 2). It was previously reported that the
role of the base in transfer hydrogenation–dehydrogenation
reactions is to abstract the acidic proton of the hydrogen do-
nor, thereby initiating the catalytic cycle.14 In addition, it
was found that soluble KOH by itself also catalyzed the

transfer hydrogenation of acetophenone in 2-propanol15 and
solid KOH and NaOH were successfully used in the dehy-
drogenation of aromatic alcohols.16

When ruthenium complex and KOH were added together
to the reaction mixture, the yield of benzyl alcohol after 5 h
was similar to the yield that was detected with KOH alone
after 5 h (Table 1, entries 4–6), except in the case of the
Ru(p-cumene)Cl2-dimer that exhibited a 40% higher yield
of benzyl alcohol (Table 1, entry 3). Performing a compara-
tive reaction in 2-propanol under similar conditions, using
Ru(p-cumene)Cl2-dimer as catalyst and KOH as base, re-
sulted in a 36% yield of benzyl alcohol, which is 33%
higher than the yield in glycerol. It might be attributed to
the lower viscosity of 2-propanol or to the difference in the
structure of the two solvents that makes their affinity to the
catalyst different and thus their ability to transfer proton and
hydride. Although the yield of benzyl alcohol with KOH
alone did not change after 5 h, the addition of all ruthenium
complexes to KOH resulted in an increased yield after 24 h
(Table 1, entries 3–6). These results imply that both the base
and the ruthenium catalyst are necessary to maintain the cat-
alytic cycle. In addition, no difference was found when the
reaction was performed under an inert atmosphere.

The important reaction-initiating role of the base
prompted us to test the effect of base type on benzyl alcohol
yield (Table 1, entries 7–8). It was found that replacing
KOH with either NaOH or triethyl amine did not change
the yield. In addition, the yield of benzyl alcohol was only
slightly changed at reaction temperatures in the range of
45–75 8C (Table 1, entry 9). Finally, replacing benzaldehyde
with 2-octanone and running the reaction under similar reac-
tion conditions resulted in a lower yield, as aliphatic ketones
are less active in transfer hydrogenation reactions (Table 1,
entry 10).

Reaction progress over time was tested with the Ru(p-
cumene)Cl2-dimer and KOH (Fig. 2). The results show that
increasing the reaction time led to a linear increase in the
yield of benzyl alcohol. Benzaldehyde conversion was also
affected by complex loading (Fig. 3). By decreasing the
amount of the complex, thus increasing the substrate to cat-
alyst ratio, the turnover frequency (TOF, the amount of sub-
strate that was converted per each catalyst molecule per
hour) increased linearly, thereby revealing that under these
conditions, each molecule of complex undergoes more cata-
lytic cycles per hour.

Finally, the efficacy of recycling the Ru(p-cumene)Cl2-
dimer, KOH, and glycerol together was examined. The first
reaction cycle was performed at 70 8C for 18 h, and at the
end of the reaction the product and the residual substrate
were extracted with diethyl ether to reveal a benzyl alcohol
yield of 62%. Fresh benzaldehyde was then added to the re-
action mixture for the second and third cycles, and the reac-
tion was run under the same conditions as the first cycle.
The yields of the second and the third cycles were 54% and

Fig. 1. Transfer hydrogenation of benzaldehyde in glycerol.
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42%, respectively. The observed decline in yield may be at-
tributable to partial deactivation of the catalyst or partial
loss of base during the reaction. Thus, a recycling experi-
ment with the addition of extra fresh KOH to the second re-
action cycle was also tested. It resulted in a slightly higher
benzyl alcohol yield of 59% instead of a yield of 54%
when fresh base was not added. Finally, because transfer hy-
drogenation–dehydrogenation reactions are equilibrium reac-
tions, glycerol’s role as hydrogen donor could mean that
part of it was already dehydrogenated in the former reaction
cycles. If so, then the dehydrogenated glycerol would affect
the conversion of benzaldehyde in the later cycles.

In addition to its roles as both solvent and hydrogen donor,
glycerol also tolerated microwave-promoted heating.10–13

Based on the ability of the solvent to absorb microwave en-
ergy and convert it into heat, microwave heating is ideally
suited to the high dielectric constants and high boiling points

of polar solvents with hydroxyl substitution such as glyc-
erol.17,18 The transfer hydrogenation of unsaturated organic
compounds under microwave irradiation has been studied
previously.19–21

Microwave-promoted transfer hydrogenation of benzalde-
hyde in glycerol was carried out using a Ru(p-cumene)Cl2-
dimer as the catalyst and KOH or triethyl amine as the
base. The experiment was conducted in a domestic micro-
wave oven at atmospheric pressure in a 250 mL glass vessel
covered with a watch glass. Benzaldehyde (2 g) was dis-
solved in 25 g of glycerol after which 0.12 g of the complex
and 0.17 g of the bases were added. The reaction mixture
was heated in the microwave for 3 min from 26 to 72 8C.
At the end of the reaction, the vessel was cooled to room
temperature and the reaction mixture was extracted with di-
ethyl ether for GC analysis. The yields were found to be
33% with KOH as the base and 25% with triethyl amine as

Table 1. Transfer hydrogenation of benzaldehyde in glycerol.

Entry Catalyst type Base type Yield after 5 h (%) Yield after 24 h (%)
1 — KOH 20 20
2 — Et3N 0 0
3 Ru(p-cumene)Cl2-dimer KOH 27 45
4 RuCl3*H2O KOH 20 38
5 RuCl2(TPP)3

a KOH 20 48
6 RuCl2(TPPS)3

b KOH 20 39
7 Ru(p-cumene)Cl2-dimer NaOH 20 20
8 Ru(p-cumene)Cl2-dimer Et3N 19 19
9 Ru(p-cumene)Cl2-dimerc KOH 25 42
10 Ru(p-cumene)Cl2-dimerd KOH — 27

Note: Reaction conditions: 4 g glycerol, 0.22 g benzaldehyde, S/C = 100, 270 mmol base, 70 8C.
aTPP: triphenylphosphine.
bTPPS: tris-(3-sulfophenyl)-phosphine trisodium salt.
c45 8C.
d0.22 g 2-octanone.

Fig. 2. The progress of the reaction over time. Reaction conditions: 4 g glycerol, 0.22 g benzaldehyde, S/C = 100, 270 mmol KOH, 70 8C.

Tavor et al. 307

Published by NRC Research Press



the base, but the reaction in the absence of catalyst yielded a
much lower conversion. These yields are higher than those
detected under conventional heating after 5 h.

Conclusion
To conclude, benzaldehyde was successfully reduced to

benzyl alcohol in catalytic transfer hydrogenation in glycerol
using several ruthenium complexes as catalyst and using
both organic and inorganic bases. Glycerol was employed
as both a green solvent and also as the hydrogen source. As
a solvent, glycerol also facilitated easy product separation
and catalyst recycling, and it was amenable to microwave-
promoted reactions.
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Using the nitro group to induce p-stacking in
terthiophenes

Wendy A. Sears, Craig D. MacKinnon, Robert C. Mawhinney, Lauren C. Sinnemaki,
Matthew J. Johnson, A. John Winter, and Craig M. Robertson

Abstract: A new synthetic route to mononitrated oligothiophenes is described, as well as the preparation of halogenated
derivatives (Br, I) thereof. An unusual deep red colour is observed and explained, with the aid of DFT calculations, as
arising from a significant quinoidal contribution to the molecular structure. The crystal structures of two compounds,
H(C4H2S)3NO2 and Br(C4H2S)3NO2, are presented. Both compounds have planar sheets held together by intermolecular
short contacts (hydrogen bonds and, for the latter, NO2���Br interactions); the sheets do not directly superimpose, so the ef-
fect of the p-stacking is not maximized. Solid-state fluorescence and extended-Hückel band-structure calculations are also
presented for these materials.

Key words: oligothiophene, organic semiconductor, crystal structure, band structure, nitro-substitution.

Résumé : On décrit une nouvelle méthode générale de synthèse des oligothiophènes mononitrés ainsi que la préparation
de leurs dérivés bromés et iodés. On a observé une couleur rouge foncé inhabituelle et, en se basant sur des calculs de la
théorie de la fonctionnelle de la densité (TFD), on suggère qu’elle résulte d’une importante contribution quinonoı̈dale à la
structure moléculaire. On a déterminé les structures cristallines des deux composés H(C4H2S)3NO2 et Br(C4H2S)3NO2. Les
deux composés se présentent sous la forme de feuillets plans maintenus en place par des contacts intermoléculaires courts
(liaisons hydrogènes et, dans le deuxième cas, interactions NO2���Br); les feuillets ne sont pas directement superposés et il
en résulte que l’effet de superposition p n’est pas maximisé. On rapporte aussi les résultats obtenus pour la fluorescence à
l’état solide de ces matériaux ainsi que les calculs étendus de Hückel de leur structure de bande.

Mots-clés : oligothiophène, semiconducteur organique, structure cristalline, structure de bande, substitution par un groupe
nitro.

[Traduit par la Rédaction]

Introduction

Organic materials are carbon-based small molecules or
polymers with interesting electronic properties. Two of the
most studied organic semiconductors are the oligothio-
phenes1–3 and the acenes.4 The promise of organic materials
is held in the ability of the compounds to undergo ‘‘tuning’’
of the electronic structures through molecular substitution.
Thus, an overwhelming variety of oligomers have been
made, from dendrimers to polymers to molecules substituted
at every position.

Unsubstituted organic semiconductors are mostly p-type
(where the charge is carried by positive charges, or holes).
Attachment of electron-withdrawing groups can convert
them to n-type conductors (negative charge carriers), e.g.,
dihexylsexithiophene is p-type while bis(perfluorohexyl)sex-
ithiophene is n-type.5 The lowering of the frontier orbitals
upon attachment also increases environmental stability be-
cause reactivity with oxygen in the air is reduced. Molecules

substituted with both an electronic acceptor and an elec-
tronic donor will contain an internal charge-transfer elec-
tronic transition that can be exploited for non-linear optical
devices6,7 or as light-emitting diode dyes.8 These electronic
consequences are well-documented; far less is known of the
structural consequences. Perfluorination9 and a,u-cyano-
substitution,10,11 for example, both lead to a greater degree
of p-stacking in the single-crystal structure, which is fortu-
nately a beneficial outcome as p-stacking has been shown
to increase mobility in standard device configurations.12,13

The nitro group is a typical example of a strong electron-
withdrawing group that has been attached to molecular ma-
terials.14–17 While the resultant materials have been well-
studied electronically, structural investigations into the con-
sequences of nitro substitution are sparse. Therefore, we
have undertaken the synthesis and crystal growth of structur-
ally simple nitro-substituted oligothiophenes. We chose to
limit ourselves to mono-nitrated derivatives because these
species are of greater synthetic interest, potentially allowing
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subsequent substitution to generate more complex mole-
cules. The use of the letter ‘‘T’’ as an abbreviation for the
2,5-disubstituted thienyl ring is common in the oligothio-
phene literature (see Scheme 1). Using this abbreviation, we
report herein the synthesis of several XTnNO2 species,
where X = H, Br, or I, and n = 2 (bithiophene) and 3 (ter-
thiophene). We also present the crystal structures of
HT3NO2 and BrT3NO2.

Results and discussion

Synthesis
The compounds HT3NO2 and BrT3NO2 have been previ-

ously reported, but experimental details are scanty.18 Fur-
ther, we found the reported conditions to be excessively
harsh, resulting in loss of regiochemical control, multiple ni-
trations, or oxidation of the thiophene ring.19 Therefore, we
report a new, milder synthesis of these species. We also re-
port synthesis of the new species BrT2NO2 and IT3NO2,
which can be made the same way (although synthesis of
BrT2NO2 by the route T2 ? BrT2H ? BrT2NO2 proved to
have higher yield and purity). The reaction Scheme summa-
rizes the syntheses. Nitration using nitric acid in acetic an-
hydride gave the best results, allowing us to heavily favour
nitration at one (and only one) of the a-sites on H2T2 and
H2T3. Unfortunately, this could not be extended to longer
oligomers (the lack of solubility of T4, for example, required
heating the nitration step, leading to inseparable mixtures of
regioisomers). Suzuki coupling20–22 of HT2B(OH)2 and
BrT2NO2 seemed to be a reasonable alternate route, but the
low solubility of the product HT4NO2 prevented purification
by recrystallization or chromatography. Sublimation af-
forded some material but it was always accompanied by a
significant amount of H2T4 and unidentified decomposition
product(s) (probably due to polymerization). The insolubility
of HT4NO2 also prevented the regioselective synthesis of
halogenated derivatives. Stille coupling23–26 was even less
useful because it had the same problems as the Suzuki
method, with the additional difficulty of stannyl contamina-
tion.

Spectroscopic and computational studies

The most striking characteristic of the nitro-substituted
terthiophenes is their deep red colour, in contrast to the pale
yellow of unsubstituted H2T3. We10,27 and others18,28–30 have
reported the UV–vis and fluorescence spectra in solution of
a variety of oligothiophenes; some of the data are summar-

ized in Table 1. It is obvious from these data that the nitro
group has an effect on lMAX that is larger than it should be
based on a simple particle-in-a-box argument, i.e., the NO2
group should extend the molecule by only two bonds, the
same as the nitrile group. Instead, the lMAX of HT3NO2 is
closest to that of H2T5 (extending the conjugation by eight
bonds). We conclude that the NO2 substituent helps rigidify
the backbone by introducing a quinoidal resonance structure
1Q to the molecule. This restricts the free rotation (it has a
very small energy barrier35,36) about the C5–C2’ and the
C5’–C2’ (ring–ring) bonds in the aromatic form 1A. This ro-
tation disrupts the extended conjugation of the oligomer and
shortens the lMAX, so the restricted rotation in 1Q increases
the effective average conjugation length. Addition of a sec-
ond nitro group (e.g., compound 2) does not have the same
effect, presumably because the quinoidalization has already
occurred with the first NO2 group.

For verification, we turned to DFT calculations. If the res-
onance form 1Q is significant, it should lead to a greater de-
gree of p-bonding between C2 and C3 than is present in the
aromatic form 1A. The bonds C1–C2 and C3–C4 should
also lengthen. The results are shown in Table 2, along with
experimental bond lengths from crystal structures when
available (HT3NO2 and BrT3NO2 are reported below for the
first time, while the other species have been previously re-
ported). Unfortunately, the ratio derived from the crystal
structures is unconvincing, partly due to the fact that the ra-
tio (C2–C3/C1–C2) can vary widely due to crystal packing
effects, and partly because the errors in the calculated ratios
are within the statistical errors arising from the atomic
ESDs. The computational results are more convincing, and
may anyway be more representative of the structure in solu-
tion (i.e., in the absence of packing effects). For the com-
puted structures, the C2–C3 bond decreases in length by
0.012 Å on changing from an H to an NO2. The C1–C2
bond lengths also increase slightly, verifying that the reso-
nance structure 1Q does, in fact, have some influence on
the structure of these molecules.

This change is essentially identical no matter what is hap-
pening at the other end of the molecule (independent of R2).
This is somewhat counterintuitive because the quinoidal
form 1Q should be stabilized by lone pairs on R2, which
could occur when R2 = Br but not when R2 = H. We would
conclude that the nitro group is such a strong electron-with-
drawing substituent that a donor group at the other end is

Scheme 1.
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essentially irrelevant (or, put another way, the far thiophene
ring acts as the donor group).

Solid-state structures
Since we wished to determine the solid-state influence of

the nitro group, crystals of both HT3NO2 and BrT3NO2 were
grown, the former by sublimation and the latter from solu-
tion. The pertinent refinement data are given in Table 3. Un-
fortunately, the crystals for BrT3NO2 were of low quality.

Because of its low solubility, conversion from HT3NO2 to
BrT3NO2 required heating and a long reaction time, which
created a mixture of brominated products. Purification by re-
peated recrystallization did not fully separate these substan-
ces, so consequently a small amount of disubstituted
material remained, which was modeled using partial occu-
pancies as shown in Fig. 1 (the atoms labeled ‘‘H/Br2’’ and
‘‘H/Br3’’ are the partially occupied sites). Repeated sublima-
tion of the product did lead to pure BrT3NO2 by combustion

Table 1. Absorption and fluorescence data for XTnNO2 compounds. Solutions of CH2Cl2 were used, lMAX values are reported in nm
units. Literature values are in brackets.

Compound UV–vis absorption Fluorescence (solution)a Fluorescence (solid)a HOMO–LUMO gapb

H2T3 [354] 428, 420 [411, 433] 480, 505, 455 [471, 455, 505]32 318
H2T4 [390] 440, 465 [454, 484] 528, 552 [555, 526]33

H2T5 417 [418, C6H6]29 496, 516 [482, 514, dioxane]30 669
BrT2NO2 401 504 575c 332
HT3NO2 [440] 581 [610] 643 379
BrT3NO2 [430] 581 [590] 669 383
IT3NO2 442 585 670
Compound 2 [444]31

BrT3CN 381 426 438

Note: Literature values are also in CH2Cl2 from ref. 18, unless otherwise stated.
aItalicized peaks are shoulders, peaks are listed in order of decreasing intensity.
bUsing the PBE0/6–311++G(2df,pd) basis set, energy converted to equivalent wavelength in nm.
cTransition overlaps with a Raman scattering peak, which might alter the lMAX slightly.

Table 2. Selected bond lengths for H2T3, HT3NO2, BrT3NO2, compound 2, and T3CN2; calculated values are at the PBE0/6–
311++G(2df,pd) level, distances in Å.

Compound C1–C2 C2–C3 C3–C4 C4–C5 Ratioa

H2T3 Crystal structureb 1.374(13) 1.458(12) 1.422(11) 1.450(12)
1.359(13) 1.412(13) 1.398(12) 1.439(13)
1.385(12) 1.431(11) 1.426(11) 1.460(13)
1.3282(14) 1.407(13) 1.442(11) 1.447(12)

[1.375 (avg)] [1.427 (avg)] [1.422 (avg)] [1.449 (avg)] 1.038
Calculated 1.362 1.412 1.373 1.442 1.032
Calculatedc,d 1.368 1.423 1.380 1.457 1.040

HT3NO2 Crystal structure 1.354(3) 1.405(2) 1.369(2) 1.450(2) 1.038
Calculated 1.366 1.400 1.382 1.437 1.025

BrT3NO2 Crystal structure 1.391(9) 1.404(9) 1.371(10) 1.464(9) 1.009
Calculated 1.366 1.400 1.382 1.437 1.025
Calculatedc,d 1.373 1.409 1.392 1.450 1.026

Compound 2 Crystal structuree 31 1.363(3) 1.404(3) 1.377(3) 1.461(3)
1.359(3) 1.402(3) 1.379(3) 1.451(3)

[1.361 (avg)] [1.403 (avg)] [1.378 (avg)] [1.456 (avg)] 1.031
Calculatedc 1.373 1.410 1.391 1.452 1.027

T3(CN)2 Crystal structuref 10 1.367(15) 1.389(16) 1.367(15) 1.461(14)
1.362(14) 1.424(13) 1.370(14) 1.362(14)
1.302(17) 1.376(16) 1.345(16) 1.447(14)
1.350(16) 1.417(14) 1.346(14) 1.450(14)
1.341(16) 1.384(14) 1.353(15) 1.469(14)

[1.344 (avg)] [1.398 (avg)] [1.356 (avg)] [1.438 (avg)] 1.040

aThe ratio of the bond lengths (C2–C3)/(C1–C2).
bThere are two crystallographically independent H2T3 molecules, neither of which have C2v symmetry.
cAt the B3LYP/631G** level, from ref. 34.
dCalculated for the mononitrated equivalent of 2 (H or Br in place of one NO2).
eThe molecule does not have C2v symmetry in the crystal structure.
fThere are 2.5 molecules in the asymmetric unit.
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analysis. However, we were unable to obtain even low-
quality single crystals of purified BrT3NO2. Fortunately, the
gross structure does give the necessary information on
atomic connectivities, and it shows the molecules forming
ribbons held together by the halo-nitro supramolecular syn-
thon.37,38 Contact between the bromo and one oxygen on
the nitro (as opposed to both oxygens equally) is typical.39

The ribbons stack cofacially, but they are offset so that the
p-systems overlap very little. Interestingly, rings 1 (C1–C4)
and 2 (C5–C8) are mutually syn, while rings 2 and 3 (C9–
C12) are anti to each other. While the syn orientation is
less common, it is not unheard of (in fact, compound 2 also
has mutually syn rings in its crystal structure31).

Figure 2 shows the crystal structure of HT3NO2. In this
case, sublimation led to good-quality crystals. The mole-
cules line up in head-to-tail ribbons joined by hydrogen
bonds between each nitro oxygen and an aromatic hydrogen.
There is also a cross-ribbon hydrogen bond, generating a
two-dimensional sheet. These sheets stack in the third di-
mension, leading to p-stacks, the favored orientation for
maximizing carrier mobility in molecular semiconductors.
The p-stacking is not fully optimized, however, as consecu-
tive ribbons run in opposite directions in the centrosymmet-
ric space group.

Even though the p-stacking is not optimal in either struc-
ture, there are clearly intermolecular interactions that give

Table 3. Crystallographic refinement information for HT3NO2 and BrT3NO2.

Compound HT3NO2 BrT3NO2

Empirical formula C12H7NO2S3 C12H6BrNO2S3

Formula weight 293.37 476.53
Crystal system Triclinic Triclinic
Space group P�1� P�1�

a (Å) 6.3225(3) 7.3587(6)
b (Å) 7.6385(4) 7.8832(7)
c (Å) 13.2640(6) 13.7617(12)
a (8) 74.5191(10) 97.595(2)
b (8) 83.4360(10) 96.644(2)
g (8) 87.3150(10) 113.5590(10)
V (Å3) 613.20(5) 712.77(11)
Formula units (Z) 2 2
rcalcd. (g cm–3) 1.589 2.222
m (Mo Ka) (mm–1) 0.595 7.063
Crystal dimensions (mm) 0.40 � 0.24 � 0.14 0.22 � 0.08 � 0.04
F(000) 300 457
q range (8) 3.21 < q < 26.50 2.98 < q < 25.99
Reflections collected 7285 8090
Unique reflections 2532 2795
R1 [I > 2s(I)] 0.0315 0.0537
wR2 (all data) 0.0881 0.1084
Goodness of fit on F2 1.051 1.276

Fig. 1. Crystal structure of BrT3NO2. Top left: molecule showing atom numbering and thermal ellipsoids. Top right: two coplanar molecules
showing the lack of face-to-face p-stacking between layers. Bottom: the two-dimensional sheet forcing coplanarity on the molecules, show-
ing the short O���Br contacts and hydrogen bonds.
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rise to intermolecular interactions between molecules in the
solid state. The normalized fluorescence spectra for H2T3
and HT3NO2 (in both CH2Cl2 solution and powder solid)
are shown in Fig. 3. The lMAX for all the solid-state data
were presented in Table 1, along with the solution data. The
lMAX increases significantly for the solids compared with
the solutions, demonstrating that the solid-state optical band
gap is smaller than the molecular HOMO–LUMO gap.

The electrostatic hydrogen bonds connecting the mole-
cules in the solid state do not contribute to the formation of
an extended three-dimensional electronic structure. This is
verified by Extended Hückel band structure calculations on
RT3NO2 (R = H, Br), the results of which are shown in
Fig. 4, along with the same calculation on H2T3, using the
literature crystal structure;35 numerical data are given in Ta-
ble 4. The bandwidths are narrow, with little dispersion
along any of the reciprocal space axes. In triclinic space
groups, in which all these structures crystallize, the direc-
tions X, Y, and Z do not correspond to the real-space axes
a, b, and c; however, this does not affect the gross conclu-
sion that the dispersion is small. The band gap is signifi-
cantly lower in the nitro-substituted species than in the
unsubstituted molecule, but this is a reflection of the change
in the energies of the HOMO and LUMO not a reflection of
an increase in the bandwidths. The bandwidths are much
narrower than those published for H2T6

41 but are comparable
to H2T3, so longer nitro-substituted oligomers may have sig-
nificantly larger bandwidths.

Conclusions

The attachment of one nitro group to a terthiophene
oligomer is possible by using the relatively mild conditions
of nitric acid in acetic anhydride. The resultant product,
HT3NO2 has an unusually small HOMO–LUMO energy
gap, which we attribute to the effect of the quinoidal reso-

nance structure. The solid-state crystal structure consists of
two-dimensional planes of molecules held together by hy-
drogen bonds. Although the sheets do not superimpose, there
is some p-stacking between the sheets. Bromination and io-
dination of this molecule is possible, and the BrT3NO2 mol-
ecule also has a p-sheet crystal structure, with hydrogen
bonds and NO2���Br contacts. In this case, there is little p-
interaction between the sheets. Neither solid has large dis-
persion in the band structure, but the bandwidths are similar
to unsubstituted H2T3, so longer nitrated oligomers may
have more electronically useful band structures. The band
gap is significantly smaller in nitro-substituted species, but
this is simply a reflection of the smaller HOMO–LUMO
gap. These results suggest that the nitro group is a good can-
didate for inducing p-stacking in oligothiophenes.

Experimental

Materials
Starting reagents were purchased from Aldrich and used

Fig. 2. Crystal structure of HT3NO2. Top left: molecule showing atom numbering scheme and thermal ellipsoids. Top right: side view of the
p-stack; the top and bottom molecules have one S pointing at the viewer while the middle molecule has two, demonstrating the alternation
in the sense of the stacking. Bottom: two-dimensional sheets held together with hydrogen bonds.

Fig. 3. Normalized solution and powder fluorescence spectra for
H2T3 and HT3NO2.
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without purification, except N-bromosuccinimide (NBS),
which was recrystallized from water. Solvents were pur-
chased from Anachemia or Caledon and purified prior to
use: dichloromethane, diethyl ether, and tetrahydrofuran
(THF) by passage through an alumina column under N2;
alcohols by distillation from magnesium under N2.
Oligothiophenes 2,2’-bithiophene (H2T2); 2,2’:5’,2@-terthio-
phene (H2T3); 2,2’:5’,2@:5@,2@’-quaterthiophene (H2T4); and
2,2’:5’,2@:5@,2@’:5@’,2@@-quinquethiophene (H2T5) were synthe-
sized by Grignard couplings of thienylmagnesium bromide
(HTMgBr) to 2-bromothiophene (BrTH); 2,5-dibromothiophene
(Br2T); 5,5’-dibromo-2,2’-bithiophene (Br2T2); and 5,5’-di-
bromo-2,2’:5’,2@-terthiophene (Br2T3), respectively, using
the Kumada coupling catalyst (Ni(dppp)Cl2) [1,3-bis(diphe-
nylphosphino)propane]dichloronickel(II).42 The method of
Bäuerle43 was used for monobromination to create 5-bromo-
2,2’-bithiophene (BrT2H), and for all dibrominations. 5-Bromo-
2,2’:5’,2@-terthiophene-5’-carbonitrile (BrT3CN) was prepared
by the literature route.10 All reactions were performed under
an atmosphere of N2 (using Schlenk conditions).

Instruments
FTIR spectra were recorded as nujol mulls on a Nicolet

380 FTIR spectrometer; vibrational frequencies are reported
as wavenumbers (cm–1), with an experimental resolution of
4 cm–1. NMR spectra were recorded on a Varian Unity In-
ova 500 at room temperature in CDCl3 or DMSO-d6 solu-
tions, referenced to TMS added to the sample or to the
residual protonated solvent peak. Fluorescence measure-
ments were taken on a PerkinElmer LS50B luminescence

spectrometer, while UV–vis absorption spectra were re-
corded on a PerkinElmer Lambda 11 UV–vis spectrometer;
both were recorded as CH2Cl2 solutions. Combustion analy-
ses were performed on a CEC (SCP) 240-XA Analyzer.
Gradient vacuum sublimations and crystal growth for X-ray
crystallography were performed on an Applied Test Systems
model 3210 split tube furnace attached to a series 2404
three-zone temperature control system. Melting points were
recorded on an Electrothermal 9100 apparatus and are un-
corrected. Mass spectra were recorded on a Micromass VG
Autospec electron impact mass spectrometer at Lakehead
University or on a Bruker Reflex III laser desorption/ioniza-
tion time-of-flight mass spectrometer at the Mass Spectrom-
etry Facility in the Advanced Analysis Centre at the
University of Guelph.

X-ray crystallography
Single-crystal data were collected using the Smart Apex

CCD (Bruker) equipped with an area detector utilizing
graphite-monochromated Mo Ka radiation (l = 0.71073 Å).
The data were corrected for Lorentz and polarization effects.
Absorption corrections were based on fitting a function to
the empirical transmission surface as sampled by multiple
equivalent measurements of numerous reflections using the
scale function of the APEX II software. The space groups
for all compounds were determined on the basis of the sys-
tematic absences using symmetry and space group of the
APEX II package. Structure solution and refinement using
the SHELXTL package of APEX II were successful in the
chosen centrosymmetric space groups. The structure solution

Fig. 4. Extended-Hückel band structures of H2T3, HT3NO2, and BrT3NO2. The dashed line is the Fermi level.

Table 4. Band structures of selected oligothiophenes.

Compound Band gap Valence bandwidth Conduction bandwidth Reference
H2T3 2.08 0.013 0.11 This worka

HT3NO2 0.92 0.083 0.048 This work
BrT3NO2

b 0.60 0.016 0.023 This work
H2T4 2.24 0.52 0.44 40
H2T6 1.94 0.79 0.52 41

aThe band structure calculation is new to this work, using the literature crystal structure (ref. 35).
bThe crystal structure contains sites with partial Br occupancy; the band structure calculation has assumed 100% H for those sites.
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via direct method led to the identification of the heavy
atoms and the refinement on F2 using least-square method
resulted in good R values. Full details of the structures have
been deposited with the Cambridge Crystallographic Data
Centre (see Supplementary data for details).

Computational details
Calculations used the PBE0 hybrid functional44–46 and the

large basis set 6–311++G(2df, pd)47,48 as implemented in the
Gaussian 03 package.49

Synthesis of 5-bromo-5’-nitro-2,2’-bithiophene (BrT2NO2)
Although this compound was often made in the method

outlined in the Scheme 1, we found that the following
method gave a higher-purity product. In 25 mL of acetic an-
hydride, 4.79 g (20 mmol) of BrT2 was dissolved, and the
mixture was cooled to 0 8C. To this solution (maintaining
0 8C) was added dropwise with stirring a mixture of 1.50 g
(24 mmol) of nitric acid in 20 mL of acetic anhydride. The
resultant mustard-yellow solution was quenched with satu-
rated sodium bicarbonate and extracted into dichlorome-
thane. Rotary evaporation followed by recrystallization
(from ethanol) and sublimation (two times) yielded 1.45 g
(25.6%) of analytically pure material. Mp 190–193 8C. 1H
NMR (DMSO-d6) d (ppm): 8.12 (d, JAB 4.0 Hz, 1 H), 7.56
(d, JAB 4.0 Hz, 1 H), 7.45 (d, JAB 4.0 Hz, 1H), 7.36 (d, JAB
4.0 Hz, 1 H). Mass spectrum m/z: 291 (M+, 98%), 261 ([M –
NO]+, 26%), 245 ([M – NO2]+, 23%), 201 ([M – SCNO2]+,
100%). Anal. calcd. for C8H4BrNO2S2: C 33.12, H 1.38, N
4.83; found: C 32.75, H 1.62, N 4.51%.

Synthesis of 5-nitro-2,2’:5’,2@-terthiophene (HT3NO2)
In 100 mL of acetic anhydride, 8.75 g (35 mmol) of H2T3

was dissolved, and the mixture was warmed until the oligo-
thiophene dissolved. To this solution was added dropwise
with stirring 2.75 g (44 mmol) of nitric acid. The dark-col-
oured solution was quenched with saturated sodium bicar-
bonate, at which time a dark-red precipitate formed. The
solid was suction-filtered and washed with toluene and hex-
anes to give 3.19 g (31%) of an orange powder. Gradient
sublimation in a tube furnace (95–70 8C) afforded analyti-
cally pure red crystals suitable for X-ray crystallography.
Rotary evaporation followed by recrystallization (from etha-
nol) and sublimation (two times) yielded 1.45 g (25.6%) of
analytically pure material. Mp 157–160 8C. 1H NMR
(DMSO-d6) d (ppm): 8.12 (d, JAB 4.5 Hz, 1 H), 7.69 (d, JAB
4.0 Hz, 1 H), 7.63 (d, JAB 6.0 Hz, 1H), 7.46 (d, JAB 4.5 Hz,
2 H), 7.41 (d, JAB 4.0 Hz, 1 H), 7.15 (dd, JAB = JAC 4.5 Hz,
1 H). Mass spectrum m/z: 293 (M+, 100%), 247 ([M –
NO2]+, 25%), 203 (87%). Anal. calcd. for C12H7NO2S3: C
49.13, H 2.40, N 4.77; found: C 49.14, H 2.46, N 4.77%.

Synthesis of 5-bromo-5’-nitro-2,2’:5’,2@-terthiophene
(BrT3NO2)

In 100 mL of DMF was dissolved 0.78 g (2.7 mmol)
HT3NO2. While stirring in the dark, 1.84 g (10 mmol) was
added portionwise over the course of 2 h, after which the
solution was stirred overnight. Crude material precipitated
upon addition of water. The red solid was recrystallized
from toluene and repeatedly sublimed (120–90 8C) to ob-
tain analytically pure material. Mp 172–175 8C. Mass spec-

trum m/z: 373 (M+, 100%), 327 ([M – NO2]+, 27%), 283
([M – SCNO2]+, 73%), 145 (33%). Anal. calcd. for
C12H6BrNO2S3: C 38.72, H 1.62, N 3.76; found: C 38.57,
H 1.94, N 3.84%. Crystals suitable for X-ray crystallogra-
phy were prepared by repeatedly recrystallizing the crude,
i. e., isolating and redissolving material in toluene; this had
the effect of concentrating the multibrominated byproducts,
giving the structure as discussed in the text.

Synthesis of 5-iodo-5’-nitro-2,2’:5’,2@-terthiophene (IT3NO2)
To a solution of 3.19 g (11 mmol) HT3NO2 in 250 mL of

DMF was added portionwise (in the dark) 2.48 g (11 mmol)
of NIS. The mixture was then stirred overnight, followed by
precipitation upon addition of water, giving 2.7 g (64%) of
red-orange material. This material was purified by sublima-
tion in vacuo. Mp 232–233 8C. 1H NMR (CDCl3) d (ppm):
7.86 (d, JAB 4.5 Hz, 1 H), 7.26 (d, JAB 3.0 Hz, 1 H), 7.20 (d,
JAB 4.0 Hz, 1 H), 7.09 (d, JAB 4.0 Hz, 1 H), 7.07 (d, JAB
4.0 Hz, 1 H), 6.91 (d, JAB 4.0 Hz, 1 H). Mass spectrum m/
z: 419 (M+, 100%), 373 ([M – NO2]+, 23%), 329 (40%), 293
([M – I]+, 11%). Anal. calcd. for C12H6INO2S3: C 34.38, H
1.44, N 3.34; found: C 34.50, H 1.65, N 3.11%.

Supplementary data

Supplementary data for this article (computational data,
including optimized geometries, orbital energies, and verti-
cal excitation energies on the series R1TnR2 (n = 1–3; R1 =
H or Br, R2 = H or NO2) and experimental information on
the synthesis of XT4NO2 (X = H, Br)) are available on the
journal Web site (http://canjchem.nrc.ca) or may be pur-
chased from the Depository of Unpublished Data, Document
Delivery, CISTI, National Research Council Canada, Ot-
tawa, ON K1A 0R6, Canada. DUD 5327. For more informa-
tion on obtaining material, refer to http://cisti-icist.nrc-cnrc.
gc.ca/eng/ibp/cisti/collection/unpublished-data.html. CCDCs
739773 (HT3NO2) and 739774 (BrT3NO2) contain the X-ray
data in CIF format for this manuscript. These data can be
obtained, free of charge, via http://www.ccdc.cam.ac.uk/
conts/retrieving.html (Or from the Cambridge Crystallo-
graphic Data Centre, 12 Union Road, Cambridge CB2 1EZ,
UK; fax +44 1223 336033; or deposit@ccdc.cam.ac.uk).
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A halogenated pseudopterane diterpene from the
Bahamian octocoral Pseudopterogorgia acerosa

Abhijeet S. Kate, Kelly Richard, Balaji Ramanathan, and Russell G. Kerr

Abstract: Two new pseudopteranoid diterpenes have been isolated from the gorgonian coral Pseudopterogorgia acerosa
and have been characterized by NMR and mass spectrometry. These include 15-chlorodeoxypseudopterolide (1), the first
halogenated pseudopterane diterpene, and 11-epi-pseudopteranol (2), an epimer of the previously described 11-pseudopter-
anol. In addition, six known diterpenes were also isolated from this collection including deoxypseudopterolide (3), pseu-
dopteradiene (4), acerosolide (5), pseudopterolide-methanol adduct (6), 11-pseudopteranol (7), and isogorgiacerodiol (8).
The cytotoxicity of these eight compounds towards three cancer cell lines (HeLa, PC-3, and HCT116) was assessed and
the chlorinated pseudopteranoid 1 was found to have modest but selective activity against HCT116 (IC50 2.7 mmol/L),
whereas its nonchlorinated derivative 3 was inactive. This indicates that the halo functionality can modify the cytotoxic ac-
tivity of pseudopteranoids and potentially other classes of deterpenes.

Key words: pseudopterane, diterpene, gorgonian, Pseudopterogorgia acerosa, marine natural product.

Résumé : On a isolé deux nouveaux diterpènes pseudoptéranoı̈des du corail gorgonien Pseusopterogorgia acerosa et on
les a caractérisés par MN et spectrométrie de masse. Il s’agit du 15-chlorodésoxypseudoptérolide (1), le premier diterpène
pseudoptérane halogéné, et le 11-épi-pseudoptéranol (2), un épimère du 11-pseudoptéranol décrit antérieurement. On a
isolé de plus six diterpènes connus à partir de cette collection, sont le désoxypseudoptérolide (3), le pseudoptéradiène (4),
l’acérosolide (5), l’adduit pseudoptérolide-méthanol (6), le 11-pesudoptéranol (7) et l’isogorgiacérodiol (8). On a évalué la
cytotoxicité de ces huit composés vis-à-vis de trois lignées de cellules cancéreuses (HeLa, PC-3 et HCT116) et on a trouvé
que le pseudoptéranoı̈de chloré, 1, présente une modeste, mais sélective, activité contre la HCT116 (IC50, 2,7 mmol/L)
alors que son dérivé non chloré, 3, est inactif. Ces résultats indiquent qu’une fonction halogénée peut modifier l’activité
cytotoxique des pseudoptéranoı̈des et éventuellement d’autres classes de diterpènes.

Mots-clés : pseudoptérane, diterpène, gorgonien, Pseusopterogorgia acerosa, produit marin naturel.

[Traduit par la Rédaction]

Introduction
Pseudopterane diterpenes represent a biosynthetically in-

triguing family of diterpenes with a 12-membered carbocy-
clic skeleton. In 1982, Fenical and Clardy described
pseudopterolide as the first pseudopterane and reported that
this natural product exhibited considerable activity in the sea
urchin antiproliferation assay.1 Octocorals of the genus
Pseudopterogorgia are well-known as a rich source of such
pseudopterane diterpenes,2 and Pseudopterogorgia acerosa
collected from various locations has been found to be a
source of a wide spectrum of such compounds.1–11 We re-
cently reported the isolation of a series of lipidyl pseudop-
teranes from P. acerosa which exhibit selective inhibitory
activity against protein tyrosine phosphatase 1B.11 An
examination of the diterpene chemistry of a subsequent
collection of P. acerosa from the Bahamas has led to the
isolation of two new pseudopterane diterpenes along with

six previously described compounds. Herein, we report the
isolation of the first halogenated pseudopterane diterpene
15-chlorodeoxypseudopterolide (1) and 11-epi-pseudopteranol
(2), an epimer of a previously reported compound, along
with six known compounds (3–8), five possessing the pseu-
dopterane skeleton and one (5) with the 14-membered
cembrane skeleton. A literature review revealed that
cytotoxicities of only a few of these compounds have been
reported,7,9 and we therefore determined the cytotoxic activ-
ity against three cancer cell lines (PC-3, HCT116, and
HeLa) for compounds 1–8 (Fig. 1).

Results and discussion
Pseudopterogorgia acerosa was collected from Grand

Bahama Island, Bahamas in 2005. Dried material was ex-
tracted with ethyl acetate and methylene chloride to yield
26.7 g of crude extract which was subjected to flash column
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2010.
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chromatography over silica using hexanes to ethyl acetate
affording 11 fractions. The mid-polar to polar range of these
fractions were further purified by either preparative TLC or
column chromatography (silica) followed by a semi-preparative
HPLC leading to the isolation of eight pure diterpenes (1–8).
1H NMR, MS, and database searching (MARINLIT) were
used to rapidly identify known compounds 3–8.3–10

Compound 1 was obtained as a colorless oil with the mo-
lecular formula C21H23ClO5 suggested by HRESIMS analy-
sis ([M + Na]+ m/z: 413.1101; calculated 413.1126). The
MS analysis also revealed the presence of the characteristic
chlorine isotopic pattern. The IR spectrum indicated the
presence of an unsaturated g-lactone (1756 cm–1) and a
b-carbomethoxyfuran (1722 cm–1) which are common to
many pseudopterane diterpenes.7 1H and 13C NMR data
(Table 1) showed a strong resemblance to that of deoxy-
pseudopterolide (3),9 a previously described metabolite from
P. acerosa. Careful comparison of the 1H NMR of 1 and 3
showed that the olefinic methyl signal of 3 at d 1.79 was ab-
sent in 1 and was replaced with a signal at d 4.20 (2H, s).
The chemical shifts of H-14a (D0.32), H-14b (D0.55),
H-12a (D0.14), H-12b (D0.14), H-1 (D0.08), H-2a (D0.1),
H-2b (D0.09), and H-11b (D0.04) were shifted downfield
in 1 with respect to 3 while other signals were almost iden-
tical ( < D0.02).

The proton signal at d 4.20 ppm (H-15) exhibited HMBC
correlations with carbons at d 39.5 (C-1), 115.8 (C-14), and
147.5 (C-13) confirming the position of the chlorine atom
on C-15. Further, the 1H chemical shifts of H-15 and H-14
were in accordance with that for 3-chloro-2-methylpro-
pene.12 Further structural confirmation was achieved by
COSY and HMBC correlations (Fig. 2).

The relative configurations of C-7, C-8, and C-1 were de-
duced by examination of the 1H–1H coupling constants and
NOESY data, along with consideration of the established
stereochemistry of known metabolite 3,9 the presumed bio-
synthetic precursor. Notably, the 1H–1H coupling constant

between H-7 and H-8 of 4.5 Hz was the same as that ob-
served for 3.

The planar structure of 11-epi-pseudopteranol (2) was as-
sembled based on 1H, 13C NMR, COSY, HMQC, HMBC,
and MS data. HR-MS analysis of 2 revealed a molecular
formula of C21H24O6 with m/z of 395.1452 as [M + Na]+

(calculated = 395.1465). The IR spectrum was similar to
that of 1 and showed absorptions at 1754 cm–1 and
1723 cm–1 suggesting the presence of an unsaturated g lac-
tone ring as well as a b-carboxymethoxy furan moiety. The
presence of an exchangeable proton in 2 was confirmed by a
D2O exchange experiment. The 1H NMR of 2 was found to
be very similar to that of the known 11-pseudopteranol (7),
in which the hydroxyl group at C-11 is in the b orientation
and thus has the (R)-configuration. The 1H NMR showed
differences in the proton chemical shifts: H-1 (D0.48 ppm),
H-12a (D0.37 ppm), and H-11 (D0.15 ppm) which were
downfield in 2 with respect to 7, while H-9 (D0.37 ppm)
was shifted upfield (Table 2). In compound 7, the coupling
constant between H-11 and H-12b of 11.3 Hz indicated a di-
hedral angle of approximately 1808 while the JHH value be-
tween the same protons in compound 2 was 3.5 Hz. An a

orientation is therefore suggested for the hydroxyl group at
C-11 in 2. The relative configuration of the other three
stereocenters, C-7, C-8, and C-1, of compound 2 was
established by comparing 1H and 13C chemical shifts
and coupling constants with those of previously reported
11-pseudopteranol (7).10 Assuming that compounds 1–8
share a common biosynthetic origin, it seems reasonable to
suggest that the configurations at C-7, C-8, and C-1 are the
same in 1 and 2, and indeed in all members of this series.

Since the cytotoxic activity of many of the known com-
pounds had not been reported, compounds 1–8 were eval-
uated in a cytotoxicity screen using SYBR Green13 with
HCT-116, HeLa, and PC-3 cells. None of the pseudoptera-
noids showed any activity against PC-3 cells and only mini-
mal activity was observed against the HeLa cell line.

Fig. 1. Structures of compound 1–8.

Kate et al. 319

Published by NRC Research Press

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

U
ni

ve
rs

ity
 o

f 
E

le
ct

ro
ni

c 
an

d 
Sc

ie
nc

e 
T

ec
ho

no
lo

gy
 o

f 
C

hi
na

 o
n 

09
/1

7/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



Interesting trends were observed in the activity of 1–8
against the HCT-116 cell line (Table 3).

The new chlorinated pseudopteranoid 1 was found to have
an IC50 of 2.7 mmol/L whereas the nonchlorinated analog 3
was inactive, thus indicating that incorporation of a halogen
can greatly increase the cytotoxic activity of pseudoptera-
noids. A similar phenomenon may also hold true for other
classes of diterpenes. It is also evident that pseudopteranoids

with an oxygen functionality at C-11 or C-12, or a C-11–
C-12 double bond (2, 4–6, 8) generally exhibit modest cy-
totoxic activity, whereas the derivative that is not func-
tionalized at these locations (3) is inactive.

Experimental section

General experimental procedures
1H (300 MHz and 400 MHz) and 13C (75 MHz and

100 MHz) NMR data were recorded in CDCl3 solution.
Spectra were referenced with residual solvent signal with
resonances at d1H/13C at 7.27/77.00 (CDCl3). UV spectra
were measured with a Beckman Coulter – DU 530, Life Sci-
ence UV/VIS spectrophotometer. The optical rotation [a]D
values were determined with a Digipol 781, Rudolph Instru-
ments, and IR spectra were measured with Bruker–Equinox
55 (NaCl cell). Flash column chromatography was per-
formed with Silica gel 200–425 mesh size and Silica gel 60
F254 (Whatmann) pre-coated plates were used for preparative
TLC. The HPLC experiments were carried out on a Perki-
nElmer system consisting of a Series 250 pump and LC-235
diode array detector for semi-preparative purpose. A Luna
5 m Phenyl-Hexyl 250 � 10 mm Phenomenex column was
used for purification of compounds. Thermo AccelaTM LC

Table 1. 1H and 13C NMR data of 1 and 3 in CDCl3.

Position

1 3

13C (mult.)a,b 1H 13C (mult.)b 1H
1 39.5 (CH) 2.87 (1H, nr) 41.6 (CH) 2.79 (1H, nr)
2 32.2 (CH2) 3.41 (1H, ddd, J = 14.7 Hz,

13.6 Hz, 1.3 Hz)
31.5 (CH2) 3.31 (1H, ddd, J = 14.5 Hz,

12.2 Hz, 2.5 Hz)
2.83 (1H, nr) 2.74 (1H, nr)

3 160.9 (C) 161.7 (C)
4 115.7 (C) 115.4 (C)
5 110.0 (CH) 6.38 (1H, s) 109.9 (CH) 6.36 (1H, s)
6 150.6 (C) 150.5 (C)
7 48.6 (CH) 3.82 (1H, nr) 48.5 (CH) 3.83 (1H, nr)
8 80.7 (CH) 5.44 (1H, br d, J = 4.5 Hz) 80.6 (CH) 5.42 (1H, br d, J = 4.4 Hz)
9 146.9 (CH) 6.74 (1H, br s) 146.7 (CH) 6.72 (1H, br s)
10 140.7 (C) 137.3 (C)
11 22.9 (CH2) 2.44 (1H, ddd, J = 14.1 Hz,

13.2 Hz, 2.8 Hz)
22.9 (CH2) 2.42 (1H, ddd, J = 14.1 Hz,

13.5 Hz, 2.8 Hz)
2.25 (1H, br d, J = 14.4 Hz) 2.21 (1H, ddd, J = 13.6 Hz,

4.5 Hz, 2.8 Hz)
12 36.4 (CH2) 1.93 (1H, nr) 35.2 (CH2) 1.79 (1H, nr)

0.98 (1H, ddd, J = 14.7 Hz,
13.9 Hz, 2.6 Hz)

0.84 (1H, ddd, J = 14.5 Hz,
13.7 Hz, 2.5 Hz)

13 147.5 (C) 147.3 (C)
14 115.8 (CH2) 5.35 (1H, nr) 111.4 (CH2) 5.03 (1H, nr)

5.34 (1H, nr) 4.79 (1H, nr)
15 46.2 (CH2) 4.20 (2H, s) 19.3 (CH3) 1.79 (3H, s)
16 164.0 (C) 164.2 (C)
17 141.2 (C) 141.4 (C)
18 115.1 (CH2) 5.05 (1H, s) 114.9 (CH2) 5.04 (1H, nr)

4.85 (1H, s) 4.84 (1H, nr)
19 21.7 (CH3) 1.98 (3H, s) 21.7 (CH3) 1.98 (3H, s)
20 175.7 (C) 175.2 (C)
21 51.2 (CH3) 3.82 (3H, s) 51.4 (CH3) 3.80 (3H, s)

a 13C chemical shifts were obtained from 13C NMR, HMQC, and HMBC experiments.
b 13C multiplicities were based on DEPTQ and HMQC experiments; nr: not resolved.

Fig. 2. 1H–1H COSY and HMBC correlations of compound 1.

320 Can. J. Chem. Vol. 88, 2010

Published by NRC Research Press

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

U
ni

ve
rs

ity
 o

f 
E

le
ct

ro
ni

c 
an

d 
Sc

ie
nc

e 
T

ec
ho

no
lo

gy
 o

f 
C

hi
na

 o
n 

09
/1

7/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



system with LXQ linear ion trap mass spectrometer was
used for low resolution mass spectrometry analysis.

Collection and extraction procedure
Diterpenes 1–8 were isolated from the octocoral Pseudop-

terogorgia acerosa, collected at Grand Bahama Island, Ba-
hamas in 2005. Sun-dried coral (367 g) was extracted with
EtOAc–CH2Cl2 (1:1) repeatedly until the extract was color-
less (8 � 1L) to afford a dark brown oil (27.6 g). The crude
extract was subjected to flash chromatography over silica
using hexanes–EtOAc mixtures as mobile phase. A total of
11 fractions were collected and the 60% hexanes fraction
was further subjected to column chromatography over silica
with an isocratic solvent system of hexanes–CH2Cl2–acetone
(64:27:9). Fractions were collected and combined based on
TLC into fractions I–VIII. Fraction V was further separated
by preparative TLC followed by semi-preparative HPLC
to afford 3 (27.7 mg), 4 (3.0 mg), and 1 (1.0 mg). HPLC

Table 2. 1H, 13C NMR, and 1H–1H COSY of 2 and 1H NMR of 7.

Position

2 7

13C (mult.)a 1H 1H–1H COSY 1H
1 38.9 (CH) 3.28 (1H, m) 2a, 2b, 12a 2.80 (1H, m)
2 32.4 (CH2) 3.40 (1H, dd, J =

15.1 Hz, 12.5 Hz)
2b, 1 3.39 (1H, dd, J = 15.3 Hz,

12.9 Hz)
2.74 (1H, dd, J =

15.1 Hz, 4.3 Hz)
2a, 1 2.70 (1H, dd, J = 15.3 Hz,

4.3 Hz)
3 161.4 (C)
4 115.8 (C)
5 110.1 (CH) 6.37 (1H, s) 6.37 (1H, s)
6 150.1 (C)
7 48.3 (CH) 3.85 (1H, d, J = 4.3 Hz) 8, 18a, 18b, 19 3.86 (1H, d, J = 4.3 Hz)
8 81.0 (CH) 5.47 (1H, dd, J = 4.7 Hz,

1.2 Hz)
7, 9 5.48 (1H, ddd, J = 4.3 Hz,

1.5 Hz, 1.5 Hz)
9 145.2 (CH) 6.65 (1H, dd, J = 1.5 Hz,

0.7 Hz)
8 7.02 (1H, dd, J = 1.5 Hz,

0.7 Hz)
10 135.6 (C)
11 69.3 (CH) 4.79 (1H, ddd, J =

10.5 Hz, 4.7 Hz,
3.5 Hz)

11 (-OH), 12a, 12b 4.64 (1H, ddd, J = 11.3 Hz,
4.3 Hz, 0.7 Hz)

12 41.2 (CH2) 2.33 (1H, ddd, J =
14.9 Hz, 6.7 Hz,
4.3 Hz)

11, 1, 12b 1.96 (1H, ddd, J = 13.1 Hz,
7.6 Hz, 4.3 Hz)

1.02 (1H, ddd, J =
14.9 Hz, 3.1 Hz,
1.9 Hz)

11, 12a 1.00 (1H, ddd, J = 13.3 Hz,
11.3 Hz, 0.78 Hz)

13 148.7 (C)
14 112.0(CH2) 5.10 (1H, s) 15 4.81 (1H, s)

4.85 (1H, s) 15 5.03 (1H, s)
15 18.9 (CH3) 1.83 (3H, s) 1.81 (3H, s)
16 164.0 (C)
17 140.8 (C)
18 115.4(CH2) 5.07 (1H, s) 7, 19 5.04 (1H, s)

4.85 (1H, s) 7, 19 4.81 (1H, s)
19 21.6 (CH3) 1.99 (3H, s) 7 1.96 (3H, s)
20 175.0 (C)
21 51.5 (CH3) 3.81(3H, s) 3.80 (3H, s)
OHb 4.20 (1H, d, J = 10.9 Hz) 11

a13C assignments and multiplicities were based on DEPTQ and HMQC experiments.
bExchangeable proton signal based on D2O exchange experiment.

Table 3. Cytotoxic activity against
HCT-116 and HeLa cell lines.

Compound

IC50 values (mmol/L)

HCT-116 HeLa
1 2.7 29
2 38 >50
3 >50 >50
4 13 >50
5 11 >50
6 >50 34
7 >50 >50
8 12 21
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purification of the 50% hexanes fraction led to the isolation
of 5 (17.3 mg), and the 40% hexanes fraction was purified
by preparative TLC and HPLC to give 6 (5.2 mg), and 2
(3.0 mg). HPLC purification of the 30% and the combined
20% and 10% hexane fractions led to 7 (4.0 mg) and 8
(1.9 mg), respectively.

15-Chlorodeoxypseudopterolide (1)
Colorless oil (1.0 mg). [a]D +122.28 (c 0.09, CHCl3). UV

(acetonitrile) lmax (nm) (3): 214 (13369), 254 (4553). IR
(neat): 2930, 1756, 1722, 1443, 1078. For 1H NMR and 13C
NMR (CDCl3) data, refer to Table 1. Mass (LR-MS) m/z:
[M + H]+ 390.96; MS2 fragments (CID = 35) 359, 355(BP),
323. HR-ESIMS: calcd. [M + Na]+ 413.1126, found
413.1101.

11-epi-Pseudopteranol (2)
Colorless oil (3.0 mg). [a]D +173.78 (c 0.12, CHCl3). UV

(acetonitrile) lmax (nm) (3): 216 (28407), 250 (4747). IR
(neat): 2925, 1754, 1723, 1438, 1070. For 1H NMR and 13C
NMR (CDCl3) data, refer to Table 2. Mass (LR-MS) m/z:[M
+ H]+ 373.10; MS2 fragments (CID = 35) 355(BP), 341,
323, 303, and 261. HR-ESIMS: calcd. [M + Na]+ 395.1465,
found 395.1452.
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Heck-type hydroarylations and 1,3-dipolar
cycloaddition reactions of new tricyclic
hydrazones

Melek Gul and Nuket Ocal

Abstract: The C–C coupling of the new tricyclic hydrazones 3–7 with aryl and heteroaryl halides gave under reductive
Heck conditions the tricyclic 1-(arylideneamino)pyrolidine-2,5-diones 8–11a, 9–11b, 10c, and 12. The [3+2] cycloadditions
of 3–7 with p-chlorophenyl nitrile oxide (13) yielded the bridged isoxazoline derivatives 14–18 with potential biological
activity.

Key words: tricyclic hydrazone, reductive Heck reactions, C–C coupling, nitrile oxides, isoxazolines.

Résumé : Le couplage C–C des nouvelles hydrazones tricycliques 3–7 avec des halogénures d’aryles et d’hétéroaryles,
dans les conditions réductrices de Heck, conduisent à la formation des 1-(arylidèneamino)pyrolidine-2,5-diones tricycles
8–11a, 9–11b, 10c et 12. Les cycloadditions [3+2] des composés 3–7 avec l’oxyde du p-chlorophénylnitrile (13) condui-
sent à la formation des dérivés isoxazolines pontées 14–18 qui peuvent présenter une activité biologique.

Mots-clés : hydrazone tricyclique, réactions réductrices de Heck, couplage C–C, oxydes de nitriles, isoxazolines.

[Traduit par la Rédaction]

Introduction

In a collaborative effort with Kaufmann and co-workers,1–3

we reported palladium(II) acetate catalyzed asymmetric
Heck-type hydroarylations of bicyclic and tricyclic alkenes,
such as epibatidine analogs, and their domino–Heck applica-
tions by treating with aryl (or heteroaryl) iodides.4 We then
focused on reductive Heck reactions of tricyclic molecules
containing a strained C=C bond and an acylamino imide or
hydrazide group and possessing potential biological activ-
ity.5,6

Hydrazones are a versatile class of ligands that have ex-
tensive applications in various fields, possessing pronounced
biological and pharmaceutical activities as antitumor,7,8 anti-
microbial,9 antituberculosis,10 and antimalarial agents.11

These compounds play an important role in improving the
antitumor selectivity and toxicity profile of antitumor agents
by forming drug-carrier systems employing suitable carrier
proteins.12 Hydrazones, such as salicylaldeyde and hetero-
aryl substituted aldo hydrazones, act as orally effective
drugs for treatment of iron-overload diseases or genetic dis-
eases like b-thalassemia.13

In addition, five-membered heterocycles such as isoxazo-
lines represent a class of compounds of great biological im-
portance. For instance, isoxazolines possess a broad
spectrum of biological activity, such as insecticidal, antibac-
terial, antibiotic, antitumor, and antifungal activities.14–16

Isoxazolines are generally synthesized by 1,3-dipolar cyclo-
additions of alkenes onto nitrile oxides. 1,3-Dipolar cycload-
dition reactions are useful tools for the construction of
biologically potent five-membered heterocycles.17

There are a few reports in the literature of the synthesis of
tricyclic hydrazones and practically no information on their
structure analyses.18,19 Therefore, we became interested in
the synthesis of possible bioactive aryl- and hetero-aryl sub-
stituted tricyclic hydrazones by reductive Heck reactions and
their isoxazoline derivatives via 1,3-dipolar cycloadditions.

Results and discussion
Our synthesis started with the reaction of endo-bicyclo[2.2.1]-

hept-5-ene-2,3-dicarboxylic anhydride (1) and hydrazine hy-
drate. The reaction occurred in benzene at room temperature
to give N-amino-bicyclo[2.2.1]hept-5-ene-2,endo-3-endo-di-
carboximide (2) as colorless crystals in a yield of 87%19

(Scheme 1).

Scheme 1. Preparation of compound 2.
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We carried out the condensation of 2 with aryl- or hetero-
aryl-substituted aldeyhdes in dry ethanol to obtain new tricy-
clic hydrazones (3–7) (Scheme 2). The structures of these
synthesized compounds were elucidated using FTIR, 1H
NMR, 13C NMR, and mass spectroscopic methods as well
as elemental analysis. 1H NMR spectroscopy revealed that
in CDCl3 4–7 exist as an inseparable mixture of E and Z
isomers pertaining to the stereochemistry about the carbon=-
nitrogen double bond; the major isomers were tentatively as-
signed the E configuration. In compounds 4–7, varying
ratios of E/Z isomers (93:7, 92:8, 78:22, 52:48, respectively)
of the C=N bond were observed. The percentages of E and Z
isomers were determined by integration of the H8 protons.
Assignment of the stereochemistry was based upon the con-
sideration that in the E isomer, the proton attached to C=N
is in proximity to the imide nitrogen, resulting in an upfield
shift compared with the chemical shift of the Z isomer. Fur-
ther evidence for these structures were obtained from the
phase-sensitive NOESY measurements. The NOESY experi-
ment confirmed the assigned stereochemistries, showing an
interaction between H2 and H3 and the H8. In addition to
the 13C NMR and FTIR spectral data and elemental analyses
which were in agreement with the proposed structures, the
mass spectra of all new compounds showed the expected
molecular ion peaks.

Treatment of 3 with 4-chloro-1-iodobenzene and 4-me-
thoxy-1-iodobenzene under reductive Heck conditions and
subsequent column chromatography on silica gel gave 8a
and 8b as single diastereomers in isolated yields of 55%–
61%. The same reductive Heck arylation conditions were
successfully applied to the reaction of 4 with 4-methoxy-1-
iodobenzene and 2-chloro-5-iodopyridine to give the new
exo-arylated heterocycles 9a and 9b in good yields after
chromatographic separation. We also synthesized 10a, 10b,
and 10c from 5 with 2-iodothiophene, 4-chloro-1-iodobenzene,
and 2-chloro-1-iodobenzene and prepared 11a and 11b
from 6 with 1-iodobenzene and 2-iodothiophene (all
obtained as exo-isomers) under the same conditions. This
hydroarylation reaction was also applied successfully to 7
using 4-methoxy-1-iodobenzene to give 12 containing 4-
methoxyphenyl group (Table 1 and Scheme 3). All new
compounds were observed as E forms due to the isomerization
of Z forms during hydroarylation conditions.

The stereochemistry for each Heck product was inferred
from NMR spectra including diagnostic spin–spin interac-

tions. (Table 2). The exo-position of the C–5 substituent
was confirmed by the fact that H5 showed no significant in-
teraction with H1. The geminal protons on C–6 were identi-
fied by vicinal coupling to H1.

Additionally, 1H–1H COSY spectra showed cross peaks
between H2 and H3 and between H5 and H6, respectively. In
addition to the 13C NMR, NOESY, HSQC, and FTIR spec-
tral data and elemental analyses which were in agreement
with the proposed structures, the mass spectra of all new
compounds showed the expected molecular ion peaks.

Norbornene and its derivatives have figured prominently
in organic chemistry. The presence of a rigid bicyclic skele-
ton gives rise to stereoisomers with fixed spatial orientation
of substitutents. The double bond in substituted norbornenes
is quite reactive toward cycloaadends, in particular toward
nitrile oxides in 1,3-dipolar additions. We carried out the
[3+2] cycloaddition of 3–7 with 4-chlorophenyl nitrile oxide
13 (generated in situ from 4-chlorobenzaldehyde with
NaOCl) to obtain the target compounds 14–18 (Scheme 4),
respectively.

The 1H NMR spectra of 14–18 are in accord with the pro-
posed structures. To identify the configuration of the isoxa-
zolines with tricyclic hydrazone adducts, we have studied
selective 1H–1H COSY and NOESY spectra obtained from
these compounds (Table 3).

1H–1H COSY spectra show the cross peaks between reso-
nances for H2 and H3; H5n and H6n. NOESY spectra show
that there are appropriate cross-peak resonances (H1 and H2;
H1 and H6n; H4 and H3; H4 and H5n; H2 and H6n; H3 and
H5n, respectively) verifying that the six protons are in close
spatial proximity and syn. The EI-MS spectra of cycload-
ducts 14–18 showed the characteristic molecular ion peaks.

In summary, palladium(II) acetate catalyzed hydroaryla-
tion of the readily accessible tricyclic hydrazones 3–7, in
the presence of triphenylarsine as ligand, was shown to be a
stereoselective, versatile, and high-yield approach to the
synthesis of aryl and heteroaryl derivatives of tricyclic hy-
drazones. Our results have also demonstrated that the 1,3-di-
polar cycloadditions of nitrile oxides onto bridged tricyclic
hydrazone derivatives prove useful for the construction of
novel heterocycles of potential pharmacological interest.

Experimental

All the reactions were carried out under nitrogen atmos-
phere unless otherwise indicated. Reactions were monitored
by thin-layer chromatography (TLC). Visualization of the
developed chromatograms was performed either with UV
light or KMnO4 stain. Products were purified by silica gel
chromatography with a solvent gradient of 2:1 (ethyl ace-
tate/n-hexane) to afford the title compounds. IR spectra
were obtained with a PerkinElmer FTIR instrument, and ab-
sorption frequencies are reported in cm–1. Melting points

Scheme 2. Synthesis of compounds 3–7. Scheme 3. Synthesis of reductive Heck compounds 8–12.
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Table 1. Hydroarylation reactions of tricyclic hydrazones, 3–7.
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were determined with a Gallenkamp digital thermometer
equipment. All melting points are uncorrected. NMR spectra
were determined with a Bruker Ac-250 MHz NMR, Bruker
Ac-400 MHz NMR, or Varian-INOVA-500 MHz instru-
ment. 2D NMR experiments, such as COSY, 2D NOESY,
HMBC, and HSQC, were performed with a Bruker Ac-
400 MHz instrument. TMS (tetramethylsilane) was used as
an internal standard and CDCl3 was used as the solvent. Sig-
nal multiplicities in the NMR spectra are reported as fol-
lows: s, singlet; brs, broad singlet; d, doublet; dd, doublet
of doublets; and m, multiplet. Mass spectra were measured
either with Agillent LC–MSD Trap SL or MS-ESI. Elemen-
tal analyses were carried out with a Thermo Flash EA 1112
Series apparatus.

Experimental procedure for the preparation of tricylic
hydrazones, 3–7

A mixture of 2 (178.85 mg, 1 mmol) and aromatic or het-
eroaromatic aldehyde (1.00 mmol) in ethanol (50–70 mL)
was heated at reflux for 10–12 h under nitrogen. The reac-
tion mixture was concentrated and the residue was chroma-
tographed on silica gel with ethyl acetate/n-hexane.

N-{[(2,4-dichlorophenyl)methylene]amino}-
bicyclo[2.2.1]hept-5-ene-endo-2,endo-3-dicarboximide (3)

Colorless crystals, 65% yield. Mp 170 8C. Rf = 0.60 (2:1,
ethyl acetate/n-hexane). FTIR (cm–1): 3010, 2995, 2941,
1732, 1710, 1618, 1582, 1471, 1380, 1183, 745, 728. 1H
NMR (400 MHz) d (ppm): 9.50 (s, 1H, H8), 8.12 (d, J =
8.5 Hz, 1H, Haro.), 7.43 (s, 1H, Haro.), 7.30 (d, J = 7.2 Hz,
1H, Haro.), 6.23 (s, 2H, H5–H6) 3.54 (brs, 2H, H1–H4), 3.36
(s, 2H, H2–H3), 1.79 (d, J = 8.8 Hz, 1H, H7s), 1.61 (d, J =

8.8, 1H, H7a). 13C NMR (100 MHz) d (ppm): 173.8 (2C,
C=O), 156.4 (N=CH), 138.3 (C–Cl), 136.4 (Csubst.), 134.7,
129.7 (C–Cl), 129.5, 128.9, 127.6, 51.8, 45.3, 44.0. MS-
ESI (EI, 70 eV): 336 [M+ + 1], 335 [M+], 270.96, 197.86,
166.08, 147.86, 119.95. Anal. calcd. for C16H12Cl2N2O2: C,
57.33; H, 3.61; N, 8.36. Found: C, 57.15; H, 3.44; N, 8.26.

N-{[(5-bromo-2-hydroxyphenyl)methylene]amino}-
bicyclo[2.2.1]hept-5-ene-endo-2,endo-3-dicarboximide (4)

Colorless crystals, 52% yield. Mp 178 8C. Rf = 0.58 (2:1,
ethyl acetate/n-hexane). FTIR (cm–1): 3316, 3005, 2970,
1730, 1700, 1623, 1563, 1475, 1364, 1180, 745, 728. 1H
NMR (400 MHz) d (ppm): 11.12 (s, 1H, O–H, minor),
11.04 (s, 1H, O–H, major), 9.38 (s, 1H, H8, minor), 9.24 (s,
1H, H8, major), 7.46–7.40 (m, 2H, Haro.), 6.89 (d, J =
8.8 Hz, 1H, Haro.), 6.20 (s, 2H, H5–H6), 3.50 (s, 2H, H1–H4,
major), 3.37 (s, 2H, H2–H3, major), 3.18 (brs, 2H, H1–H4,
minor), 2.87 (brs, 2H, H2–H3, minor), 1.79 (d, J = 8.8 Hz,
1H, H7s, major), 1.58–1.67 (m, 2H, H7sminor – H7amajor),
1.36 (d, J = 8.8 Hz, 1H, H7a, minor) (E/Z, 93:7). 13C NMR
(100 MHz) d (ppm): 173.9 (2C, C=O, minor), 173.1 (2C,
C=O, major), 160.4 (C–OH, minor), 160.2 (C–OH, major),
158.6 (N=CH, minor), 158.7 (N=CH, major), 136.1 (C–Br,

Table 2. Selected 1H NMR data for compounds 8–12.

Entry Compound H7a H4 H5n H8

1 8a 1.63, d 3.02, brs 2.97–2.89, m 9.68, s
2 8b 1.51, d 2.91, brs 2.85–2.79, m 9.59, s
3 9a 1.60, d 2.95, brs 2.88–2.84, m 9.43, s
4 9b 1.62, d 2.98, brs 2.83, dd 9.35, s
5 10a 1.66, d 2.98, brs 3.29–3.19, m 9.34, s
6 10b 1.68–1.62, m 2.91, brs 3.16, ddd 9.27, s
7 10c 1.68–1.60, m 2.91, brs 3.16, ddd 9.21, s
8 11a 1.62, d 3.03, brs 3.03, brs 9.37, s
9 11b 1.67, d 3.01, brs 3.33–3.21, m 9.35, s
10 12 1.49, d 2.89, brs 2.85–2.82, m 9.24, s

Table 3. Selected 1H NMR data for compounds 14–18.

Entry Compound H3an H8an H9a H10

1 14 3.61, dd 4.73, d 1.57, d 9.35, s
2 15 3.66, d 4.79, d 1.67, d 9.40, s
3 16 3.63, d 4.76, d 1.55, d 9.21, s
4 17 3.63, d 4.75, d 1.55, d 9.20, s
5 18 3.69, d 4.80, d 1.64, d 9.25, s

Scheme 4. Synthesis of compounds 14–18.
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minor), 136.0 (C–Br, major), 134.7 (Csubst.), 134.5 (minor),
134.5 (major), 119.6 (minor), 119.5 (major), 111.0 (Csubst.,
minor), 110.9 (Csubst., major), 51.9, 46.9 (minor), 45.3
(major), 44.0 (major), 41.8 (minor). LC–MSD: 362 [M+ +
1], 361 [M+], 360 [M+ – 1], 296, 266, 195, 162. Anal. calcd.
for C16H13BrN2O3: C, 53.21; H, 3.63, N, 7.76. Found: C,
53.15; H, 3.49; N, 7.69.

N-{[(2,5-dimethoxyphenyl)methylene]amino}-
bicyclo[2.2.1]hept-5-ene-endo-2,endo-3-dicarboximide (5)

Colorless crystals, 45% yield. Mp 141 8C. Rf = 0.47 (2:1,
ethyl acetate/n-hexane). FTIR (cm–1): 3005, 2970, 2950,
1762, 1712, 1596, 1577 1495, 1463, 1180, 728, 716. 1H
NMR (400 MHz) d (ppm): 9.30 (s, 1H, H8, minor), 9.19 (s,
1H, H8, major), 7.64 (d, J = 3.1 Hz, 1H, Haro., minor), 7.58
(d, J = 3.1 Hz, Haro., major), 7.01 (dd, J = 3.1 and 7.7 Hz,
2H, Haro., major and minor), 6.86 (d, J = 8.8 Hz, 2H, Haro.,
major–minor), 6.24 (s, 2H, H5–H6), 3.83 (s, 12H, –OCH3,
major–minor), 3.49 (s, 2H, H1–H4, major), 3.34 (s, 2H, H2–
H3, major), 3.16 (brs, 2H, H1–H4, minor), 2.86 (brs, 2H, H2–
H3, minor), 1.78 (d, J = 8.8 Hz, 1H, H7s, minor), 1.58 (m,
2H, H7a–H7s, major–minor), 1.46 (d, J = 8.8 Hz, 1H, H7a,
minor) (E/Z, 92:8). 13C NMR (100 MHz) d (ppm): 174.5
(2C, C=O, major), 173.8 (2C, C=O, minor), 159.6 (N=CH,
major), 159.4 (N=CH, minor), 154.1 (C–OCH3, major),
154.0 (C–OCH3, minor), 153.6 (C–OCH3, major), 153.5 (C–
OCH3, minor), 134.8 (minor), 134.7 (major), 121.6 (Csubst.),
121.2 (major), 121.1 (minor), 112.7 (major), 112.6 (minor),
110.0 (minor), 109.9 (major), 56.2 (minor), 55.9 (major),
51.8 (major), 51.5 (minor), 45.1 (major), 45.0 (minor), 44.5
(minor), 44.1 (major). LC–MSD: 327 [M+ + 1], 326 [M+],
325 [M+ – 1], 266, 242. Anal. calcd. for C18H18N2O4: C,
66.25; H, 5.56; N, 8.58. Found: C, 66.12; H, 5.54; N, 8.55.

N-{[2-naphthylmethylene]amino}-bicyclo [2.2.1]hept-5-ene-
endo-2,endo-3-dicarboximide (6)

Colorless crystals, 72% yield. Mp 158 8C. Rf = 0.41 (2:1,
ethyl acetate/n-hexane). FTIR (cm–1): 2967, 2963, 2860,
1734, 1710, 1603, 1568 1365, 1335, 1171, 756, 746. 1H
NMR (500 MHz) d (ppm): 9.24 (s, 1H, H8, minor), 9.11 (s,
1H, H8, major), 8.04 (d, J = 5.8 Hz, 1H, Haro.), 7.99 (d, J =
8.8 Hz, 1H, Haro.), 7.77–7.84 (m, 3H, Haro.), 7.43–7.50 (m,
2H, Haro.), 6.17 (s, 2H, H5–H6), 3.44 (s, 2H, H2–H3, major),
3.23 (s, 2H, H1–H4, major), 3.10 (brs, 2H, H2–H3, minor),
2.81 (brs, 2H, H1–H4, minor), 1.72 (d, J = 8.8 Hz, 1H H7s,
major), 1.56 (d, J = 8.8 Hz, 1H, H7s, minor), 1.52 (d, J =
8.8 Hz, 1H, H7a, major), 1.39 (d, J = 7.8 Hz, 1H, H7a, minor)
(E/Z, 78:22). 13C NMR (100 MHz) d (ppm): 174.3 (2C,
C=O, minor), 174.1 (2C, C=O, major), 161.9 (N=CH, mi-
nor), 161.7 (N=CH, major), 135.3 (minor), 135.2 (major),
134.7, 132.9 (minor), 132.8 (major), 131.6 (minor), 131.5
(major), 130.8 (minor), 130.7 (major), 128.9 (minor), 128.8
(major), 128.7 (minor), 128.6 (major), 127.9 (Csubst.), 127.8
(minor), 127.8 (major), 126.7, 123.4 (minor), 123.3 (major),
51.8, 41.8, 39.6. LC–MSD: 339 [M+ + Na], 317 [M+ + 1],
316 [M+], 282, 244. Anal. calcd. for C20H16N2O2: C, 75.93;
H, 5.10; N, 8.86. Found: C, 75.81; H, 4.98; N, 8.76.

N-{[2-thienylmethylene]amino}-bicyclo[2.2.1]-hept-5-ene-
endo-2,endo-3-dicarboximide (7)

Colorless crystals, 59% yield. Mp 122 8C. Rf = 0.49 (2:1,

ethyl acetate/n-hexane). FTIR (cm–1): 3104, 3011, 2972,
2935, 1764, 1738, 1696, 1589, 1427, 1373, 1180, 748, 719.
1H NMR (250 MHz) d (ppm): 9.12 (s, 1H, H8, minor), 9.07
(s, 1H, H8, major), 7.48–7.37 (m, 2H, Haro.), 7.05 (dd, J =
4.9 and 8.8 Hz, 1H, Haro.), 6.14 (s, 2H, H5–H6), 3.41 (brs,
H3, major–minor), 3.35 (brs, 2H, H2, major–minor), 3.06
(brs, 2H, H4, major–minor), 2.78 (brs, 2H, H1, major–mi-
nor), 1.71 (d, J = 7.8 Hz, 2H, H7s, major–minor), 1.34 (d, J =
7.8 Hz, 2H, H7a, major–minor) (E/Z, 52:48). 13C NMR
(62.5 MHz) d (ppm): 173.8 (2C, C=O, minor), 173.6 (2C,
C=O, major), 155.7 (N=CH, minor), 155.6 (N=CH, major),
134.6, 133.7 (minor), 133.6 (major), 131.3 (minor), 131.2
(major), 129.0 (Csubst., minor), 128.8 (Csubst., major), 127.7
(minor), 127.6 (major), 51.8, 46.8, 45.3, 45.2, 44.0. LC–
MSD: 295 [M+ + Na], 273 [M+ + 1], 272 [M+], 229, 163.
Anal. calcd. for C14H12N2O2S: C, 61.75; H, 4.44; N, 10.29;
S, 11.77. Found: C, 61.69; H, 4.29; N, 10.19; S, 11.88.

Experimental procedure for the preparation of 8a–11a,
8b–11b, 10c, and 12

A solution of Pd(OAc)2 (5.6 mg, 0.025 mmol) and AsPh3
(33.7 mg, 0.11 mmol) in dry DMF (3 mL) was stirred in a
Schlenk flask under nitrogen at 65 8C for 15 min to form the
catalyst complex. Then, aryl iodide (306 mg, 1.5 mmol), hy-
drazone (3–7; 1.00 mmol), triethylamine (354 mg,
3.5 mmol), and formic acid (138 mg, 3.0 mmol) were added.
The mixture was heated to 65 8C for 24–48 h. After cooling
down to RT, brine (50 mL) was added, the reaction mixture
was extracted with ethyl acetate, and dried over MgSO4.
The solvent was evaporated, and the residue was purified
by chromatography.

5-(4-Chlorophenyl)-N-{[(2,4-dichlorophenyl)
methylene]amino}-bicyclo[2.2.1]heptane-endo-2,endo-3-
dicarboximide (8a)

Light yellow crystals, 55% yield. Mp 157 8C. Rf = 0.39
(2:1, ethyl acetate/n-hexane). FTIR (cm–1): 3068, 3025,
2963, 2875, 1789, 1714, 1616, 1582, 1491, 1469, 1416,
1384, 1098, 866, 800. 1H NMR (400 MHz) d (ppm): 9.68
(s, 1H, H8), 8.20 (d, J = 8.5 Hz, 1H, Haro.), 7.47 (d, J =
1.9 Hz, 1H, Haro.), 7.34 (dd, J = 1.9 and 8.5 Hz, 1H, Haro.),
7.28 (d, J = 4.0 Hz, 2H, Haro.), 7.13 (d, J = 8.4 Hz, 2H,
Haro.) 3.33–3.23 (m, 2H, H2–H3), 3.02 (brs, 1H, H4), 2.97–
2.89 (m, 2H, H1–H5n), 1.96–1.88 (m, 3H, H7s, H6x ve H6n),
1.63 (d, J = 10.7, 1H, H7a). 13C NMR (100 MHz) d (ppm):
174.2–174.1 (2C, C=O), 156.9 (N=CH), 142.6 (Csubst.),
138.6 (Csubst.), 136.6 (C–Cl), 132.0 (C–Cl), 129.8, 129.4
(C–Cl), 128.9, 128.5, 128.3, 127.7, 46.8, 46.3, 46.0, 41.2,
40.0, 39.0, 32.6. LC–MS: 447 [M+], 412, 390, 258, 171.
Anal. calcd. for C22H17Cl3N2O2: C, 59.02; H, 3.83; N, 6.26.
Found: C, 58.91; H, 3.71; N, 6.16.

5-(4-Methoxyphenyl)-N-{[(2,4-dichlorophenyl)
methylene]amino}-bicyclo[2.2.1]heptane-endo-2,endo-3-
dicarboximide (8b)

Colorless crystals, 61% yield. Mp 184 8C. Rf = 0.39 (2:1,
ethyl acetate/n-hexane). FTIR (cm–1): 3037, 3015, 2975,
2960, 1771, 1711, 1596, 1582, 1499, 1471, 1454, 1377,
1275, 1260, 1174, 878, 867. 1H NMR (500 MHz) d (ppm):
9.59 (s, 1H, H8), 8.11 (d, J = 7.8 Hz, 1H, Haro.), 7.38–7.36
(m, 1H, Haro.), 7.26–7.24 (m, 1H, Haro.), 7.03 (d, J = 8.8 Hz,
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2H, Haro.), 6.75 (d, J = 8.8 Hz, 2H, Haro.), 3.73 (s, 3H,
OCH3), 3.19–3.13 (m, 2H, H2–H3), 2.91 (brs, 1H, H4),
2.85–2.79 (m, 2H, H1–H5n), 1.84–1.82 (m, 3H, H7s, H6n,
H6x), 1.51 (d, J = 10.7 Hz, 1H, H7a). 13C NMR (125 MHz)
d (ppm): 174.3–173.2 (2C, C=O), 155.6–154.8 (N=CH),
136.8 (Csubst.), 135.4 (Csubst.), 132.7 (C–Cl), 130.3 (C–Cl),
128.0, 127.9, 127.0, 126.7, 112.8, 54.2, 45.8, 40.8, 40.0,
39.0, 38.6, 38.0, 31.6. LC–MS: 443 [M+], 374, 322, 268.
Anal. calcd. for C23H20Cl2N2O3: C, 62.31; H, 4.55; N, 6.32.
Found: C, 62.18; H, 4.39; N, 6.37.

5-(4-Methoxyphenyl)-N-{[(5-bromo-2-hydroxyphenyl)
methylene]amino}-bicyclo[2.2.1]heptane-endo-2,endo-3-
dicarboximide (9a)

Light yellow crystals, 47% yield. Mp 187 8C. Rf = 0.60
(2:1, ethyl acetate/n-hexane). FTIR (cm–1): 3463, 3032,
3025, 2970, 2946, 1737, 1714, 1604, 1552, 1512, 1473,
1432, 1373, 1230, 1216, 1176, 822, 799, 777, 748. 1H
NMR (400 MHz) d (ppm): 11.14 (s, 1H, OH), 9.43 (s, 1H,
H8), 7.48–7.46 (m, 2H, Haro.), 7.12 (d, J = 8.6 Hz, 2H,
Haro.), 6.95 (d, J = 9.39 Hz, 1H, Haro.), 6.85 (d, J = 8.6 Hz,
2H, Haro.), 3.79 (s, 3H, OCH3), 3.32–3.19 (m, 2H, H2–H3),
2.95 (brs, 1H, H4), 2.88 (d, J = 6.8 Hz, 1H, H1), 2.88–2.84
(m, 1H, H5n), 1.95–1.89 (m, 3H, H7s, H6x ve H6n), 1.60 (d, J =
9.8 Hz, 1H, H7a). 13C NMR (100 MHz) d (ppm): 174.5–
174.4 (2C, C=O), 162.1 (N=CH), 144.3 (Csubst.), 135.3,
132.9, 131.8, 130.7 (Csubst.), 128.9, 128.7, 128.5, 127.9 (C–
OCH3), 127.1, 126.7 (C–Br), 126.2, 123.3, 47.0, 46.5, 46.0,
41.8, 40.0, 39.1, 32.5. LC–MS: 470 [M+ + 1], 469 [M+],
468 [M+ – 1], 390, 374, 344, 296, 220, 180. Anal. calcd.
for C23H21BrN2O4: C, 58.86; H, 4.51; N, 5.97. Found: C,
58.73; H, 4.40; N, 5.86.

5-(6-Chloro-3-pyridyl)-N-{[(5-bromo-2-hydroxy-
phenyl)methylene]amino}-bicyclo[2.2.1]heptane-endo-
2,endo-3-dicarboximide (9b)

Colorless crystals, 60% yield. Mp 175 8C. Rf = 0.59 (2:1,
ethyl acetate/n-hexane). FTIR (cm–1): 3362, 3037, 2950,
2875, 1764, 1712, 1604, 1582, 1474, 1461, 1431, 1178,
825, 789, 740. 1H NMR (500 MHz) d (ppm): 10.96 (s, 1H,
OH), 9.35 (s, 1H, H8), 8.17 (d, J = 2.9 Hz, 1H, Haro.), 7.40–
7.38 (m, 3H, Haro.), 7.19 (d, J = 8.8 Hz, 1H, Haro.), 6.86 (d, J =
8.8 Hz, 1H, Haro.), 3.27 (dd, J = 5.8, 9.8 Hz, 1H, H3), 3.20
(ddd, J = 1.9, 4.8, and 6.8 Hz, 1H, H2), 2.98 (brs, 1H, H4),
2.92 (d, J = 4.8 Hz, 1H, H1), 2.83 (dd, J = 5.8 and 8.8 Hz,
1H, H5n), 1.90 (ddd, J = 1.9, 8.8, and 10.7 Hz, 1H, H6n),
1.82–1.76 (m, 2H, H7s, H6x), 1.62 (d, J = 10.7 Hz, 1H, H7a).
13C NMR (100 MHz) d (ppm): 172.2–172.1 (2C, C=O),
159.8 (N=CH), 157.8 (C–OH), 148.7 (Csubst.), 147.3, (Csubst.),
137.3 (C–Cl), 136.6 (C–Br), 135.4, 133.6, 123.0 118.6,
117.4, 110.1 45.7, 45.2, 44.5, 39.0, 38.2, 38.1, 31.6. LC–
MS: 475 [M+ + 1], 474 [M+], 473 [M+ – 1], 395, 345, 282,
180. Anal. calcd. for C21H17BrClN3O3: C, 53.13; H, 3.61; N,
8.85. Found: C, 53.03; H, 3.70; N, 8.79.

5-(2-Thienyl)-N-{[(2,5-dimethoxyphenyl)
methylene]amino}-bicyclo[2.2.1]heptane-endo-2,endo-3-
dicarboximide (10a)

Colorless crystals, 65% yield. Mp 167 8C. Rf = 0.42 (2:1,
ethyl acetate/n-hexane). FTIR (cm–1): 3119, 3058, 2964,
2881, 2837, 1759, 1698, 1613, 1595, 1494, 1467, 1455,

1421, 1384, 1224, 1195, 815, 733, 711. 1H NMR
(400 MHz) d (ppm): 9.34 (s, 1H, H8), 7.66 (d, J = 2.8 Hz,
1H, Haro.), 7.15 (d, J = 5.2 Hz, 1H, Haro.), 7.05 (dd, J = 3.2
and 9.2 Hz, 1H, Haro.), 6.94 (dd, J = 3.6 and 4.8 Hz, 1H,
Haro.), 6.88 (d, J = 9.2 Hz, 1H, Haro.), 6.83 (d, J = 3.2 Hz,
1H, Haro.), 3.85 (s, 3H, OCH3), 3.84 (s, 3H, OCH3), 3.29–
3.19 (m, 3H, H2–H3 and H5n), 2.98 (brs, 2H, H1–H4), 2.11–
2.01 (m, 2H, H6x–H6n), 1.94–1.89 (m, 1H, H7s), 1.66 (d, J =
10.7 Hz, 1H, H7a). 13C NMR (100 MHz) d (ppm): 174.0–
173.9 (2C, C=O), 159.8 (N=CH), 154.1 (C–OCH3), 153.6
(C–OCH3), 149.3 (Csubst.), 126.8, 123.5, 123.4 (Csubst.),
121.5, 121.4, 112.7, 110.0, 55.9–56.2 (2C, OCH3), 47.4,
46.6, 46.2, 39.6, 39.5, 37.9, 34.9. LC–MS: 433 [M + Na+],
410 [M+], 409 [M+ – 1], 274, 244, 218, 138. Anal. calcd. for
C22H22N2O4S: C, 64.37; H, 5.40; N, 6.82; S, 7.81. Found: C,
64.20; H, 5.29; N, 6.71; S, 7.99.

5-(4-Chlorophenyl)-{[(2,5-dimethoxyphenyl)
methylene]amino}-bicyclo[2.2.1]heptane-endo-2,endo-3-
dicarboximide (10b)

Colorless crystals, 55% yield. Mp 185 8C. Rf = 0.45 (2:1,
ethyl acetate/n-hexane). FTIR (cm–1): 3058, 2969, 2947,
2878, 2839, 1737, 1706, 1614, 1598, 1493, 1462, 1423,
1376, 1217, 1189, 810, 792, 751. 1H NMR (500 MHz) d

(ppm): 9.27 (s, 1H, H8), 7.57 (d, J = 3.8 Hz, 1H, Haro.),
7.17 (d, J = 8.7 Hz, 2H, Haro.), 7.05 (d, J = 8.7 Hz, 2H,
Haro.), 6.96 (dd, J = 3.8 and 8.6 Hz, 1H, Haro.), 6.79 (d, J =
8.7 Hz, 1H, Haro.), 3.76 (s, 3H, OCH3), 3.75 (s, 3H, OCH3),
3.25–3.21 (m, 2H, H2–H3), 3.16 (ddd, J = 1.9, 8.8, and
11.7 Hz, 1H, H5n), 2.98 (d, J = 4.8 Hz, 1H, H1), 2.91 (brs,
1H, H4), 2.08 (ddd, J = 1.9, 8.8, and 11.7 Hz, 1H, H6n), 1.89
(d, J = 9.7 Hz, 1H, H6x), 1.68–1.62 (m, 2H, H7a ve H7s). 13C
NMR (100 MHz) d (ppm): 173.1–173.0 (2C, C=O), 158.6
(N=CH), 153.1 (C–OCH3), 152.7 (C–OCH3), 141.8 (C–Cl),
130.9 (Csubst.), 127.5, 127.4, 120.6 (Csubst.), 120.2, 111.8,
109.1, 55.3–54.9 (2C, OCH3), 45.9, 45.2, 44.9, 40.2, 38.9,
38.0, 31.6. LC–MS: 439 [M+ + 1], 438 [M+], 437 [M+ –
1], 378, 322, 268, 246, 139. Anal. calcd. for C24H23ClN2O4:
C, 65.68; H, 5.28; N, 6.38. Found: C, 65.53; H, 5.21; N,
6.43.

5-(2-Chlorophenyl)-{[(2,5-dimethoxyphenyl)
methylene]amino}-bicyclo[2.2.1]heptane-endo-2,endo-3-
dicarboximide (10c)

Colorless crystals, 59% yield. Mp 126 8C. Rf = 0.39 (2:1,
ethyl acetate/n-hexane). FTIR (cm–1): 3053, 2969, 2951,
2875, 1768, 1704, 1613, 1596, 1493, 1464, 1441, 1180,
837, 812, 792. 1H NMR (500 MHz) d (ppm): 9.21 (s, 1H,
H8), 7.59 (d, J = 3.9 Hz, 1H, Haro.), 7.29 (d, J = 7.8 Hz,
1H, Haro.), 7.18–7.13 (m, 2H, Haro.), 7.07 (ddd, J = 1.9, 8.8,
and 14.6 Hz, 1H, Haro.), 6.96 (dd, J = 2.9 and 8.8 Hz, 1H,
Haro.), 6.79 (d, J = 8.7 Hz, 1H, Haro.), 3.76 (s, 3H, OCH3),
3.75 (s, 3H, OCH3), 3.25–3.21 (m, 2H, H2–H3), 3.16 (ddd,
J = 1.9, 8.7, and 11.7 Hz, 1H, H5n), 2.98 (d, J = 4.8 Hz,
1H, H1), 2.91 (brs, 1H, H4), 2.08 (ddd, J = 1.9, 8.7, and
11.7 Hz, 1H, H6n), 1.89 (d, J = 9.7 Hz, 1H, H6x), 1.68–1.60
(m, 2H, H7a–H7s). 13C NMR (100 MHz) d (ppm): 173.1–
172.8 (2C, C=O), 154.5 (N=CH), 156.1 (C–Cl), 154.5
(Csubst.), 140.7 (C–OCH3), 138.1 (Csubst.), 128.8, 127.1,
120.2, 125.2, 120.6, 111.6, 110.2, 55.4–55.2 (2C, OCH3),
46.1, 45.2, 43.6, 40.0, 39.0, 38.0, 32.2. LC–MS: 439 [M+ +
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1], 438 [M+], 437 [M+ – 1], 378, 322, 268, 246, 139. Anal.
calcd. for C24H23ClN2O4: C, 65.68; H, 5.28; N, 6.38. Found:
C, 65.59; H, 5.23; N, 6.45.

5-(Phenyl)-N-{[2-napthylmethylene]amino}bicyclo
[2.2.1]heptane-endo-2,endo-3-dicarboximide (11a)

Light yellow crystals, 62% yield. Mp 132 8C. Rf = 0.57
(2:1, ethyl acetate/n-hexane). FTIR (cm–1): 3053, 3012,
2970, 2921, 2882, 1737, 1724, 1703, 1605, 1587, 1512,
1455, 1433, 1178, 761, 738. 1H NMR (400 MHz) d (ppm):
9.37 (s, 1H, H8), 8.20 (s, 1H, Haro.), 8.16 (d, J = 8.7 Hz,
1H, Haro.), 7.94–7.87 (m, 3H, Haro.), 7.53–7.60 (m, 2H,
Haro.), 7.33–7.19 (m, 5H, Haro.), 3.34–3.24 (m, 2H, H2–H3),
3.03 (brs, 3H, H1–H4 and H5n), 2.05–1.94 (m, 3H, H7s, H6x
ve H6n), 1.62 (d, J = 9.0 Hz, 1H, H7a). 13C NMR
(100 MHz) d (ppm): 174.5–174.4 (2C, C=O), 162.1
(N=CH), 144.3 (Csubst.), 135.3, 132.9, 131.8, 130.7, 128.9,
128.7, 128.5, 127.9, 127.0, 126.7, 126.2, 123.3, 47.0, 46.5,
46.0, 41.8, 40.0, 39.1, 32.5. LC–MS: 395 [M+ + 1], 394
[M+], 393 [M+ – 1], 332, 234, 206, 194, 167. Anal. calcd.
for C26H22N2O2: C, 79.16; H, 5.62; N, 7.10. Found: C,
79.04; H, 5.70; N, 6.99.

5-(2-Thienyl)-N-{[2-naphthylmethylene]amino}bicyclo-
[2.2.1]heptane-endo-2,endo-3-dicarboximide (11b)

Light yellow crystals, 62% yield. Mp 145 8C. Rf = 0.57
(2:1, ethyl acetate/n-hexane). FTIR (cm–1): 3058, 3045,
2953, 2921, 2875, 1734, 1700, 1607, 1569, 1467, 1438,
1350, 1180, 773, 760, 741, 697. 1H NMR (400 MHz) d

(ppm): 9.35 (s, 1H, H8), 8.20 (brs, 1H, Haro.), 8.15 (d, J =
8.8 Hz, 1H, Haro.), 7.94–7.87 (m, 3H, Haro.), 7.53–7.60 (m,
2H, Haro.), 7.16 (d, J = 4.7 Hz, 1H, Haro.), 6.95–6.92 (m,
1H, Haro.), 6.84 (d, J = 3.4 Hz, 1H, Haro.), 3.33–3.21 (m,
3H, H2–H3 and H5n), 3.01 (brs, 2H, H1–H4), 2.18–2.03 (m,
2H, H6x–H6n), 1.95–1.90 (m, 1H, H7s), 1.67 (d, J = 10.2 Hz,
1H, H7a). 13C NMR (100 MHz) d (ppm): 174.2–174.1 (2C,
C=O), 162.2 (N=CH), 149.2 (Csubst.), 135.3, 132.9, 131.8,
130.6 (Csubst.), 128.9, 128.7, 127.9, 126.8, 126.7, 123.4,
123.3, 47.3, 46.6, 46.1, 39.6, 39.4, 38.0, 35.0. LC–MS: 400
[M+], 399 [M+ – 1], 370, 234, 206, 167. Anal. calcd. for
C24H20N2O2S: C, 71.98; H, 5.03; N, 6.99; S, 8.01. Found:
C, 71.81; H, 5.19; N, 6.81; S, 8.08.

5-(4-Methoxyphenyl)-N-{[2-thienylmethylene] amino}-
bicyclo[2.2.1]heptane-endo-2,endo-3-dicarboximide (12)

Colorless crystals, 58% yield. Mp 177 8C. Rf= 0.49 (2:1,
ethyl acetate/n-hexane). FTIR (cm–1): 3082, 3032, 3068,
3053, 3012, 2955, 2886, 1764, 1713, 1609, 1581, 1511,
1464, 14434, 1373, 1247, 1170, 802, 744, 723. 1H NMR
(500 MHz) d (ppm): 9.24 (s, 1H, H8), 7.48 (d, J = 4.8 Hz,
1H, Haro.), 7.43 (d, J = 2.9 Hz, 1H, Haro.), 7.05–7.02 (m, 3H,
Haro.), 6.75 (d, J = 8.8 Hz, 2H, Haro.), 3.69 (s, 3H, OCH3),
3.18–3.09 (m, 2H, H2–H3), 2.89 (brs, 1H, H4), 2.85–2.82
(m, 2H, H1–H5n), 1.83–1.79 (m, 3H, H7s, H6n, H6x), 1.49 (d,
J = 10.7 Hz, 1H, H7a). 13C NMR (100 MHz) d (ppm):
173.3–173.2 (2C, C=O), 157.0 (N=CH), 154.8 (Csubst.),
136.8 (Csubst.), 135.4, 132.7, 130.3, 127.0, 126.7, 112.8, 54.2
(C–OCH3), 45.9, 45.4, 45.3, 40.0, 38.9, 38.0, 31.6. LC–MS:
381 [M+ + 1], 380 (M+), 379 [M+ – 1], 366, 232, 206, 167.
Anal. calcd. for C21H20N2O3S: C, 66.29; H, 5.30; N, 7.36; S,
8.43. Found: C, 66.08; H, 5.33; N, 7.23; S, 8.47.

Experimental procedure for the preparation of 14–18
To a solution of 4-chlorobenzaldoxime (202.25 mg,

1.3 mmol) in dichloromethane was added tricyclic hydra-
zone 3–7 (1 mmol), and the solution was cooled to 0 8C.
Aqueous sodium hypochloride (5.25%, 3.5 g, 2.5 mmol)
was added dropwise over 30 min, and the reaction was
stirred overnight (0 8C – room temperature). The reaction
mixture was extracted with either dichloromethane (3 �
10 mL) or diethyl ether and dried over MgSO4. The solvent
was evaporated, and the residue was purified by chromatog-
raphy.

4,8-Methano-3-(4-chlorophenyl)-6-(2,4-
dichloromethyleneamino)-4,4a,8,exo-8a-tetrahydro-exo-
3aH-isoxazolo[5,4-f]isoindole-5,7(6H,7aH)-endo-dione (14)

Colorless crystals, 80% yield. Mp 241 8C. Rf = 0.60 (2:1,
ethyl acetate/n-hexane). FTIR (cm–1): 3100, 3045, 2959,
2870, 1775, 1707, 1598, 1583, 1496, 1471, 1377, 1357,
1315, 1301, 1175, 900, 868, 827. 1H NMR (400 MHz) d

(ppm): 9.35 (s, 1H, H10), 8.10 (d, J = 8.8 Hz, 1H, Haro.),
7.55 (d, J = 8.8 Hz, 2H, Haro.), 7.39 (d, J = 1.95 Hz, 1H,
Haro.), 7.32 (d, J = 7.8 Hz, 2H, Haro.), 7.26 (dd, J = 1.9 and
7.8 Hz, 1H, Haro.), 4.73 (d, J = 7.8 Hz, 1H, H8an), 3.61 (dd,
J = 1.4 and 7.8 Hz, 1H, H3an), 3.26–3.23 (m, 2H, H4a–H7a),
3.22 (brs, 1H, H8), 3.02 (brs, 1H, H4), 1.82 (d, J = 10.7 Hz,
1H, H9s), 1.57 (d, J = 9.0 Hz, 1H, H9a). 13C NMR
(100 MHz) d (ppm): 172.0–171.1 (2C, C=O), 156.7 (Csubst.),
154.2 (N=CH), 137.9 (Csubst.), 135.7 (Csubst.), 135.4 (Csubst.),
128.9, 128.2, 128.0, 127.9, 127.0, 126.8, 125.5, 82.8, 51.4,
44.9, 43.8, 41.5, 41.2, 34.7. LC–MS: 491 [M+ + 1], 488.75
[M+], 487 [M+ – 1]. MS-ESI (EI, 70 eV): 490 [M+], 389.38,
363.31, 334.85, 317.14, 270.92, 220.07, 202.13, 167.23.
Anal. calcd. for C23H16Cl3N3O3: C, 56.52; H, 3.30; N, 8.60.
Found: C, 56.01; H, 3.33; N, 8.65.

4,8-Methano-3-(4-chlorophenyl)-6-(5-bromo-2-hydroxy-
phenylmethyleneamino)-4,4a,8,exo-8a-tetrahydro-exo-3aH-
isoxazolo[5,4-f]isoindole-5,7(6H,7aH)-endo-dione (15)

Colorless crystals, 78% yield. Mp 162 8C. Rf = 0.58 (2:1,
ethyl acetate/n-hexane). FTIR (cm–1): 3394, 3011, 2979,
2946, 1791, 1708, 1608, 1594, 1494, 1476, 1403, 1354,
1322, 1169, 741, 716. 1H NMR (400 MHz) d (ppm): 10.91
(s, 1H, O–H), 9.40 (s, 1H, H10), 7.62 (d, J = 8.5 Hz, 2H,
Haro.), 7.50 (d, J = 7.8 Hz, 2H, Haro.), 7.41 (d, J = 8.5 Hz,
2H, Haro.), 6.95 (d, J = 9.0 Hz, 1H, Haro.), 4.79 (d, J =
8.0 Hz, 1H, H8an), 3.66 (d, J = 8.0 Hz, 1H, H3an), 3.34 (d, J =
3.7 Hz, 2H, H4a–H7a), 3.30 (brs, 1H, H8), 3.11 (brs, 1H, H4),
1.92 (d, J = 11.3 Hz, 1H, H9s), 1.67 (d, J = 11.3 Hz, 1H,
H9a). 13C NMR (100 MHz) d (ppm): 172.3–171.7 (2C,
C=O), 161.5 (N=CH), 158.8 (Csubst.), 155.1 (Csubst.), 136.6
(Csubst.), 136.5 (Csubst.), 134.7, 129.3, 128.0, 126.3, 119.7,
118.1, 111.2, 83.2, 52.5, 45.8, 44.7, 42.5, 42.1, 35.7. LC–
MS: 516 [M+ + 1], 515 [M+], 513 [M+ – 1]. Anal. calcd.
for C23H17BrClN3O4: C, 53.67; H, 3.33; N, 8.16. Found: C,
53.48; H, 3.41; N, 8.19.

4,8-Methano-3-(4-chlorophenyl)-6-(2,5-dimethoxy-
phenylmethyleneamino)-4,4a,8,exo-8a-tetrahydro-exo-3aH-
isoxazolo[5,4-f]isoindole-5,7(6H,7aH)-endo-dione (16)

Colorless crystals, 69% yield. Mp 211 8C. Rf = 0.49 (2:1,
ethyl acetate/n-hexane). FTIR (cm–1): 3053, 3009, 2970,
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2947, 1767, 1704, 1610, 1599, 1496, 1468, 1422, 1406,
1378, 1225, 1184, 920, 900, 822. 1H NMR (400 MHz) d
(ppm): 9.21 (s, 1H, H10), 7.57–7.56 (brs, 1H, Haro.), 7.54 (d,
J = 8.8 Hz, 2H, Haro.), 7.30 (d, J = 8.8 Hz, 2H, Haro.), 6.98
(dd, J = 2.9 and 8.8 Hz, 1H, Haro.), 6.80 (d, J = 9.7 Hz, 1H,
Haro.), 4.76 (d, J = 8.8 Hz, 1H, H8an), 3.77 (s, 3H, m-subst.,
OCH3), 3.74 (s, 3H, o-substituted, OCH3), 3.63 (d, J =
8.8 Hz, 1H, H3an), 3.21 (d, J = 3.9 Hz, 2H, H4a–H7a), 3.19
(brs, 1H, H8), 3.00 (brs, 1H, H4), 1.80 (d, J = 11.7 Hz, 1H,
H9s), 1.55 (d, J = 11.7 Hz, 1H, H9a). 13C NMR (100 MHz) d
(ppm): 172.0–171.1 (2C, C=O), 159.5 (N=CH), 154.3
(Csubst.), 153.2 (Csubst.), 152.7 (Csubst.), 135.3 (Csubst.), 128.2,
127.0, 125.5, 120.6, 120.1, 111.8, 109.0, 82.2, 55.2, 54.9,
51.5, 44.8, 43.9, 41.7, 41.1, 34.7. LC–MS: 481 [M+ + 1],
480 [M+]. Anal. calcd. for C25H22ClN3O5: C, 62.57; H,
4.62; N, 8.76. Found: C, 62.49; H, 4.59; N, 8.81.

4,8-Methano-3-(4-chlorophenyl)-6-(2-napthyl-
methyleneamino)-4,4a,8,exo-8a-tetrahydro-exo-3aH-
isoxazolo[5,4-f]isoindole-5,7(6H,7aH)-endo-dione (17)

Colorless crystals, 85% yield. Mp 135 8C. Rf = 0.41 (2:1,
ethyl acetate/n-hexane). FTIR (cm–1): 3027, 3011, 2958,
2916, 2850, 1767, 1706, 1625, 1606, 1593, 1493, 1468,
1366, 1346, 1178, 798, 738, 724. 1H NMR (400 MHz) d
(ppm): 9.20 (s, 1H, H10), 8.01 (dd, J = 1.4 and 8.8 Hz, 1H,
Haro.), 7.82–7.77 (m, 3H, Haro.), 7.53 (d, J = 8.8 Hz, 2H,
Haro.), 7.50–7.43 (m, 2H, Haro.), 7.28 (d, J = 8.8 Hz, 2H,
Haro.), 4.75 (d, J = 8.3 Hz, 1H, H8an), 3.63 (d, J = 8.3 Hz,
1H, H3an), 3.23 (d, J = 4.8 Hz, 2H, H4a–H7a), 3.20 (brs, 1H,
H8), 2.99 (brs, 1H, H4), 1.80 (d, J = 11.2 Hz, 1H, H9s), 1.55
(d, J = 11.2 Hz, 1H, H9a). 13C NMR (100 MHz) d (ppm):
172.2–171.4 (2C, C=O), 161.8 (Csubst.), 154.3 (N=CH),
135.3 (Csubst.), 134.4 (Csubst.), 131.8 (Csubst.), 131.0, 129.3,
128.2, 127.9, 127.8, 127.1, 127.0, 125.8, 125.5, 122.0, 82.3,
52.4, 51.4, 44.8, 43.8, 41.6, 41.1. LC–MS: 471 [M+ + 1],
470 [M+], 469 [M+ – 1]. Anal. calcd. for C27H20ClN3O3: C,
69.01; H, 4.29; N, 8.94. Found: C, 69.19; H, 4.26; N, 8.78.

4,8-Methano-3-(4-chlorophenyl)-6-(2-thienylmethylene-
amino)-4,4a,8,exo-8a-tetrahydro-exo-3aH-isoxazolo[5,4-
f]isoindole-5,7(6H,7aH)-endo-dione (18)

Colorless crystals, 75% yield. Mp 169 8C. Rf = 0.47 (2:1,
ethyl acetate/n-hexane). FTIR (cm–1): 3088, 2976, 2921,
1769, 1701, 1592, 1514, 1494, 1343, 1319, 1184, 806, 728,
712. 1H NMR (400 MHz) d (ppm): 9.25 (s, 1H, H10), 7.62
(d, J = 8.3 Hz, 2H, Haro.), 7.59 (d, J = 5.0 Hz, 1H, Haro.),
7.53 (d, J = 3.6 Hz, 1H, Haro.), 7.38 (d, J = 8.2 Hz, 1H,
Haro.), 7.15 (d, J = 4.0 Hz, 2H, Haro.), 4.80 (d, J = 8.3 Hz,
1H, H8an), 3.69 (d, J = 8.3 Hz, 1H, H3an), 3.32 (d, J =
3.7 Hz, 2H, H4a–H7a), 3.26 (brs, 1H, H8), 3.07 (brs, 1H, H4),
1.88 (d, J = 11.2 Hz, 1H, H9s), 1.64 (d, J = 11.2 Hz, 1H, H9a).
13C NMR (100 MHz) d (ppm): 173.0–171.3 (2C, C=O),
156.7 (Csubst.), 155.3 (N=CH), 137.2 (Csubst.), 136.3, 134.4,
131.9, 129.2, 128.1, 127.9, 126.4, 83.3, 52.4, 45.8, 44.7,
42.5, 42.1, 35.7. LC–MS: 427 [M+ + 1], 426 [M+], 425 [M+

– 1]. Anal. calcd. for C21H16ClN3O3S: C, 59.22; H, 3.79; N,
9.87; S, 7.53. Found: C, 59.01; H, 3.67; N, 9.75; S, 7.59.
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Microwave-assisted, palladium-catalyzed
carbonylative cyclization — Rapid synthesis of
2-quinolones from unprotected 2-iodoanilines and
terminal alkynes

Jia-Rong Chen, Jie Liao, and Wen-Jing Xiao

Abstract: Palladium-catalyzed cyclocarbonylations of 2-iodoanilines with various terminal alkynes have been carried out
by the use of commercially available molybdenum hexacarbonyl as a convenient and solid carbon monoxide source. The
reactions were conducted at 160 8C for 30 min under microwave irradiation and in the presence of Et3N in THF, affording
the corresponding 2-quinolone derivatives in good regioselectivities and yields.

Key words: microwave, palladium, carbonylation, 2-iodoaniline, 2-quinolone.

Résumé : Faisant appel à des catalyseurs de palladium et de l’hexacarbonyle de molybdène disponible commercialement
comme source commode et solide de monoxyde de carbone, on a effectué des cyclocarbonylations de 2-iodoanilines avec
divers alcynes en position terminale. Les réactions ont été effectuées à 160 8C, pendant 30 minutes, sous irradiations de
micro-ondes et en présence de Et3N dans le THF et elles conduisent à la formation des 2-quinoléones correspondantes
avec de bons rendements et de bonnes régiosélectivités.

Mots-clés : micro-onde, palladium, carbonylation, 2-iodoaniline, 2-quinoléone.

[Traduit par la Rédaction]

Introduction

Undoubtedly, the transition-metal-catalyzed carbonylation
has become one of the most important carbonyl-formation
reactions in organic synthesis.1 Particularly, palladium-cata-
lyzed cyclocarbonylation of unsaturated substrates provides
a unique, concise, and efficient approach toward carbo- and
hetero-cycles bearing a carbonyl moiety.2 For example, the
insertion of CO into aryl–palladium bond leading to the for-
mation of acylpalladium complex, which could react with
various nucleophiles, is a ubiquitous process for the synthe-
sis of aryl carbonyl compounds.3 Representative examples
include palladium-catalyzed carbonylative cyclizations of
2-iodophenols or 2-iodoanilines with unsaturated substrates,
such as terminal alkynes, 1,2- and 1,3- dienes, and allenes
by the use of gaseous CO.4

2-Quinolones are widely distributed in nature and in many
biologically important alkaloids, which showed remarkable
activities, such as anticancer,5 antitumor, and antihyperten-
sive properties.6 In addition, they are useful intermediates in
organic synthesis.7 Conventional methods for the synthesis
of 2-quinolones are usually based on the Friedländer synthe-
sis via Schiff base condensation8 and the Knorr synthesis
through acid-catalyzed cyclization of b-ketoanilides.9 Re-

cently, Kadnikov and Larock reported an elegant approach
to 2-quinolones, which was based on palladium-catalyzed
carbonylative annulation of terminal or internal alkynes with
2-iodoanilines.10 However, relatively long reaction time and
an additive (e.g., n-Bu4NCl) are usually required. Moreover,
the amino group of 2-iodoanilines has to be protected in the
reaction process. Therefore, the development of more rapid
and flexible strategy for the synthesis of 2-quinolones is still
highly desirable.

Microwave activation as a potential energy source has
proven to be a very popular and useful technology in syn-
thetic organic chemistry, especially in the synthesis of heter-
ocyclic compounds.11 Compared to the traditional heating,
the microwave-accelerated reaction has the major advan-
tages of shorter reaction times, cleaner product profiles, and
minimal quantities of solvent. As part of our ongoing en-
deavors on carbo- and hetero-cycle-oriented organometallic
catalysis,12 we recently reported a rapid synthesis of chro-
men-2-one by microwave-accelerated, palladium-catalyzed
carbonylative cyclization of 2-iodophenol with alkynes.13

This method features the use of commercially available mo-
lybdenum hexacarbonyl as a convenient and solid carbon
monoxide source.14 Herein, we extend this carbonylative
cyclization strategy as a practical and convenient synthesis
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of 3- and 4-substituted 2-quinolones from 2-iodoanilines and
terminal alkynes (Scheme 1).

Results and discussion
The reaction conditions previously used for the carbonyla-

tive cyclization reactions of 2-iodophenol with alkynes13a

were initially applied to the reaction of 2-iodoaniline with
1-octyne (Table 1, entry 1). To our delight, the desired
2-quinolone was obtained in a 59% yield as a mixture of
two regioisomers. The structure of 2-quinolone (1a) was
proposed by NMR and unambiguously confirmed by X-ray
crystallographic analysis (Figure 1) (see Supplementary
data). Fortunately, these two isomers can easily be separated
by flash column chromatography. To optimize the reaction
conditions, the effects of the bases, catalysts, ligands, and
solvents on the model reaction were further examined.

As can be seen from the results summarized in Table 1,
both organic and inorganic bases were effective in this reac-
tion. Among the organic bases screened, trialkylamine gave
better results than secondary alkyl amines did (Table 1, en-
tries 2 and 4 vs. entry 3). The use of unhindered pyridines or
DMAP as the base resulted in decreased yields but with bet-
ter regioselectivity (Table 1, entries 5 and 7). A similar ef-
fect was also observed in the case of DBU (Table 1, entry
6). The employment of inorganic bases led to low yields
and moderate regioselectivity for this reaction. As a result,
Et3N proved to be the best base, and the desired products
were obtained in overall 60% yield with 3.5:1 regioselective
ratio. Thereafter, different palladium catalysts, ligands, and
solvents were also carefully examined to further improve
the yields and regioselectivity with Et3N as the base.

Among the three palladium–PPh3 systems examined,
Pd(OAc)2 exhibited good catalytic activity (Table 2, entry 2).
Thus, other common phosphine ligands, such as DPPB,
DPPP, DPPE, and DPPF were then examined. It was found
that DPPE was the best choice in terms of regioselectivity
and yield (1a:2a = 4:1, 60%) (Table 2, entry 6). The profile
of solvent via reaction efficiency revealed that the reaction in
THF gave higher yield and regioselectivity than in other sol-
vents (Table 2, entries 8–12). Thus, the optimized reaction
conditions for the microwave-accelerated carbonylative cycli-
zation of 2-iodoaniline and alkynes with Mo(CO)6 as the CO
source have been determined to be 1 mmol of 2-iodoaniline, 2
equiv. of alkyne, 0.5 equiv. of Mo(CO)6, 5 mol% Pd(OAc)2,
and 20 mol% DPPE in the presence of 2 equiv. of Et3N in
1 mL of THF under microwave irradiation at 160 8C for
30 min (1a:2a = 3.9:1, 62% yield) (Table 2, entry 8).

With the standard conditions in hand, we next investigated
the scope and limitation of this process. A series of alkyl/aryl
alkynes and differently substituted 2-iodoanilines were
subjected to the optimized conditions. Generally, the carbon-

ylative cyclization proceeded smoothly with good yields. For
example, 1-octyne, 1-heptyne, and 1-hexyne were suitable
for this protocol (Table 2, entries 16 and 17), affording the
2-quinolones 1 and 2 in 60%, 69%, and 70% overall yields,
respectively (Table 3, entries 1–3). Aryl-substituted alkynes
can also be employed in this transformation. Importantly,
only one regioisomer was isolated in these cases, although
the yield was moderate (Table 3, entries 4, 6, 8, and 10–12).
Structural variation in the iodoanilines component is also
possible. For example, methyl, Cl, and Br can be introduced
on the benzene ring at the C(4) position without significant
loss in reaction yield or efficiency (Table 3, entries 5–12).
As shown in Table 3 (entries 5, 6, and 9–15), we have suc-
cessfully utilized halogenated 2-iodoaniline substrates in this
reaction. Moreover, these products should be valuable for
further chemical transformations.15 Note that the reaction
has some limitations. Neither internal alkynes or N-protected
2-iodoanilines can be used in this carbonylative annulation.

Conclusions
In summary, we have established a rapid and efficient

synthesis of 3- or 4-substituted 2-quinolones starting from
readily available unprotected 2-iodoanilines and alkynes

Table 1. Effects of the base on the carbonylative annulations of
2-iodoaniline with 1-octyne.

Entry Base Yield (%)a Ratio of 1a:2ab

1c DMAP–DIPEA 59 1.2:1
2 Et3N 60 3.5:1
3 Et2NH 38 3:1
4 DIPEA 62 1.5:1
5 Pyridine 39 3:1
6 DBU 23 3.5:1
7 DMAP 28 >10:1
8 Imidazole 35 4:1
9 K2CO3 44 4.6:1
10 Cs2CO3 29 1.5:1

Note: Representative experimental procedure: 2-iodoaniline (1 mmol),
1-octyne (2 mmol), base (2 mmol), Pd(OAc)2 (5 mol%, 0.05 mmol), PPh3

(20 mol%, 0.2 mmol), and Mo(CO)6 (0.5 mmol); carried in THF (1 mL)
under microwave irradiation at 60 8C for 10 min and then at 160 8C for
30 min.

aIsolated yield.
bThe ratios were determined by GC.
cDMAP (1 mmol) and DIPEA (1 mmol) were used.

Scheme 1.
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under microwave-irradiation conditions. The current meth-
odology is attractive because of the short reaction time, the
operational simplicity, and the absence of toxic gaseous car-
bon monoxide.

Experimental section

General methods
Unless otherwise noted, materials were purchased from

commercial suppliers and used without further purification.
Solvents and liquid organic bases were freshly distilled ac-
cording to the known procedures.16 Column chromatography
was performed using 200–300 mesh silica gel. All melting
points are uncorrected. 1H NMR spectra were recorded on
Varian Mercury 400 (400 MHz) spectrometers. Chemical
shifts are reported in ppm from TMS with the solvent reso-
nance as the internal standard (CDCl3: d 7.24, DMSO: d

2.50). Data are reported as follows: chemical shift, multi-
plicity (singlet (s), doublet (d), triplet (t), quartet (q), broad
(br), or multiplet (m)), coupling constants (Hz). 13C NMR
spectra were recorded on Varian Mercury 400 (100 MHz)
with complete proton decoupling spectrophotometers
(CDCl3: d 77.7, DMSO: d 39.5). Elemental analysis was per-
formed on a Vario EL III elemental analysis instrument.

Compounds 1b, 1c, 1d, 1f, 1j, 2a, 2b, and 2c are known
compounds; and the data of these compounds have been
found to be identical with those reported.10a,17

All experiments were performed in a Smith Synthesizer
producing controlled irradiation at 2450 MHz with a power
of 0–300 W.

Representative procedure for the synthesis of
2-quinolones from unprotected 2-iodoanilines and
terminal alkynes

To a 2.0–5.0 mL process vial were added 2-iodoaniline
(1 mmol) and Pd(OAc)2 (0.05 mmol), DPPE (0.2 mmol),
Et3N (2 mmol), alkyne (2 mmol), Mo(CO)6 (0.5 mmol), and
anhydrous THF (1 mL). The vial was immediately capped
with a Teflon septum under N2 and irradiated with micro-
wave at 60 8C for 10 min, then at 160 8C for another
30 min. After cooling to room temperature, the contents of
the vessel were filtered through a short Celite pad, washed
with acetone, and then concentrated under reduced pressure.
The residue was purified by silica-gel chromatography to af-
ford the desired products.

3-n-Hexyl-2-1H-quinoline (1a)
White solid (recrystallized from petroleum ether/acetone).

Fig. 1. Crystal structure of 1a.

Table 2. Optimization of reaction conditions for the carbonylative annulations.

Entry Catalyst Ligand Solvent Yield (%)a Ratio of 1a:2ab

1 PdCl2 PPh3 Dioxane 58 2.5:1
2 Pd(OAc)2 PPh3 Dioxane 60 3.5:1
3 Pd(PPh3)4 PPh3 Dioxane 54 2.2:1
4 Pd(OAc)2 DPPB Dioxane 59 2.4:1
5 Pd(OAc)2 DPPP Dioxane 49 3.0:1
6 Pd(OAc)2 DPPE Dioxane 60 4.0:1
7 Pd(OAc)2 DPPF Dioxane 17 1.1:1
8 Pd(OAc)2 DPPE THF 62 3.9:1
9 Pd(OAc)2 DPPE DMF 25 >10:1
10 Pd(OAc)2 DPPE CH3CN 15 >10:1
11 Pd(OAc)2 DPPE CH2Cl2 28 2.4:1
12 Pd(OAc)2 DPPE ClCH2CH2Cl NDc NDc

Note: Representative experimental procedure: iodoaniline (1 mmol), alkyne (2 mmol), Et3N
(2 mmol), palladium catalyst (5 mol%, 0.05 mmol), ligand (20 mol%, 0.2 mmol), and Mo(CO)6

(0.5 mmol); carried out in solvent (1 mL) under microwave irradiation at 60 8C for 10 min and
then at 160 8C for 30 min.

aIsolated yield.
bThe ratios were determined by GC.
cND: no products were detected.
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Mp 113–116 8C. 1H NMR (CDCl3, 400 MHz) d: 11.04 (s,
1H), 7.60 (s, 1H), 7.44 (t, J = 7.6 Hz, 1H), 7.29 (t, J =
10.6 Hz, 1H), 7.19 (t, J = 7.6 Hz, 1H), 2.67 (t, J = 7.6 Hz,
2H), 1.69 (t, J = 7.6 Hz, 1H), 1.64 (s, 2H), 1.43 (s, 2H),
1.35 (m, 4H), 0.90 (t, J = 7.0 Hz, 3H). 13C NMR (CDCl3,
100 MHz) d: 164.5, 137.4, 136.5, 134.3, 129.2, 127.0,
122.3, 120.3, 115.6, 31.7, 30.2, 29.1, 28.3, 22.6, 14.1. MS
m/z: 229 [M+]. Anal. calcd. for C15H19NO: C, 78.56; H,
8.35; N, 6.11. Found: C, 78.60; H, 8.30; N, 6.14.

4-n-Hexyl-2-1H-quinoline (2a)
White solid (recrystallized from petroleum ether/acetone).

Mp 155–157 8C. 1H NMR (CDCl3, 400 MHz) d: 12.33 (s,
1H), 7.73 (d, J = 8.0 Hz, 1H), 7.52–7.46 (m, 2H), 7.27–
7.22 (m, 1H), 76.60 (s, 1H), 2.86 (t, J = 7.8 Hz, 2H), 1.83–
1.69 (2H, m), 1.45 (t, J = 10.4 Hz, 2H), 1.83–1.69 (m, 2H),
1.36–1.33 (m, 4H), 0.95–0.88 (m, 3H). 13C NMR (CDCl3,
100 MHz) d: 164.7, 153.3, 138.7,130.2, 124.0, 122.3, 119.8,
119.2, 116.9, 32.2, 31.5, 29.1, 28.7, 22.5, 14.0. MS m/z: 229
[M+]. Anal. calcd. for C15H19NO: C, 78.56; H, 8.35; N, 6.11.
Found: C, 78.59; H, 8.34; N, 6.14.

3-n-Pentyl-2-1H-quinoline (1b)
Brown solid (recrystallized from petroleum ether/ace-

tone). Mp 133–136 8C. 1H NMR (CDCl3, 400 MHz) d:
11.83 (s, 1H), 7.62 (s, 1H), 7.53–7.18 (m, 4H), 2.69 (t, J =
7.6 Hz, 2H), 1.71 (t, J = 1.6 Hz, 2H), 1.43–1.40 (m, 4H),
0.93 (t, J = 7.0 Hz, 3H). 13C NMR (CDCl3, 100 MHz) d:
164.6, 137.4, 136.4, 134.2, 129.2, 126.9, 122.2, 120.3,
115.7, 31.6, 30.2, 28.0, 22.6, 14.0. MS m/z: 215 [M+]. Anal.
calcd. for C14H17NO: C, 78.10; H, 7.96; N, 6.51. Found: C,
78.14; H, 7.92; N, 6.53.

4-n-Pentyl-2-1H-quinoline (2b)
White solid (recrystallized from petroleum ether/acetone).

Mp 142–145 8C. 1H NMR (CDCl3, 600 MHz) d: 12.75 (s,
1H), 7.71 (d, J = 8.0 Hz, 1H), 7.49 (d, J = 13.2 Hz, 2H),
7.25–7.21 (m, 1H), 6.59 (s, 1H), 2.84 (t, J = 7.6 Hz, 2H),
1.74–1.68 (2H, m), 1.50–1.44 (2H, m), 0.98 (t, J = 4.8 Hz,
3H). 13C NMR (CDCl3, 100 MHz) d: 164.6, 153.4, 138.5,
130.3, 124.1, 122.4, 119.8, 119.2, 116.8, 32.2, 31.6, 28.0,
22.5, 14.0. MS m/z: 215 [M+]. Anal. calcd. for C14H17NO:
C, 78.10; H, 7.96; N, 6.51. Found: C, 78.13; H, 7.98; N,
6.50.

3-n-Butyl-2-1H-quinoline (1c)
Brown solid (recrystallized from petroleum ether/ace-

tone). Mp 151–154 8C. 1H NMR (CDCl3, 400 MHz) d:
12.20 (s, 1H), 7.62 (s, 1H), 7.53–7.40 (m, 2H), 7.21–7.17
(m, 1H), 2.70 (t, J = 7.4 Hz, 2H), 1.74–1.66 (m, 2H), 1.49–
1.44 (m, 2H), 0.99 (t, 7.4 Hz, 3H). 13C NMR(CDCl3,
100 MHz) d: 164.6, 137.5, 136.4, 134.2, 126.9, 122.2,
120.3, 115.7, 30.5, 29.9, 22.5, 14.0. MS m/z: 201 [M+].
Anal. calcd. for C13H15NO: C, 77.58; H, 7.51; N, 6.96.
Found: C, 77.60; H, 7.49; N, 6.99.

4-n-Butyl-2-1H-quinoline (2c)
Brown solid (recrystallized from petroleum ether/ace-

tone). Mp 112–115 8C. 1H NMR (CDCl3, 400 MHz) d:
12.77 (s, 1H), 7.72 (d, J = 5.2 Hz, 1H), 7.48 (d, J = 2.4 Hz,
2H), 7.24–7.21 (m, 1H), 6.60 (s, 1H), 2.85 (t, J = 5.2 Hz,
2H), 1.73–1.68 (m, 1H), 1.50–1.44 (m, 2H), 0.98 (t, J =
4.8 Hz, 3H). 13C NMR (CDCl3, 100 MHz) d: 164.6, 153.4,
138.5, 130.3, 124.1, 122.4, 119.8, 119.2, 116.9, 31.9, 30.9,
22.6, 14.0. MS m/z: 201 [M+]. Anal. calcd. for C13H15NO:

Table 3. Scope of the carbonylative annulations.

Entry R1 R2 Product(s) Yield (%)a Ratio of 1:2b

1 H n-Hex 1a 2a 60 3.9:1
2 H n-Pen 1b 2b 69 4.0:1
3 H n-Bu 1c 2c 70 6.7:1
4c H Ph 1d 39
5 Cl n-Bu 1e 2e 67 4.3:1
6c Cl Ph 1f 29
7 Me n-Bu 1g 2g 68 7.2:1
8c Me Ph 1h 73
9 Br n-Bu 1i 2i 66 10.7:1
10c Br Ph 1j 29
11c Br 4-MeC6H4 1k 46
12c Br 3-FC6H4 1l 47

Note: Representative experimental procedure: iodoaniline (1 mmol), alkyne (2 mmol), Et3N (2 mmol),
Pd(OAc)2 (5 mol%, 0.05 mmol), DPPE (10 mol%, 0.10 mmol), and Mo(CO)6 (0.5 mmol); carried out in
THF (1 mL) under microwave irradiation at 60 8C for 10 min and then at 160 8C for 30 min.

aIsolated yield.
bThe ratios were determined by GC.
cOnly the major isomers were detected.
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C, 77.58; H, 7.51; N, 6.96. Found: C, 77.56; H, 7.53; N,
6.94.

3-n-Phenyl-2-1H-quinoline (1d)
White solid (recrystallized from petroleum ether/acetone).

Mp 229–232 8C. 1H NMR (DMSO, 400 MHz) d: 11.98 (s,
1H), 8.11 (s, 1H), 7.78–7.73 (m, 3H), 7.51–7.20 (m, 6H).
13C NMR (DMSO, 100 MHz) d: 161.1, 138.4, 136.3, 131.6,
130.2, 128.7, 128.1, 128.0, 121.9, 119.6, 114.7. MS m/z: 221
[M+]. Anal. calcd. for C15H11NO: C, 81.43; H, 5.01; N, 6.33.
Found: C, 81.46; H, 5.04; N, 6.30.

3-n-Butyl-6-chloro-2-1H-quinoline (1e)
White solid (recrystallized from petroleum ether/acetone).

Mp 169–172 8C. 1H NMR (CDCl3, 400 MHz) d: 12.76 (s,
1H), 7.48 (d, J = 12.8 Hz, 2H), 7.39 (d, J = 8.8 Hz, 2H),
2.67 (t, J = 3.6 Hz, 2H), 1.69–1.63 (m, 2H), 1.50–1.40 (m,
2H), 0.98 (t, J = 7.2 Hz, 3H). 13C NMR (CDCl3, 100 MHz)
d: 164.4, 135.9, 135.5, 135.2, 129.4, 127.5, 126.0, 121.2,
117.2, 30.4, 29.9, 22.5, 14.0. MS m/z: 238 [M+]. Anal. calcd.
for C13H14ClNO: C, 66.24; H, 5.99; N, 5.94. Found: C,
66.26; H, 5.96; N, 5.92.

4-n-Butyl-6-chloro-2-1H-quinoline (2e)
White solid (recrystallized from petroleum ether/acetone).

Mp 163–165 8C. 1H NMR (DMSO, 400 MHz) d: 11.75 (s,
1H), 7.76 (d, J = 2.0 Hz, 1H), 7.53 (1H, dd, J = 2.0,
2.0 Hz), 7.33 (d, J = 8.8 Hz, 1H), 6.60 (s, 1H), 2.79 (t, J =
7.6 Hz, 2H), 1.58 (t, J = 7.6 Hz, 2H), 1.42–1.37 (m, 2H),
0.93 (t, J = 7.2 Hz, 3H). 13C NMR (DMSO, 100 MHz) d:
161.4, 150.8, 137.6, 130.0, 125.8, 123.6, 120.9, 120.0,
117.5, 30.7, 30.4, 21.9, 13.7. MS m/z: 238 [M+]. Anal. calcd.
for C13H14ClNO: C, 66.24; H, 5.99; N, 5.94. Found: C,
66.27; H, 5.97; N, 5.95.

3-Phenyl-6-chloro-2-2H-quinoline (1f)
Brown solid (recrystallized from petroleum ether/ace-

tone). Mp 244–247 8C. 1H NMR (DMSO, 400 MHz) d:
12.11 (s, 1H), 8.09 (s, 1H), 7.84 (d, J = 2.4 Hz, 1H), 7.76
(t, J = 4.2 Hz, 1H), 7.56–7.34 (m, 5H). 13C NMR (DMSO,
100 MHz) d: 162.8, 137.3, 136.3, 135.6, 133.7, 130.5, 128.9,
128.4, 127.9, 127.0, 121.2, 116.9. MS m/z: 256 [M+]. Anal.
calcd. for C15H10ClNO: C, 70.46; H, 3.94; N, 5.48. Found:
C, 70.48; H, 3.96; N, 5.45.

3-Butyl-6-methyl-2-2H-quinoline (1g)
White solid (recrystallized from petroleum ether/acetone).

Mp 144–147 8C. 1H NMR (CDCl3, 400 MHz) d: 11.67
(brs,1H), 7.54 (s, 1H), 7.27 (m, 3H), 2.68 (t, J = 7.8 Hz,
2H), 2.43–2.38 (m, 3H), 1.72–1.65 (m, 2H), 1.50–1.41 (m,
2H), 1.02–0.96 (m, 3H). 13C NMR (CDCl3, 100 MHz) d:
164.4, 136.2, 135.4, 134.0, 131.7, 130.5, 126.5, 120.2,
115.6, 30.5, 29.9, 22.5, 20.9, 14.0. MS m/z: 215 [M+]. Anal.
calcd. for C14H17NO: C, 78.10; H, 7.96; N, 6.51. Found: C,
78.14; H, 7.97; N, 6.49.

4-Butyl-6-methyl-2-1H-quinoline (2g)
Yellow solid (recrystallized from petroleum ether/ace-

tone). Mp 171–174 8C. 1H NMR (CDCl3, 400 MHz) d:
12.52 (s, 1H), 7.56–7.49 (m, 1H), 7.38–7.26 (m, 2H), 7.24–
7.21 (m, 1H), 6.59 (d, J = 9.6 Hz, 1H), 2.85 (t, J = 7.6 Hz,

2H), 2.47–2.42 (t, J = 10.0 Hz, 3H), 1.77–1.70 (m, 2H),
1.68–1.43 (m, 2H), 1.03–0.94 (m, 3H). 13C NMR (CDCl3,
100 MHz) d: 164.5, 153.0, 136.5, 131.8, 131.6, 123.6,
119.7, 119.1, 116.8, 31.8, 30.8, 22.5, 21.2, 13.9. MS m/z:
215 [M+]. Anal. calcd. for C14H17NO: C, 78.10; H, 7.96; N,
6.51. Found: C, 78.14; H, 7.97; N, 6.48.

3-Phenyl-6-methyl-2-1H-quinoline (1h)
White solid (recrystallized from petroleum ether/acetone).

Mp 220–223 8C. 1H NMR (DMSO, 400 MHz) d: 11.90 (s,
1H), 8.02 (t, J = 10.0 Hz, 1H), 7.78–7.72 (m, 2H), 7.53 (d,
J = 10.0 Hz, 1H), 7.46–7.22 (m, 5H), 2.36 (t, J = 9.8 Hz,
3H). 13C NMR (DMSO, 100 MHz) d: 161.0, 137.4, 136.4,
131.5, 130.9, 128.8, 128.0, 127.8, 127.6, 119.6, 114.7, 20.5.
MS m/z: 235 [M+]. Anal. calcd. for C16H13NO: C, 81.68; H,
5.57; N, 5.95. Found: C, 81.70; H, 5.60; N, 5.92.

3-Butyl-6-bromo-2-1H-quinoline (1i)
White solid (recrystallized from petroleum ether/acetone).

Mp 172–174 8C. 1H NMR (DMSO, 400 MHz) d: 12.36 (s,
1H), 7.65 (d, J = 2.4 Hz, 1H), 7.53 (d, J = 4.6 Hz, 2H),
7.28 (t, J = 8.2 Hz, 1H), 2.68 (t, J = 7.8 Hz, 2H), 1.71–1.63
(m, 2H), 1.48–1.42 (m, 2H), 0.98 (t, J = 7.2 Hz, 3H). 13C
NMR (DMSO, 100 MHz) d: 164.3, 136.2, 135.6, 135.2,
132.0, 129.2, 121.7, 117.4, 114.9, 30.4, 29.9, 22.5, 14.0.
MS m/z: 281 [M+]. Anal. calcd. for C13H14BrNO: C, 55.73;
H, 5.04; N, 5.00. Found: C, 55.70; H, 5.08; N, 5.02.

4-Butyl-6-bromo-2-1H-quinoline (2i)
White solid (recrystallized from petroleum ether/acetone).

Mp181–184 8C. 1H NMR (DMSO, 400 MHz) d: 11.78 (1s,
H), 7.89 (s, 1H), 7.66 (t, J = 4.4 Hz,1H), 7.28 (d, J =
8.8 Hz, 1H), 6.4 (s, 1H), 2.79 (t, J = 7.4 Hz, 2H), 1.61–
1.54(m, 2H), 1.43–1.36 (m, 2H), 0.93 (t, J = 7.4 Hz). 13C
NMR (DMSO, 100 MHz) d: 164.3, 136.2, 135.6, 135.2,
132.0, 129.2, 121.7, 117.4, 114.9, 30.4, 29.9, 22.5, 14.0.
MS m/z: 281 [M+]. Anal. calcd. for C13H14BrNO: C, 55.73;
H, 5.04; N, 5.00. Found: C, 55.70; H, 5.06; N, 5.01.

3-Phenyl-6-bromo-2-1H-quinoline (1j)
White solid (recrystallized from petroleum ether/acetone).

Mp 256–259 8C. 1H NMR (DMSO, 400 MHz) d: 12.10 (s,
1H), 7.98 (d, J = 2.0 Hz, 1H), 7.74 (d, J = 7.2 Hz, 1H),
7.66 (dd, J = 2.0, 1.6 Hz, 1H), 7.47–7.40 (m, 3H), 7.28 (d,
J = 8.8 Hz, 1H). 13C NMR (DMSO, 100 MHz) d: 160.8,
137.4, 136.4, 135.9, 132.7, 130.0, 128.7, 128.1, 128.0,
121.3, 116.8, 113.4. MS m/z: 300 [M+]. Anal. calcd. for
C15H10BrNO: C, 60.02; H, 3.36; N, 4.67. Found: C, 60.04;
H, 3.38; N, 4.65.

3-(p-Tolyl)-6-bromo-2-1H-quinoline (1k)
Yellow solid (recrystallized from petroleum ether/ace-

tone). Mp 255–257 8C. 1H NMR (DMSO, 400 MHz) d:
12.07 (s, 1H), 8.06 (s, 1H), 7.96 (d, J = 2.4 Hz, 1H), 7.64
(dd, J = 8.0, 1.6 Hz, 3H), 7.29–7.24(m, 3H), 2.23 (m, 3H).
13C NMR (DMSO, 100 MHz) d: 160.9, 137.5, 137.2, 135.8,
133.0, 132.3, 129.9, 128.7, 128.5, 121.4, 116.9, 116.7, 113.4,
21.0. MS m/z: 314 [M+]. Anal. calcd. for C16H12BrNO: C,
61.17; H, 3.85; N, 4.46. Found: C, 61.20; H, 3.83; N, 4.49.
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3-(3-Fluorophenyl)-6-bromo-2-1H-quinoline (1l)
White solid (recrystallized from petroleum ether/acetone).

Mp 279–282 8C. 1H NMR (DMSO, 400 MHz) d: 12.16 (s,
1H), 8.19 (s, 1H), 7. 98 (d, J = 1.6 Hz, 1H), 7.69–7.59 (m,
3H), 7.52–7.47 (m, 1H), 7.30–7.22 (m, 1H). 13C NMR
(DMSO, 100 MHz) d: 163.0, 160.6, 138.1, 137.5, 133.0,
131.0, 130.0, 124.7, 121.1, 117.0, 115.6, 115.0, 113.5. MS
m/z: 318 [M+]. Anal. calcd. for C15H9BrFNO: C, 56.63; H,
2.85; N, 4.40. Found: C, 56.67; H, 2.83; N, 4.43.

Supplementary data
Supplementary data for this article are available on the

journal Web site (canjchem.nrc.ca) or may be purchased
from the Depository of Unpublished Data, Document Deliv-
ery, CISTI, National Research Council Canada, Ottawa, ON
K1A 0R6, Canada. DUD 5355. For more information on ob-
taining material, refer to cisti-icist.nrc-cnrc.gc.ca/cms/
unpub_e.shtml.
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AGOA hydration clusters produce the solvation
effect on the aziridine���hydrofluoric acid
complex — A modern proposal

Boaz G. Oliveira, Regiane C.M.U. Araújo, Antônio B. Carvalho, and
Mozart N. Ramos

Abstract: The AGOA methodology was used to describe the hydration clusters of the C2H5N���HF heterocyclic hydrogen-
bonded complex. Using the TIP4P water-geometry model, the hydration clusters were generated by analyzing the finite
gradients of the molecular electrostatic potential (MEP) of the solute (C2H5N���HF). The results obtained revealed high hy-
dration energies (DEHC-CORR) in the positive MEP field, indicating that the water molecules prefer to attack the methyl
groups of the aziridine ring upon the formation of the C2H5N���HF hydrogen-bonded complex. Although they are in ac-
cordance with the experimental behavior of the aziridine acid-catalyzed open-ring reaction, the theoretical results obtained
here provide a new perspective on studies of the solvation effect because the AGOA protocol requires little computational
effort to create the hydration-cluster structures.

Key words: hydrogen complexes, aziridine, AGOA, clusters, solvation.

Résumé : Afin de décrire les agrégats d’hydratation de complexes hétérocycliques C2H5N���HF comportant une liaison hy-
drogène, on a fait appel à une méthode de calcul théorique dénommée, « AGOA », terme portugais signifiant à l’eau. Uti-
lisant le modèle TI4P pour la géométrie de l’eau, on a généré des agrégats d’hydratation en faisant une analyse des
gradients finis du potentiel électrostatique moléculaire (PEM) du soluté (C2H5N���HF). Les résultats obtenus mettent en évi-
dence la présence d’énergies d’hydratation élevées (DEHC-CORR) dans le champ positif du PEM, ce qui indique que les mo-
lécules d’eau préfèrent s’attaquer aux groupements méthyles du noyau aziridine lors de la formation du complexe
C2H5N���HF comportant une liaison hydrogène. Même s’ils sont en accord avec le comportement expérimental de la réac-
tion d’ouverture de l’aziridine catalysée par un acide, les résultats théoriques obtenus ici fournissent une nouvelle perspec-
tive pour les études d’effet de solvatation puisque le protocole « AGOA » ne requiert que de faibles efforts de calculs
pour générer les structures des agrégats d’hydratation.

Mots-clés : complexes d’hydrogène, aziridine, « AGOA », agrégats, solvatation.

[Traduit par la Rédaction]

Introduction
There can be no doubt that heterocyclic compounds are

molecular structures that have properties essential to life,1
and they are important sources of research into new pharma-
cological drugs,2 the development of polymerization proc-
esses,3 and the formation of amorphous metallic structures.4
In the case of small rings,5,6 in particular aziridine (C2H5N),
the capacity for reaction with nucleophiles in a basic or acid
medium is well-known among organic chemists.7–10 One ex-
ample of this is the Wenker synthesis mechanism.11,12 In
short, the catalyzed open-ring reaction in acid medium oc-
curs by a nucleophilic attack on the carbons of the aziridine
ring,13 as demonstrated in Fig. 1.

Using physicochemical studies, it has been demonstrated
that acid species cause an acceleration in the reaction.14 In
this situation, the protonation of the aziridine ring weakens

its (C–N) adjacent bonds, inducing a rupture of the ring
undergoing an SN2 mechanism, in which the aziridine cation
(2) is the subsequent intermediate in the formation of the
C2H5N���HF hydrogen-bonded complex (1). According to
this conjecture, the study of the solvent effect seems to be
the key to better understanding of this reaction mechanism.

Over the years, the study of the solvent effect on the azir-
idine ring has been successfully developed by applying tra-
ditional methodologies.14 In a recent proposal drawn up by
Fang and co-workers,15 interesting parameters relating to the
solvent effect on aziridine in the acid-catalyzed open-ring
reactions were obtained using SCRF continuum calculations.
However, it is very important that a detailed description of
the solvent effect be performed. This would involve explicit
description of the action of the solvent molecules on the
aziridine ring, which would seem to be essential to the
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understanding of the acid-catalyzed open-ring reaction, even
though it is not related to aziridine-ring protonation, but
essentially occurs in the context of the C2H5N���HF hydro-
gen-bonded complex. Given the ability of the continuum
models, this is a task without promising results. A theoreti-
cal study of the solvent effect on the C2H5N���HF hydrogen-

bonded complex, which discretely models the water mole-
cules, should therefore be taken into account.16

The most adequate methodology
Historically, the first idea for evaluating the solvent effect

Fig. 1. Acid-catalyzed open-ring reaction of the aziridine: Proto-
nated aziridine (2) and the C2H5N���HF heterocyclic hydrogen-
bonded complex (1) undergo the solvent effect.

Fig. 2. Optimized geometry of the C2H5N���HF heterocyclic hydro-
gen-bonded complex (a) and its MEP surfaces (b). The potential-
energy levels are +0.05 au and –0.05 au for transparent (MEPmax)
and meshed (MEPmin) surfaces, respectively. MEP is given in
atomic units (au).

Fig. 3. Hydration-cluster structures of the C2H5N���HF heterocyclic
hydrogen-bonded complex.

Table 1. AGOA internal default values for the
cutoff radii.

Elements Atomic cutoff radii
H 1.3
C 2.0
N 2.0
O 2.0
F 1.8

Note: All values are given in Å.
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in silico was based on the dielectric model,17,18 and these
were known as continuum methods. From theoretical formu-
lations elaborated by Born,19 Onsager,20 and Kirkwood,21 the
continuum approach treats the solute using quantum me-
chanics, inserting it into a cavity molded as overlapping
spheres. Recently, there has been intensive development of
modern continuum implementations,22–24 although these
methodologies have serious limitations when it comes to de-
scribing specific interactions between solute and solvent.25

These limitations can be partly overcome by the use of dis-
crete models,26 such as Monte Carlo or molecular dynam-
ics.27–30 These models provide an understanding of the real
question regarding liquids, which is the association of a

large number of different configurations of the solvent.
However, the application of these discrete methods has en-
countered a number of disadvantages, such as (i) the need
for specific force fields, (ii) the dependence on the initial
liquid configuration, and (iii) high computational cost.

It was therefore necessary to develop an alternative
method of generating hydration clusters involving position-
ing the solvent molecules around the polar solutes without
depending on specific force fields and (or) quantum-me-
chanical/molecular-mechanical calculations. The AGOA
method was developed out of pioneering work carried out
by Hernandes et al.,31 as a way of generating liquid config-
urations by the analysis of the electrostatic potential of the
solute. AGOA was further used to calibrate the force field
for computational simulations. As a consequence, Hernandes
and Longo32 suggested another computational methodology
called ab initio parametrization (AIPAR). In comparison to
the OPLS data,33,34 AIPAR has been successfully proven to
simulate solvation in functional groups, such as methanol,
acetone, methyl mercaptan, imidazole, oxazole, and furan.
In the case of aziridine, however, the present study will not
investigate the solvent effect in the C2H5N���HF hydrogen-
bonded complex using traditional discrete techniques, such
as Monte Carlo or molecular dynamics. On the contrary, the
aim here is to investigate the liquid configurations in the
C2H5N���HF hydrogen-bonded complex by way of AGOA.
In this way, it is hoped that a suitable explanation of the
aqueous stability of this complex will be found, thereby cor-
roborating some aspects of the experimental aziridine acid-
catalyzed open-ring reaction.35

Computational details and procedure
The optimized geometry and molecular electrostatic po-

tential (MEP)36 of the C2H5N���HF heterocyclic hydrogen-
bonded complex were obtained using the density functional
theory (DFT)37,38 and the B3LYP hybrid functional.39–41 The
6–311++G(d,p) basis set was used and all calculations were
performed on the GAUSSIAN 98W program.42 The hydra-
tion-cluster structures (solute:water) were generated by
AGOA software, version 2.0.43 Assuming that the electro-
static effects44 are the most important interactions between

Table 2. DEHC-CORR hydration-clusters’ energies of the C2H5N���HF heterocyclic hydrogen-bonded complex.

Number of
water molecules

C2H5N���HF heterocyclic hydrogen-bonded complex

DEHC MEPmax BSSE MEPmax DEHC-CORR MEPmax DEHC-CORR MEPmin BSSE MEPmin DEHC MEPmin

1 –344.3 –7.4 –336.9 –12.4 –2.9 –9.5
2 –79.2 –4.9 –74.3 –7.8 –3.1 –4.7
3 –330.8 –6.1 –324.7 –16.3 –2.3 –14.0
4 –371.7 –7.1 –364.6 –16.3 –2.3 –14.0
5 –375.7 –5.1 –370.6 –15.7 –2.1 –13.6
6 –337.2 –7.2 –330.0 –15.8 –2.2 –13.6
7 –291.9 –6.0 –285.9 –16.1 –2.7 –13.4
8 –338.1 –6.8 –331.3 –15.7 –2.7 –13.0
9 –117.0 –6.0 –111.0 –10.3 –3.0 –7.3
10 –136.4 –4.9 –131.5 –8.8 –2.9 –5.9
11 –42.7 –4.8 –37.9 –18.6 –2.6 –16.0
12 –48.0 –5.1 –42.9 –15.7 –2.0 –13.7
13 –169.8 –3.7 –173.5 –15.7 –2.0 –13.7
14 –208.9 –5.6 –203.3 –14.4 –2.4 –12.0

Note: All values are given in kJ mol–1.

Fig. 4. Relationship between hydration-cluster energies and the
number of water molecules generated by AGOA to simulate the
solvation effect in the C2H5N���HF heterocyclic hydrogen-bonded
complex.
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polar solutes and water molecules, AGOA interprets the
MEP of the solute by plotting the solvent accessible surface
area (SASA)45 on a grid of 203 = 8 000 points with the fol-
lowing dimensions: 20 � 20 � 20 Å.

For notational purposes alone, the water molecules were
distributed at equally spaced intervals in this cube. Single-
point calculations for each hydration cluster (DEHC) were
then obtained as follows:

½1� DEHC ¼ ETOTAL � ESOLUTE � EWATER

where ETOTAL, ESOLUTE, and EWATER correspond to the hy-
dration-cluster energies of the dimer (solute:water), isolated
solute (C2H5N���HF), and individual water molecules, re-
spectively. All hydration-cluster energies DEHC were cor-
rected using Boys and Bernardi’s BSSE method,46 and the
values of the corrected hydration-cluster energies DEHC--

CORR were then determined as follows:

½2� DEHC-CORR ¼ DEHC � BSSE

Results and discussion

Gas phase geometry and molecular electrostatic potential
First, it should be noted that the aim of this study is not to

explore the potential-energy surface of the C2H5N���HF het-
erocyclic hydrogen-bonded complex. Second, using the
B3LYP/6–311++G(d,p) calculations to optimize the geome-
try of this complex, one particular minimum of the poten-
tial-energy surface was identified by analysis of the infrared
spectrum in which no imaginary frequency had been de-
tected. The optimized geometry of the C2H5N���HF complex
is illustrated in Fig. 2a.47,48

In accordance with the AGOA standard protocol,31 the
optimized geometry of the C2H5N���HF complex was used
to compute its MEP, whose surface can be seen in Fig. 2b.
The maximum (+0.05 au) and minimum (–0.05 au) of the
MEP regions are represented by transparent and meshed sur-
faces, respectively.

Hydration clusters and interaction energies
AGOA describes hydration clusters by describing the

MEP gradient (see eq. [3] of the solute, and also uses the
TIP4P geometry model to orient the water molecules around
the solute.49

½3� EðH2OÞ ¼ �rMEP

The hydration clusters generated using AGOA for the
C2H5N���HF hydrogen-bonded complex are shown in Fig. 3.
It can be seen that two groups of 14 water molecules were
positioned in the maximum (max) and minimum (min) re-
gions of the MEP, respectively. In this procedure, the
AGOA program has internally stored default cutoff radii for
the solute and solvent, whose values are listed in Table 1.

The hydration-clusters’ structures were obtained in Carte-
sian coordinates and used to determine the hydration ener-
gies DEHC-CORR, whose results are presented in Table 2 and
graphically illustrated in Fig. 4.

As can be seen in the region of maximum molecular elec-
trostatic potential (MEPmax), the orientation of the water
molecules indicates that their oxygen atoms are interacting

with the hydrogen atoms of the methyl groups (–CH2–). On
the other hand, in the region of minimum electrostatic po-
tential (MEPmin), the hydrogen atoms of the water molecules
are directly aligned to the fluorine atom of hydrofluoric acid
(HF).

Moreover, these hydration clusters provide better stability for
the MEPmax field because the DEHC-CORR values computed in
this region are higher, in the range of –364.6 kJ mol–1. This
study may be considered consistent with the reproduction of the
experimental behavior of aziridine, since cyclic amines are
known to be highly reactive compounds.50 Solely for compara-
tive purposes, a similar experiment was performed to evaluate
the solvent effect on the epoxide ring, in particular the
C2H4O���HF heterocyclic hydrogen-bonded complex.51 Although
the hydration-cluster energies of the C2H4O���HF hydrogen-
bonded complex showed values in the range of –292 kJ mol–1,
it can be seen that aziridine is more reactive. In other words, the
acid-catalyzed open-ring reaction occurs more easily if the for-
mation of the C2H5N���HF heterocyclic hydrogen-bonded com-
plex is taken into account. The AGOA methodology provides a
successful complementary description of the solvation effect,
which not only produces interesting results, but can also be
achieved at low computational cost, since the analysis of the sol-
ute MEP is the single criterion used to form the hydration clus-
ters. In practice, it took only a few seconds to generate the
hydration clusters for the C2H5N���HF heterocyclic hydrogen-
bonded complex.

Conclusions and future research
The theoretical study of the solvation effect in the

C2H5N���HF heterocyclic hydrogen-bonded complex has pro-
ven that the presence of the water molecules is important for
description of the acid-catalyzed open-ring reaction of aziri-
dine. Analysis of the molecular electrostatic potential of the
C2H5N���HF complex revealed two important regions, which
correspond to the methyl groups (MEPmax) of the aziridine
(C2H5N) and the fluorine atom (MEPmin) of the hydrofluoric
acid, respectively. In the solvation structures generated by
the AGOA methodology, the DEHC-CORR hydration-cluster
energies are higher in the MEPmax region. This result con-
curs well with the experimental acid-catalyzed open-ring re-
action, where the nucleophilic attack occurs through the
interactions of the water molecules with the methyl groups
of the aziridine ring. It should be noted that the AGOA soft-
ware is for academic purposes,43 but its potential has been
successfully demonstrated31 in areas such as the theoretical
description of the acid/base equilibrium involving alkoxides
and ammonium ions52,53 and hydration-cluster studies of
amino acids and protein fragments.54 In future, we plan to
undertake a study of hydration clusters in nanocompounds
of biological interest, such as the quantum dots.
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gico (CNPq), and Financiadora de estudos e projetos
(FINEP).

Oliveira et al. 341

Published by NRC Research Press

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

U
ni

ve
rs

ity
 o

f 
E

le
ct

ro
ni

c 
an

d 
Sc

ie
nc

e 
T

ec
ho

no
lo

gy
 o

f 
C

hi
na

 o
n 

09
/1

7/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



References
(1) Padwa, A.; Murphree, S. S.; Gribble, G. W.; Gilchrist, T. L.

Progress in Heterocyclic Chemistry; Pergamon Press: Ox-
ford, 2002.

(2) Hayen, A.; Schmitt, M. A.; Ngassa, F. N.; Thomasson, K.
A.; Gellman, S. H. Angew. Chem. Int. Ed. Engl. 2004, 43
(4), 505. doi:10.1002/anie.200352125. PMID:14735547.

(3) Staude, V. E. Angew. Makromol. Chem. 1970, 13 (1), 163.
doi:10.1002/apmc.1970.050130112.

(4) Awazu, K.; Roorda, S.; Brebner, J. L.; Ishii, S.; Shima, K.
Jpn. J. Appl. Phys. 2003, 42 (Part 1, No. 6B), 3950. doi:10.
1143/JJAP.42.3950.

(5) Kudin, A. K. Aziridines and Epoxides in Organic Synthesis;
Wiley-VCH: Weinheim, 2006.

(6) Hu, X. E. Tetrahedron 2004, 60 (12), 2701. doi:10.1016/j.tet.
2004.01.042.

(7) Fedotova, L. A.; Voronkov, M. G. Chem. Heterocycl.
Compd. 1966, 1 (6), 573. doi:10.1007/BF00472692.
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Triazene derivatives of (1,x)-diazacycloalkanes ——
Part IX. Synthesis and characterization of a series
of 1,4-di[2-aryl-1-diazenyl]-
2,6-dimethylpiperazines

Naomi Hunter and Keith Vaughan

Abstract: A series of 1,4-di-[2-aryl-1-diazenyl]-2,6-dimethylpiperazines (5a–5l), have been synthesized by the reaction of
2,6-dimethylpiperazine with 2 equiv. of the appropriate diazonium salt. The products have been characterized by IR and
NMR spectroscopy, and the molecular composition has been verified by high-resolution EI mass spectrometry with accu-
rate mass measurement of the molecular ion. The presence of stereocenters at C2 and C6 of the piperazine ring in the bis-
triazene 5 creates two unique pairs of diastereotopic protons in the methylene groups at positions 3 and 5 of the piperazine
ring, as evidenced by the complexity of the NMR spectra, which nevertheless can be fully assigned in most cases. The as-
signment of the proton and carbon signals in the 1,4-di-[2-aryl-1-diazenyl]-2,6-dimethylpiperazines has been aided by the
use of 2D NMR HSQC spectroscopy. These results compare favorably with assignments of proton and carbon signals re-
ported previously for triazenes of type 1 and bis-triazenes of type 3.

Key words: triazene, bis-triazene, piperazine, 2,6-dimethylpiperazine, diastereotopic protons, diazonium coupling,
2D NMR, HSQC.

Résumé : On a réalisé la synthèse d’une série de 1,4-di-[2-aryl-1-diazényl]-2,6-diméthylpipérazines (5a–5l) par réaction
de la 2,6-diméthylpipérazine avec deux équivalents du sel de diazonium approprié. Les produits ont été caractérisés par
spectroscopies infrarouge et RMN et on a vérifié la composition moléculaire par spectrométrie de masse à haute résolution
et ionisation électronique en effectuant la mesure exacte de la masse de l’ion moléculaire. La présence de stéréocentres
dans les positions 2 et 6 du noyau pipérazine du bis-triazène 5 conduit à la création de deux paires distinctes de protons
diastéréotopes dans les groupes méthylènes des positions 3 et 5 du noyau pipérazine qui sont mis en évidence par la com-
plexité du spectre RMN qu’on peut toutefois assigner complètement dans la plupart des cas. L’attribution des signaux des
atomes d’hydrogène et de carbone dans les 1,4-di-[2-aryl-1-diazényl]-2,6-diméthylpipérazines a été rendue possible par
l’utilisation de la spectroscopie RMN 2D avec corrélation à quantum unique hétéronucléaire (« HSQC »). Ces résultats se
comparent favorablement avec les attributions des signaux des atomes d’hydrogène et de carbone rapportées antérieure-
ment pour les triazènes du type 1 et les bis-triazènes de type 3.

Mots-clés : triazène, bis-triazène, pipérazine, 2,6-diméthylpipérazine, protons diastéréotopes, couplage diazonium,
RMN 2D, corrélation à quantum unique hétéronucléaire (« HSQC »).

[Traduit par la Rédaction]

Introduction

This paper is the latest chapter in an extensive study of
the synthesis of N-aryldiazenylpiperazines and the structural
characterization of these triazenes. In Part I of this series,1

the diazonium coupling reaction of 1-methylpiperazine was
explored to synthesize the 4-methyl-1-(2-aryldiazen-1-yl-)pi-
perazines (1) (Chart 1). The structure of one compound,
namely methyl 4-{(E)-2-(4-methylpiperazino)-1-diazenyl}-
benzoate, in this series has been verified by X-ray crystal-
lography,2 which showed that the piperazine ring adopts a

normal chair conformation. In the process of characterizing
these triazenes by NMR spectroscopy, the chemical shift
parameters of the protons and carbons in the piperazine
ring were clearly established and verified by some classical
2D NMR work. This data was used to advantage in charac-
terizing the 4-methyl-1-[aryldiazenyl]-homopiperazines (2a)
(Chart 1), which have been described, along with the 1,4-di-
(2-aryldiazen-1-yl)diazepanes (2b), in Part II of this series.3

The bis-triazenes (2b) were obtained by reaction of homopi-
perazine with the diazonium salt in 1:2 molar proportion.

This bis-diazotization strategy was subsequently explored

Received 23 September 2009. Accepted 9 December 2009. Published on the NRC Research Press Web site at canjchem.nrc.ca on
4 March 2010.

For Part VIII in this series, see ref. 6.
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with piperazine itself and the synthesis of a series of 1,4-
di-(2-aryldiazen-1-yl-)piperazines (3) (Chart 1) was described
in Part III of this series.4 The bis-triazenes of type 3 were
characterized by a range of spectroscopic techniques and the
data was compared with some previously published work5 in
which several of the bis-aryldiazenyl-piperazines had already
been described. Subsequently, we extended the study of bis-
triazenes to the 1,4-di-[2-aryl-1-diazenyl]-2-methylpipera-
zines (4) (Chart 1), which were prepared by diazonium
coupling to 2-methylpiperazine.6

The work described in this paper is a logical extension of

our previous study6 of the synthesis of the unsymmetrical
bis-triazenes of series 4 to the bis-triazene series 5 (Chart 1),
in which an additional methyl substituent is introduced at
position six of the piperazine ring. In characterizing the ser-
ies of bis-triazenes (3), we observed that the eight protons of
the piperazine ring occur as a single peak. The equivalence
of all eight methylene protons in 3 is a little surprising in
view of the potential for variation in chemical shift from
either (a) axial versus equatorial proton environment, or (b)
syn or anti orientation of the N-aryldiazenyl groups, or (c)
a combination of both of these. We concluded that the

Chart 1.
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dynamic effects in molecules of type 3 must be occurring
faster than the NMR time frame. The presence of a chiral
centre at C2 of the piperazine ring in the bis-triazene series
4 created a multitude of diastereotopic protons in the meth-
ylene groups of the piperazine ring, as evidenced by the
complexity of the NMR spectra, which nevertheless were
fully assigned in some cases, such as the tolyl and phenyl
derivatives. It was of interest to undertake the synthesis of
the symmetrical meso bis-triazenes of series 5 to see the
effect of the mirror-image stereocenters at C2 and C6 on
the NMR features, in addition to the intellectual curiosity as-
sociated with the synthesis of any new molecules.

The presence of two stereocenters in the piperazine ring,
as in structure 5, might have some interesting consequences.
In principle, the aryldiazenyl groups in 5 are in nonequiva-
lent environments, and it is an intriguing challenge to see if
high field NMR can resolve these nonequivalent aryl
groups. Furthermore, there is an element of symmetry in
the piperazine ring, which should result in equivalence of
the two –CH2CH(CH3)– moieties on each side of the piper-
azine ring, potentially simplifying the NMR analysis. How-
ever, the C2/C6 carbons in 5 are stereocenters, creating the
situation where the methylene hydrogens at C3 and C5 are
diastereotopic. Thus, the resolution and interpretation of the
NMR spectra of the bis-triazenes of type 5 has the potential
for being an interesting exercise. These considerations
prompted us to explore the effect of introducing two methyl
substituents into the piperazine ring of the 1,4-bis(aryldiaze-
nyl)piperazine system and this paper reports the synthesis
and characterization of the series of 1,4-di[2-aryl-1-
diazenyl]-2,6-dimethylpiperazines (5a–5l) (Chart 1), with an
in-depth analysis of the NMR spectra of these novel com-
pounds.

Experimental
All reagents were reagent grade materials purchased from

Sigma-Aldrich and were used without further purification.
Melting points were determined on a Fisher–Johns melting
point apparatus and are uncorrected. Infrared spectra were
obtained using Nujol mulls with a Bruker Vector 22 spec-
trometer. 1H and 13C NMR spectra were obtained with either
(i) Bruker 400 MHz and 500 MHz spectrometers at the
Atlantic Regional Magnetic Resonance Center at Dalhousie

University (Halifax, NS), or (ii) the ANASAZI 60 MHz
EFT spectrometer at Saint Mary’s University (Halifax, NS).
Chemical shifts were recorded in CDCl3 or DMSO-d6 solu-
tions at 20 8C (as specified), and are relative to TMS as
internal standard. Accurate mass measurements were made
on a CEC 21-110B mass spectrometer operated at a mass
resolution of 8000 (10% valley) by computer-controlled
peak matching to appropriate PFK reference ions. Spectra
were obtained using electron ionization at 70 V and a source
temperature of 175 8C, with samples being introduced by
means of a heatable quartz probe. The standard deviation of
mass measurement is ± 0.0008 amu, which is an average of
3.6 ppm over the mass range of 100–300 amu.

1,4-Di-[2-aryl-1-diazenyl]-2,6-dimethylpiperazines (5a–5l)

General procedure
The aromatic primary amine (0.01 mol) was dissolved in

12 mL of 3 mol/L hydrochloric acid, with the aid of heat if
necessary, and the resulting solution was cooled in an ice/salt
bath to 0 8C . The solution was diazotized with a solution of
sodium nitrite (0.76 g) in water (10 mL) while maintaining
the temperature below 5 8C, and then stirred for a further 0.5
h in the cold, reaching a starch–iodide end-point. A solution
of 2,6-dimethylpiperazine (0.571 g), dissolved in water
(10 mL), was added slowly to the mixture. After stirring for
a further 0.5 h, the mixture was neutralized with saturated so-
dium carbonate solution and then left to stir until precipitation
was deemed to be complete (about 1 h). The solid products
were filtered under suction, dried and recrystallized from an
appropriate solvent to give the 1,4-di-[2-aryl-1-diazenyl]-2,6-
dimethylpiperazines (5a–5g and 5j–5k) (Chart 1).

Compounds 5h and 5l were formed in the reaction mixture
as oils, which were separated from the reaction mixture by
extraction into dichloromethane. The dichloromethane solu-
tion was purified by washing with water and drying over anhy-
drous magnesium sulfate. The filtered solution was evaporated
under vacuum to afford the compound, 5h or 5l, which were
spectroscopically pure for characterization.

Physical data and IR spectroscopic bands are listed in
Table 1. Table 2 shows the 1H NMR spectral data (see
Scheme 1 for labels), and 13C NMR data are provided in
Table 3 (see Scheme 2). High-resolution mass spectrometric
results are tabulated in Table 4.

Table 1. Physical and IR spectroscopic data of the 1,4-di-[2-aryl-1-diazenyl]-2,6-dimethylpiperazines (5a–5l).

Compound No. X Yield (%) Mp (8C) Solvent Crystal appearance IR (cm–1)
5a p-CN 61 185–186 EtOH Off-white tiny needles 843, 851, 2220
5b p-CO2Me 69 147–148 EtOH Almost pure-white clumps 857, 1716
5c p-COMe 32 196–199 EtOH Lustrous red-brown prisms 841, 1673
5d p-Cl 8 207–211 EtOH by

trituration
Off-white powder 834

5e p-Br 35 169–171 DMSO Yellow needles 831.5
5f p-CH3 15 94–96 EtOH by

trituration
Tiny lilac-colored needles 823

5g p-OCH3 30 182–184 EtOH Lustrous golden-brown needles 840
5h H 41 Oil — 689, 752
5j o-CN 53 157–159 EtOH Pale yellow tiny needles 767, 2226
5k o-Br 51 97–99 EtOH Pale yellow tiny needles 758
5l 3-Pyridyl 48 Oil — 707, 736
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Table 2. 1H NMR spectroscopic data of the 1,4-di-[2-aryl-1-diazenyl]-2,6-dimethylpiperazines (5a–5l) recorded at 300 K and 500 MHz.

Compound
No. X Aromatic

Methyl at
C2 and C6

Methylene
(Hc)

Methylene
(Hb) Methine (Ha) X

5a p-CN (a) 7.51 (2H, d, J =
8.5 Hz), 7.54 (2H,
d, J = 8.5 Hz),
7.64 (2H, d, J =
8.5 Hz), 7.65 (2H,
d, J = 8.5 Hz)

1.45 (6H, d,
J =
6.5 Hz)

3.99 (2H,
br)

4.27 (2H, br
d, J =
9.1 Hz)

4.87 (2H, br d,
J = 4.7 Hz)

—

5b p-CO2Me
(b)

7.49 (2H, d, J =
5.7 Hz), 7.50 (2H,
d, J = 5.7 Hz),
7.96 (2H, d, J =
3.8 Hz), 7.98 (2H,
d, J = 3.8 Hz)

1.38 (6H, br
d)

4.2 (2H, br
d, J =
11 Hz)

4.38 (2H, v
br)

4.85 (2H, br) 3.85 (6H, s)
2 � O-Me

5c p-COMe
(a)

7.50 (2H, d, J =
8.7), 7.53 (2H, d,
J = 8.7 Hz), 7.96
(2H, d, J =
8.5 Hz), 7.98 (2H,
d, J = 8.7 Hz)

1.46 (6H, br
d)

3.97 (2H,
v br)

4.29 (2H, br) 4.88 (2H, br) 2.60 (6H, s)
Acetyl-Me

5d p-Cl (b) 7.41 (4H, d, J =
8.8 Hz), 7.45 (4H,
d, J = 8.9 Hz)

1.37 (6H, d,
J =
6.3 Hz)

3.34 (2H,
br)

3.40 (2H, v
br)

4.55 (2H, v br) —

5e p-Br (a) 7.32 (2H, d, J =
8.7 Hz), 7.34 (2H,
d, J = 8.5 Hz),
7.45 (2H, d, J =
8.7 Hz), 7.47 (2H,
d, J = 8.7 Hz)

1.42 (6H, d,
J =
6.6 Hz)

3.85 (2H,
v br)

4.22 (2H, br
d, J =
12.4 Hz)

4.80 (2H, br d,
J = 5.4 Hz)

—

5f p-CH3 (a) 7.17 (2H, d, J =
8.0 Hz), 7.19 (2H,
d, J = 8.0 Hz),
7.37 (2H, d, J =
8.2 Hz), 7.39 (2H,
d, J = 8.2 Hz)

1.43 (6H, d,
J =
6.5 Hz)

3.80 (2H,
d, J =
11.6 Hz

4.26 (2H, dd,
J = 3.7,
13.5 Hz)

4.80 (2H, dq,
J = 4.7,
6.6 Hz)

2.374 (3H, s),
2.369 (3H, s)

5g p-OCH3 (a) 6.90 (4H, d, J =
9.4 Hz), 7.41 (4H,
d, J = 9.1 Hz)

1.67 (6H, d,
J =
5.5 Hz)

3.39 (2H,
br)

3.42 (2H, br) 4.56 (2H, d,
J = 13.0 Hz)

3.84 (6H, s)
2 � O-Me

5h H (a) 7.20–7.30 (2H, m),
7.37–7.42 (3H,
m), 7.46–7.52
(3H, m), 10.20
(2H, b)

1.70 (6H, d,
J =
6.0 Hz)

3.42 (2H,
br)

3.51 (2H, t, J
= 13.0 Hz)

4.65 (2H, d,
J = 13.0 Hz)

—

5j o-CN (b) 7.32 (1H, dd, J =
6.9, 12.9 Hz), 7.38
(1H, t, J =
7.5 Hz), 7.58 (1H,
d, J = 8.4 Hz),
7.61 (1H, d, J =
7.9 Hz), 7.66 (1H,
m), 7.70 (1H, dd,
J = 1.4, 8.6 Hz),
7.80 (1H, ddd, J =
1.0, 2.7, 7.7 Hz),
7.84 (1H, dd,
J =1.0, 7.8 Hz)

1.37 (6H, d,
J = 6.5
Hz)

3.48 (2H,
br)

4.05 (1H, br),
4.24 (1H,
br)

4.91 (2H, br) —
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Results and discussion

The target molecules, the 1,4-di-[2-aryl-1-diazenyl]-2,6-
dimethylpiperazines (5a–5l), were synthesized by reacting 1
equiv. of 2,6-dimethylpiperazine with 2 equiv. of the appro-
priate diazonium salt. The products are mostly stable, crystal-
line solids, and the yields are variable in the range of
8%–69%. The products were first characterized by IR spec-
troscopy to confirm the presence of the aryl substituent, as
indicated by the detection of bands from either carbonyl,
nitrile, or nitro groups, and the OOP bending vibration char-
acteristic of the substitution pattern. The molecular composi-
tion of eight compounds of the series was established by
high-resolution EI mass spectrometry with accurate mass
measurement of the molecular ion (see Table 4).

However, two compounds of the new series did not
exhibit a molecular ion in the mass spectrum; these are the
p-chloro derivative (5d) and the p-methoxy derivative (5g).
Nevertheless, both of these compounds provided evidence
in the mass spectra for a well-defined fragment (6)
consistent with the 1,4-di-[2-aryl-1-diazenyl]-2,6-dimethylpi-
perazine structure. The common fragmentation pathway is
shown in Scheme 3, in which the principle fragmentation is
the cleavage of the N–N bond in one of the triazene moi-
eties to give the aryldiazenylpiperazine fragment (6). The
observed fragment of this pathway is observed at m/e 248
for 5g and m/e 252/254 for 5d. In the mass spectrum of 5g,
the base peak is found at m/e 135 (100%), which is assigned
to the diazonium ion fragment (ArN2

+).

The essential features of the 1H NMR data are consistent
with the assigned structures (5). The first point to note is
that the methyl groups at C2 and C6 are equivalent, and the
signal is found in the range of 1.36–1.66 ppm. The second
point is that the C2/C6 methyl signal is consistently a
doublet with J, in the range of 5.5–7.0 Hz, due to the cou-
pling with the adjacent methine proton, Ha. The methine
proton itself is observed as a broad hump in the range of
4.55–5.0 ppm. The extreme broadness of the methine proton
signal, and some other protons, is a result of two factors: (a)
the multiplicity of vicinal coupling with the methyl protons
and with the diastereotopic methylene protons, Hb and Hc,
and (b) the dynamic equilibrium associated with rotation
around the N–N bond of the triazene moiety. In turn, the
signals of the diastereotopic methylene protons, Hb and Hc,
vary from extremely broad nondescript humps to broad dou-
blets to well-defined doublets of doublets with coupling con-
stants of ~6 and 13 Hz. The doublet of doublets is the
expected multiplicity arising from the geminal coupling of
Hb with Hc and the vicinal coupling (Ha and Hb or Ha and
Hc).

The NMR spectra of the compounds 5b, 5c, 5f, and 5g also
show the expected signals from protons of the substituents in
the aryl groups. Indeed, the spectrum of the p-tolyl derivative
5f is exceptional in showing two 3H signals for the tolyl
methyl groups, which differ because of the nonequivalence
of the aryl groups. The nonequivalence of the aryl groups is
also evident from the analysis of the aromatic proton signals.
Most of the p-substituted compounds in this series (5a–5g)
show two distinct AA’BB’ systems assigned to the two
marginally different aryl rings, which arises because of the
position of the C2/C6 methyl groups creating a dissymetry
in the molecule. The separation between the sets of signals
averages out to ~0.02 ppm. The o-substituted analogues (5j
and 5k) also show two full sets of aromatic proton signals.

Further evidence for the nonequivalence of the aryl rings
in 5 is supplied by analysis of the 13C NMR spectra of these
compounds (Table 2). Several of the p-substituted com-
pounds in the series show clearly eight distinct frequencies

Table 2 (concluded ).

Compound
No. X Aromatic

Methyl at
C2 and C6

Methylene
(Hc)

Methylene
(Hb) Methine (Ha) X

5k o-Br (b) 7.11 (1H, dt, J =
1.7, 7 Hz), 7.12
(1H, dt, J = 1.6,
7 Hz), 7.35 (1H,
dt, J = 1.2,
8.1 Hz), 7.36 (1H,
dt, J = 1.3,
8.4 Hz), 7.40 (1H,
dd, J = 1.5,
12.8 Hz), 7.42
(1H, dd, J = 1.5,
12.8 Hz), 7.64
(1H, t, J =
1.5 Hz), 7.65 (1H,
t, J = 1.5 Hz)

1.40 (6H,
br)

3.87/4.37
(2H, br)

4.20 (2H, br
d, J = 9.5
Hz)

4.82 (2H, br) —

5l 3-Pyridyl
(a)

7.19–8.2 (8H, m) 1.44 (6H, d,
J = 6.5)

3.82 (2H,
br)

4.1 (2H, dd,
J = 5, 8 Hz)

4.8 (2H, m) —

Note: Recorded in either (a) CDCl3 or (b) DMSO-d6.

Scheme 1. Proton labelling for interpretation of data in Table 2.
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in the aromatic region. The eight signals clearly fall into the
pattern of two sets of four aromatic signals. Other features
of the 13C NMR spectra are relevant to the interpretation of
structure. The C-methyl carbon (at C3) is observed in the
range of 15–19 ppm. The methine carbon (C2) is observed
at 51–53 ppm and is always broadened due to the phenom-
enon of the dynamic equilibrium in the triazene moiety. The
signal of the methylene carbon (C1) is also broad at ~50
ppm. Significantly, the nitrile carbons of the o-cyano deriva-
tive (5j) are distinguished at 106.5 and 106.75 ppm. The ap-
parent reverse order of the C1 and C2 signals in 5h is based
on the HSQC spectrum.

The validity of the foregoing assignments is reinforced by
the results acquired from the HSQC 2D NMR spectra of sev-
eral of the compounds in the series 5a–5l. For example, the
HSQC spectrum of the p-tolyl derivative 5f shows a clear
correlation of the tolyl methyl carbon at 21.0 ppm with the
tolyl methyl protons at 2.37 ppm. Also, in 5f the methyl car-
bon signal of the C-methyl carbon at 19.2 ppm correlates
with the doublet methyl signal at 1.43 ppm. The carbon
peak at 51.6 ppm correlates with the proton signals of Ha
(3.86 ppm), Hb (4.23 ppm), and Hc (4.80 ppm), showing

that the C1 and C2 carbon resonances are coincident at
51.6 ppm. The aromatic carbon signals at 120.5/120.6 ppm
correlate with the aromatic protons at ~7.38 ppm, whereas
the aromatic carbon signals at 129.45/129.50 ppm correlate
with the aromatic protons at ~7.20 ppm.

Looking at the HSQC results in general, the aromatic car-
bon/aromatic hydrogen correlation is observed in the spectra
of 5a, 5b, 5e, 5f, 5g, 5h, 5j, and 5k. All of the compounds
exhibit peaks for the C2 methyl/proton correlation, and the
correlation of the C1 signal with protons Hb and Hc. The
C2/Ha correlation is shown by compounds 5a, 5e, 5f, 5g,
5h, 5j, and 5k. The C1/(Hb + Hc) correlation is also shown
by compound 5a, which for some reason did not show a C2
methyl/proton correlation. Correlations of the methyl carbon
and methyl hydrogens of the substituent X were shown in
compounds 5b, 5f, and 5g.

These results compare favorably with the NMR parame-
ters previously observed and assigned in the spectra of
triazenes of types 1,1 3,4 and 4.6 The methylene carbon in
the piperazine ring of compounds of type 1 occurs at ~47
ppm, and the methylene protons of structure 1 give rise to
proton signals at ~3.9 ppm. The assignments of the resonan-
ces of the methine carbons, C2, to the signal at 51–53 ppm,
compares with the assignment of C2 in series 4 to the signal
at ~53 ppm. The resonance of the equivalent C1 methylene
carbon atoms in 5 is observed in the range of 50–51 ppm,
which is a little different than the observed methylene reso-
nance at ~ 46–47 ppm in the bis-triazenes of type 3 and at
~46 ppm in the series of type 4. The 2 equiv. methyl
substituents attached at C2 and C6 of the piperazine ring
give rise to a 13C signal in the range of 15–19 ppm, com-
pared to the methyl resonance at 16.0 ppm in triazenes of
type 4. In the symmetrical bis-triazenes of type 3, the homo-
topic methylene protons of the piperazine ring give rise to a
proton signal at ~4.1 ppm, which compares with the chemi-
cal shift assigned to the diastereotopic methylene protons in
5a–5l in the range of 3.4–4.3 ppm. Thus, there is significant

Table 3. 13C NMR spectroscopic data of the 1,4-di-[2-aryl-1-diazenyl]-2,6-dimethylpiperazines (5a–5l).

Compound No. X Aromatic C1 C2 CH3 (C3) X
5a p-CN (a) 119.7, 121.0, 133.1, 153.1 51.0 53.3 17.0 107.7, 107.9

119.8, 120.9, 133.2, 153.5
5b p-CO2Me (b) 120.3, 126.1, 130.4, 153.7 51.5 52.7 17.9 52.2
5c p-COMe (a) 120.7, 129.5, 134.7, 153.8 — 52.2 18.9(br) 26.5
5d p-Cl (b) 121.8, 122.1, 129.0, 130.6,

148.1
50.3 (br) — 15.4 —

5e p-Br (a) 119.0, 122.5, 132.0, 148.5 50.2 51.6 (br) 15.15 —
5f p-CH3 (a) 120.5, 129.45, 135.5, 148.1 51.6a 51.6a 19.2 21.0

120.6, 129.5, 135.9, 148.5
5g p-OCH3 (a) 114.2, 121.8, 142.8, 158.3 50.2 49.2 (br) 15.2 54.85 (O-Me)
5h H (a) 120.70, 121.0, 129.0, 149.2 52.1b 49.8 (br)b 16.0 —
5j o-CN (b) 117.3, 117.5, 125.76, 125.86,

126.5, 133.2, 133.3, 133.9,
151.6, 152.2, 152.7

51.0 54.1 (br) 16.0 106.5, 106.75

5k o-Br (b) 118.8, 119.2, 128.0, 128.4,
132.9, 133.0, 146.7, 147.4

50.2 (br) 52.3 (br) 15.4 —

5l 3-Pyridyl (a) 123.4, 126.3, 143.2, 146.0 51.0 (br) 51.3 (br) 18.35 —

Note: Recorded in either (a) CDCl3 or (b) DMSO-d6.
aCoincident signals, based on HSQC results.
bFrom HSQC spectrum.

Scheme 2. Carbon labels for interpretation of 13C NMR data.
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agreement in the NMR parameters among these compounds,
but there is an additional degree of complexity in the spectra
of compounds of series 5 due to the introduction of the ster-
eocentres at C2 and C6, resulting in the diastereotopic meth-
ylene protons, Hb and Hc, giving rise to distinct NMR
signals in the range of 3.4–4.0 and 4.2–4.4 ppm. However,
there is insufficient data available to precisely assign the ob-
served signals to either Hb or Hc.

Conclusion
This paper is part IX in a series that describes the synthe-

sis of a variety of triazenes and bis-triazenes that fit the gen-
eral classification of 1-aryldiazenyl-(1,x)-diazacycloalkanes
described by the general structure 7 (Chart 1), where m = 1
or 2 and n = 2, 3, 4, or 5. Previously, we reported new
triazenes derived from imidazolidine (m = 1, n = 2),7

hexahydropyrimidine (m = 1, n = 3),8 piperazine (m = n =
2),1,4,6 and homopiperazine (m = 2, n = 3).3 The new
piperazines of series 5 fit to the general structure 7 where m
= 2 and n = 2. Future work in this field of chemistry will

endeavour to further extend the family of 1,4-di-(2-aryl-1-
diazenyl)piperazines by preparing derivatives with a variety
of substituents in the piperazine ring.

Supplementary data
Supplementary data for this article are available on the

journal Web site (canjchem.nrc.ca) or may be purchased
from the Depository of Unpublished Data, Document Deliv-
ery, CISTI, National Research Council Canada, Ottawa, ON
K1A 0R6, Canada. DUD 5358. For more information on
obtaining material, refer to cisti-icist.nrc-cnrc.gc.ca/cms/
unpub_e.shtml.
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Theoretical study of H bonds of HArF and HF with
isoelectronic systems N2, CO, and BF

An Yong Li, Li Juan Cao, and Hong Bo Ji

Abstract: The H bonds of HArF and HF with N2, CO, and BF were studied at the MP2(full)/6-311++G(2d, 2p) level. The
results show that only the complexes WY���HArF (WY = N2, OC) and WY���HF (WY = N2, OC, FB) are stable, the
H-bonding WY���HArF leads to contraction of the HAr bond with a concomitant frequency blue shift, but the H-bonding
WY���HF causes the HF bond to elongate with a frequency red shift. A quantity P is defined to measure polarization of
the HX bond; the H bonding causes the P value of the HX bond (X = Ar, F) to increase. The HX bond length change and
frequency shift in the H-bonding WY���HArF and WY���HF are mainly caused by intermolecular hyperconjugation,
n(Y) ? s*(HX) (X = Ar, F), where electrostatic interaction has only a small contribution. In HArF, the strong intramolec-
ular hyperconjugation, n(F) ? s*(HAr), can adjust electron density on s*(HAr); upon formation of H bonding, the HAr
stretching frequency blue shift is caused by a decrease of intramolecular hyperconjugation and an increase of the s charac-
ter of the Ar hybrid in the HAr bond, induced by the intermolecular hyperconjugation. In the H bonds of HF without intra-
molecular hyperconjugation, the intermolecular hyperconjugation, n(Y) ? s*(HF), leads to a red shift of the HF bond,
although there is also large rehybridization.

Key words: H bonds, HArF, hyperconjugation, polarization of bonds.

Résumé : Faisant appel à des méthodes de calcul au niveau MP2(complet)/6-3111++G(2d,2p), on a étudié les formations
de liaisons entre les atomes d’hydrogène des HArF et HF avec N2, CO et BF. Les résultats montrent que seuls les com-
plexes WY���HArF (WY = N2, OC) et WY���HF (WY = N2, OC, FB) sont stables, que la liaison hydrogène WY���HArF
conduit à une contraction de la liaison HAr avec un déplacement concomitant de la fréquence vers le bleu alors que la liai-
son hydrogène WY���HF provoque une élongation de la liaison HF avec un déplacement vers le rouge. On a défini une
quantité P pour mesurer la polarisation de la liaison HX; la liaison hydrogène provoque une augmentation de la valeur de
P pour la liaison HX (X = Ar, F). Le changement de la longueur de la liaison HX et le déplacement de fréquence dans la
liaison hydrogène WY���HArF et WY���HF sont causés principalement par une hyperconjugaison intermoléculaire
n(Y) ? s*(HX) (X = Ar, F) alors que l’interaction électrostatique ne fait qu’une faible contribution. Dans HArF, la forte
hyperconjugaison intramoléculaire n(F) ? s*(HAr) peut ajuster la densité électronique sur s*(HAr); par formation d’une
liaison hydrogène, le déplacement vers le bleu de la fréquence d’élongation de HAr est provoqué par une diminution de
l’hyperconjugaison intramoléculaire et une augmentation du caractère s de l’hybride Ar dans la liaison HAr induites par
l’hyperconjugaison intermoléculaire. Dans les liaisons hydrogènes du HF sans hyperconjugaison intramoléculaire, l’hyper-
conjugaison intermoléculaire n(Y) ? s*(HF) conduit à un déplacement vers le rouge de la liaison HF, même s’il n’y a au-
cune réhybridisation importante.

Mots-clés : liaisons hydrogènes, HArF, hyperconjugaison, polarisations des liaisons.

[Traduit par la Rédaction]

Introduction

Hydrogen bonding1–3 and dihydrogen bonding4,5 have ex-
tensive applications in chemistry and biology, and have been
important topics in recent years. The most important spec-
troscopic criterion for the formation of a hydrogen bond,
Y���H–X, is the elongation of the HX bond with a concomi-
tant frequency red shift and an increase of IR intensity. It is
well-known that a red shift of the HX bond in a H bond is
mainly caused by two factors: (1) electrostatic attraction be-
tween the positive charge of H and the rich electron end of
the proton acceptor and (2) electron density transfer from

the proton acceptor Y to the donor caused by the intermo-
lecular hyperconjugation, n(Y) ? s*(HX). However, the
discovery of blue-shifted H bonds makes the problem much
more complicated.6 The physical and chemical essence of a
stretching frequency blue shift of the HX bond in an im-
proper H bond, Y���H–X, has being an important problem in
the field of H bonding that remains unaddressed. Several
valuable theories have been proposed to explain the blue shift,
including the two-step mechanism of Hobza and Havlas,6 the
theory of the balance of attractive and repulsive interactions,7

and the theory of hyperconjugation and rehybridization of

Received 13 October 2009. Accepted 14 December 2009. Published on the NRC Research Press Web site at canjchem.nrc.ca on
10 March 2010.

A.Y. Li,1 L.J. Cao, and H.B. Ji. School of Chemistry and Chemical Engineering, Southwest University, Beibei District, Chongqing
400715, P. R. China.

1Corresponding author (e-mail: aylifnsy@swu.edu.cn).

352

Can. J. Chem. 88: 352–361 (2010) doi:10.1139/V10-004 Published by NRC Research Press

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

U
ni

ve
rs

ity
 o

f 
E

le
ct

ro
ni

c 
an

d 
Sc

ie
nc

e 
T

ec
ho

no
lo

gy
 o

f 
C

hi
na

 o
n 

09
/1

7/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



Alabugin et al.8 The last theory has attracted the attention of
chemists and been developed by introducing intramolecular
hyperconjugation.9

The H-bonding interaction includes electrostatic interac-
tion, charge transfer and electron exchange repulsion, and
so on. They induce changes in the internal electronic and
molecular structures in the proton donor, which include the
following: (i) Repolarization: polarization of the HX bond
enhances, but the polarization strength of the HX bond does
not correlate consistently with the strength and length of the
HX bond. (ii) Rehybridization: the s character in the X hy-
brid orbital, h(spn), of the HX bond increases, which causes
contraction of the HX bond. (iii) Intramolecular hyperconju-
gation: as there exists strong intramolecular hyperconjuga-
tion, n(Z) ? s*(HX), in the proton donor H–X–Z, the lone
pair, n(Z), is like an electron density reservoir and can ad-
just electron density in s*(HX) through the intramolecular
hyperconjugation; in some cases, this causes occupancy on
s*(HX) to decrease so that the HX bond enhances. The
bond length change and frequency shift of the HX bond in
the equilibrium H-bonding complex is a result of the bal-
ance of all these factors: intermolecular electrostatic interac-
tion, charge transfer and repulsion, and adjustment of
internal electronic and molecular structures in the proton do-
nor. The decisive factor is different for different kinds of
systems, especially for blue-shifted H bonds.

Since the compound HArF was detected in spectro-
scopy,10 the rare gas compounds, HRgX (Rg = rare gas
such as Ar and Kr, X is an element with high electronega-
tivity), have attracted the attention of experimentalists and
theorists.11–15 Theoretical studies show that HArF contains a
covalent bonding of the H–Ar bond and an ion bonding of
the Ar–F bond, and has a ion-pair character, (HAr)+F–.16,17

HRgX can act as proton donor to participate in H bonding
and dihydrogen bonding. It was found18 that the linear
N2���HArCl hydrogen bonding leads to a large blue shift of
113 cm–1 for the HAr bond stretch frequency, and the blue
shift was attributed to the enhanced (HAr)+Cl– ion-pair char-
acter of the complex resulting in a stronger H–Ar covalent
bond. Theoretical19–21 and experimental22 studies have
shown that the HRg bond enhances and contracts with a
concomitant frequency blue shift in the linear H-bonding
N2���HArF and N2���HKrF. Mcdowell19–21 attributed the blue
shift to electron density transfer from s*(HAr) to n(F)
caused by a negative quadrupole moment of N2, which en-
hances the (HAr)+F– ion-pair character. This shortening of
the HRg bond caused by electron density transfer exceeds
elongation caused by electrostatic attraction between the
protonated H and the negative-charge end of the quadrupole
moment of N2. However, P2���HArF is a red-shifted H bond.
The author rationalized the red shift by a charge transfer
from n(F) to s*(HAr) caused by a positive quadrupole mo-
ment of P2. This explanation of charge transfer caused by
quadrupole moment does not work in the case of the dihy-
drogen bonding, HBeH���HRgF (Rg=Ar, Kr).23 HBeH has a
large negative quadrupole moment three times larger than
that of N2; however, the HRg bond weakens and elongates
with a concomitant frequency red shift in these complexes.
Mcdowell19–21 attributed the red shift to the strong electro-
static attraction between the protonated H and the negative-
charge end of the quadrupole moment of HBeH.

Although the H bond N2���HArF is blue-shifted, it is well-
known that the H bond N2���HF is red-shifted. Obviously, the
different frequency shift character in these two complexes is
mainly due to the difference of the proton donors HArF and
HF. Compared to the red-shifted dihydrogen bond
HBeH���HArF and H bond P2���HArF, the proton acceptor
N2 is crucial for a blue shift of N2���HArF. What about the
frequency shift of the H bonds if N2 is replaced by its isoe-
lectronic molecules CO or BF? In this article, we theoreti-
cally study the H bonds of the proton donors HArF and HF
with the acceptors N2, CO, and BF, observing the frequency
shift character and exploring the mechanism of frequency
shift. One of the important purposes is to study the impor-
tance of the proton donor structure on frequency shift of the
H bonds.

Computation methods
All the calculations in this article were performed at the

MP2(full)/6-311++G(2d, 2p) level by using the Gaussian 03
program.24 The geometric structures of all the monomers
and complexes were completely optimized without freezing
any internal coordinate and the frequencies of normal vibra-
tional modes were calculated. The interaction energies were
computed with BSSE correction by means of the functional
counterpoise method proposed by Boys and Bernardi.25 We
used the AIM2000 program to perform topological analysis
of electron density and study properties of chemical
bonds.26–28 The NBO5.0 program29 was applied to carry out
natural bond orbital (NBO) analysis to study polarization of
chemical bonds, hybridization of atomic orbitals, and inter-
action between molecular orbitals. Point charge models
were used to mimic the electrostatic field of the proton ac-
ceptor and investigate contributions of electrostatic interac-
tion and charge transfer to bond length change and
frequency shift in the proton donor upon formation of H
bonding.

Results and discussion

Changes of bond lengths, frequency shift, and interaction
energies

The optimized structures of all the monomers and com-
plexes are linear. The vibrational analysis shows that all the
complexes have no imaginary frequency and so are minima
in the potential energy surface, except for FB���HArF, which
has two imaginary frequencies and is equivalent to (F–B–
H)+ArF–. The bond lengths and vibrational frequencies of
the monomers and complexes are listed in Table 1. Upon
formation of the H-bonding WY���HArF with WY = N2,
CO, OC, and BF, the HAr bond contracts and its stretching
frequency increases, and the ArF bond elongates and its
stretch frequency decreases. However, the H-bonding
WY���HF with WY = N2, CO, OC, BF, and FB leads to
elongation of the HF bond with a concomitant frequency
red shift. The blue shift of the HAr bond increases in the or-
der of the proton acceptors WY = OC, BF, CO, and N2, but
the red shift of the HF bond increases in the order of WY =
BF, CO, N2, OC, and FB. Interestingly, in the two classes of
complexes, the change of the proton acceptors is consistent.
In the complexes WY���HArF and WY���HF with WY = BF
and CO, the WY bond length increases and stretching fre-
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quency decreases; but in the complexes of WY = N2, OC,
and FB, the WY bond length decreases with a concomitant
stretching frequency blue shift. In the red-shifted H-bonding
WY���HF, the HF bond length and frequency is a linear cor-
relation; in the blue-shifted H-bonding WY���HArF, the bond
length and frequency of the HAr and ArF bonds are also lin-
ear correlations, as shown in Fig. 1.

The interaction energies, DEint, with BSSE correction and
0 K dissociation energies, D0, with BSSE and ZPE correc-
tions for the H bonding are listed in Table 2. In this article
the interaction energy is calculated as the sum of energies of
the monomers minus the energy of the complex, reversed
the common convention, such that positive DEint indicates
binding. The D0 value shows that only the five complexes
WY���HArF with WY = N2 and OC and WY���HF with WY =
N2, OC, and FB are stable. Both for the blue-shifted H-bonding
WY���HArF and the red-shifted H-bonding WY���HF, the en-
ergy increases in the order of the acceptors WY = BF, CO, N2,
OC, and FB. This order is the same order of the red shift of
the HF bond for the red-shifted H bonds, as shown in
Fig. 1d, but is different from the order of the blue shift of
the HAr bond for the blue-shifted H bonds, as shown in
Fig. 1e.

Topological analysis of electron density
Electron density topology based on the theory of atoms in

molecules (AIM) can characterize chemical bonds. The cal-
culated electron density and Laplacian at BCPs in the mono-
mers and complexes are listed in Table 3. In the monomer
HArF, electron density r > 0.1 au and Laplacian !2r < 0
at the HAr bond critical point (BCP) show that the HAr
bond is a covalent bond, but r < 0.1 au and Laplacian
!2r > 0 at the ArF BCP show that the ArF bond is a closed
interaction, i.e., an ionic bond. The electron density and
Laplacian at the intermolecular BCPs show that the H bond-
ing is also a closed interaction.

The magnitude of electron density at the BCP can charac-
terize the strength of a chemical bond. In the complexes
WY���HArF, electron density at the HAr BCP is larger than
that in the monomer HArF, which is consistent with contrac-

tion and frequency blue shift of the HAr bond; electron den-
sity at the HAr BCP increases in the order of the blue shift,
i.e., OC < BF < CO < N2. Moreover, electron density at the
ArF bond is smaller than that in the monomer, which is con-
sistent with the red shift of this bond; electron density at the
ArF bond decreases in the order of the red shift, i.e., BF >
OC > N2 > CO. In the complexes WY���HF, electron density
at the HF BCP is smaller than that in the monomer HF,
which is consistent with the elongation and frequency red
shift of the HF bond; electron density at the HF BCP de-
creases in the order of the red shift, i.e., BF > CO > N2 >
OC > FB. Similarly, an increase or decrease of electron den-
sity at the WY BCPs compared to the monomer is also con-
sistent with a blue or red shift of this bond. Electron density
at the Y���H BCP shows the strength of the H bonding and
an increase with the interaction energy, i.e., BF < CO <
N2 < OC < FB. Here, we note that for red-shifted H bond-
ing, changes in all kinds of properties are correlated with
each other, but for blue-shifted H bonding, it is not the
case. So, the blue-shifted H bonding is more complicated
than the red-shifted H bonding.

Charge transfer and inter- and intra-molecular
hyperconjugations

The H-bonding interaction includes electrostatic interac-
tion between permanent and induced multipole moments of
the monomers, charge transfer, nuclear and electron ex-
change repulsions, and so on. The importance of these inter-
actions is different for different kinds of H bonding.
Generally, at larger intermolecular distance, there is only
electrostatic attraction; at a smaller distance, repulsion is
predominant; at equilibrium distance, attractive and repul-
sive interactions balance, and electrostatic interaction and
charge transfer have important contributions to the interac-
tion energy. We first discuss charge transfer.

In a H-bonding Y���HX, charge transfer is a result
of intermolecular hyperconjugation between the electron
donor, n(Y), and acceptor, s*(HX). The hyperconjugation
energy is the second order perturbation energy, DE(2) =
n(Y)|< n|F|s*>|2/(es* – en), where n(Y) is the occupancy on

Table 1. Bond lengths and vibrational frequencies of the monomers and complexes. The bond lengths and fre-
quencies of N2, CO, and BF are 1.1127, 1.1367, and 1.2664 Å, and 2179, 2120, and 1401 cm–1, respectively.

(a) WY���HArF with WY = N2, CO, OC, and BF

Systems r(HAr) v(HAr) r(ArF) v(ArF) v(HArF)a r(WY) v(WY) r(Y���H)
HArF 1.3263 2148 1.9964 480 743 — — —
OC���HArF 1.3245 2162 2.0673 411 828 1.1322 2149 1.9556
BF���HArF 1.3207 2226 2.0019 472 738 1.2763 1345 2.4088
CO���HArF 1.3152 2293 2.0118 462 733 1.1383 2112 2.2719
N2���HArF 1.3141 2304 2.0275 447 739 1.1124 2180 2.1492

(b) WY���HF with WY = N2, CO, OC, BF, and FB
Systems r(HF) v(HF) r(WY) v(WY) r(Y���H)
HF 0.9173 4170 — — —
BF���HF 0.9177 4167 1.2745 1357 2.1445
CO���HF 0.9186 4146 1.1376 2118 2.0961
N2���HF 0.9205 4100 1.1119 2187 2.0667
OC���HF 0.9242 4010 1.1336 2146 2.0675
FB���HF 0.9301 3865 1.2579 1460 2.1193

av(HArF) is the frequency of bent vibration of the bond angle H–Ar–F.
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the lone pair n(Y), < n|F|s*> is the Fock matrix element, and
es* and en are, respectively, the orbital energies of s*(HX)
and n(Y). So, the larger the overlap between the two orbitals
and the smaller their energy difference, the larger the hyper-
conjugation and charger transfer. In Table 4 we list the
graphs, energies, and hybridization of the donor orbitals in

the proton acceptors N2, CO, and BF. From F to O to N to
C to B, the donor orbital diffuses more and more so that its
overlap with the acceptor orbital is larger and larger, and the
absolute of energy of the donor orbital is smaller and
smaller (the energy of the acceptor orbital is positive), there-
fore, the hyperconjugation is larger and larger. This conclu-
sion is confirmed by the results of NBO analysis listed in
Table 5. Electron density transfer (EDT), Dn(Y) (decrease
of occupancy on the lone pair n(Y)), and the hyperconjuga-
tion energy, E{n(Y) ? s*(HX)} (X = Ar, F), increase in the
order of WY = BF, CO, N2, OC, and FB. Since the orbital
energy of s*(HAr) in the monomer HArF, 0.1714 au, is
smaller than that of s*(HF) in the monomer HF, 0.7009 au,
so s*(HAr) is a stronger hyperconjugation acceptor than
s*(HF). The hyperconjugation in the H-bonding WY���HArF
is larger than that in the H-bonding WY���HF for the same
WY.

One of the most important effects of intermolecular hyper-
conjugation on the monomers is to change occupancy on the
involved orbitals. It transfers electron density from n(Y) to
s*(HX) so that occupancy on n(Y) decreases and occupancy

Fig. 1. Correlations of bond lengths, frequencies, and interaction energies in the complexes of HArF and HF.

Table 2. Interaction Energies DEint (kJ/mol) with
BSSE correction and 0K dissociation energies D0

(kJ/mol) with BSSE and ZPE corrections.

Systems DEint D0

BF���HArF –0.39 –2.64
CO���HArF 2.91 –0.21
N2���HArF 7.96 4.09
OC���HArF 16.86 11.93
BF���HF 0.85 –4.22
CO���HF 4.11 –1.77
N2���HF 8.19 1.23
OC���HF 13.83 5.58
FB���HF 21.86 13.22
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on s*(HX) increases. In the H-bonding WY���HF, electron
density transfer caused by intermolecular hyperconjugation
rationalizes elongation and frequency red shift of the HF
bond. However, in the H-bonding WY���HArF, although the
intermolecular hyperconjugation is larger than that in the H
bonding of HF, the HAr bond length decreases and stretch-
ing frequency shifts to blue, which is because in HArF there
exists intramolecular hyperconjugation between one lone
pair n(F) and s*(HAr) in the ion pair (HAr)+F–. In the free

monomer HArF, the lone pair on the anion F–, n(sp16.84) =
0.2362j(2s) + 0.9712j(2pz), has large overlap with the anti-
bonding orbital s*(HAr) = 0.5647h(Ar, sp15.58) – 0.8253j(H,
1s), as shown in Fig. 2a. So, the hyperconjugation is very
large, E{n(F) ? s*(HAr)} = 38.31kcal/mol, which transfers
large electron density from n(F) to s*(HAr) so that s*(HAr) =
0.1093 >> 0 and n(F) = 1.8608 << 2, as shown in Fig. 2b.
Upon formation of the H bonding, intermolecular hypercon-
jugation requires large overlap of n(Y) with s*(HAr) and so

Table 3. Electron density and Laplacian at BCPs. The electron density and Laplacian at the BCPs of the monomers N2,
CO, and BF are 0.6770 and –2.7628, 0.4948 and 0.3134, and 0.2342 and 1.5908, respectively.

(a) HArF

Systems r(HAr) !2r(HAr) r(ArF) !2r(HAr) r(Y���H) !2r(Y���H) r(WY) !2r(WY)
HArF 0.2252 –0.6732 0.0859 0.3793 — — — —
BF���HArF 0.2280 –0.7029 0.0845 0.3781 0.0060 0.0246 0.2245 1.5444
CO���HArF 0.2306 –0.7397 0.0822 0.3741 0.0094 0.0358 0.4908 0.2821
N2���HArF 0.2308 –0.7591 0.0791 0.3633 0.0155 0.0512 0.6750 –2.7328
OC���HArF 0.2219 –0.7595 0.0716 0.3397 0.0318 0.0559 0.4997 0.4115

(b) HF
Systems r(HF) !2r(HF) r(Y���H) !2r(Y���H) r(WY) !2r(WY)
HF 0.3814 –3.5877 — — — —
BF���HF 0.3800 –3.6091 0.0086 0.0448 0.2261 1.5587
CO���HF 0.3777 –3.6172 0.0115 0.0548 0.4918 0.3021
N2���HF 0.3749 –3.5944 0.0157 0.0647 0.6765 –2.7496
OC���HF 0.3692 –3.5249 0.0208 0.0626 0.4982 0.3713
FB���HF 0.3593 –4.2743 0.0238 0.0421 0.2418 1.6414

Table 4. Graphs, energies, and hybridization of the donor orbitals n(Y).

Table 5. Charge transfer from WY to HXZ, changes of occupancies in the NBOs n(Y) of WY,
s*(HX) and n(Z) of HXZ, and the hyperconjugation energies, E{n(Z) ? s*(HX)} and E{n(Y) ?
s*(HX)} (kcal/mol).

(a) HArF: X = Ar, Z = F

Properties BF���HArF CO���HArF N2���HArF OC���HArF
EDT –0.00044 0.00265 0.01108 0.07942
Dn(Y) –0.00059 –0.00237 –0.01131 –0.08038
Ds*(HAr) –0.00549 –0.01243 –0.01036 0.03623
Dn(F) 0.00846 0.01871 0.02688 0.04803
E{n(F) ? s*(HAr)} 36.25 33.57 31.2 24.8
E{n(Y) ? s*(HAr)} 0.59 1.83 6.7 39.04

(b) HF: X = F
Properties BF���HF CO���HF N2���HF OC���HF FB���HF
EDT 0.00080 0.00175 0.00487 0.02088 0.06055
Dn(Y) –0.00030 –0.00101 –0.00442 –0.02158 –0.05912
Ds*(HF) 0.00081 0.00137 0.00486 0.02038 0.05625
E{n(Y) ? s*(HF)} 0.4 1.02 3.32 12.36 27.7
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attracts the s*(HAr) orbital polarizing towards H. Conse-
quently, overlap between n(F) and s*(HAr) decreases, as
shown in Fig. 2c, so that intramolecular hyperconjugation
decreases and large electron density flows from s*(HAr)
back to n(F), as shown in Fig. 2d. The net change of occu-
pancy on s*(HAr) is decided by the two electron density
transfers caused by the inter- and intra-molecular hypercon-
jugations. As shown in Table 5a, except for OC���HArF,
Ds*(HAr) < 0, so the HAr bond enhances and contracts
and its stretching frequency blue shifts. So, intramolecular
hyperconjugation is a decisive factor for a blue shift in the
H bonding of HArF. In OC���HArF, intermolecular hyper-
conjugation is very large, even if intramolecluar hyperconju-
gation also decreases largely, the occupancy on s*(HAr)
still increases, so that the blue shift in OC���HArF is small-
est; however, rehybridization has an important contribution
to the blue shift.

Intramolecular hyperconjugation and charge transfer is in-
duced by intermolecular hyperconjugation and charge trans-
fer; the larger the latter, the larger the former. As the proton
acceptor WY changes from BF to CO to N2 to OC, the in-
termolecular hyperconjugation energy, E{n(Y) ? s*(HAr)},
is larger and larger so that the intramolecular hyperconjuga-
tion energy, E{n(F) ? s*(HAr)}, is smaller and smaller,
and intramolecular electron density transfer from s*(HAr)
to n(F), Dn(F) is larger and larger, as shown in Table 5.

Intermolecular interaction induces changes in the proton
donor; generally, there are some electron structures in the
donor to diminish these changes. As analyzed above, in the

H bonding of HArF, the intermolecular hyperconjugation,
n(Y) ? s*(HAr), causes electron density on s*(HAr) to in-
crease; however, the intramolecular hyperconjugation, n(F)
? s*(HAr) decreases and transfers electron density from
s*(HAr) to n(F). So, the lone pair n(F) in HArF is like an
electron density reservoir, which can adjust electron density
on s*(HAr) through intramolecular hyperconjugation. This
self-adjustment in the proton donor HArF is very similar to
Le Chatelier’s principle on equilibrium shifting of chemical
reaction.

Polarization of the HX bond and hybridization of the X
atom

The second important effect of intermolecular hypercon-
jugation and charge transfer on the proton donor in H-bond
Y���HX is to cause polarization of the HX bond to increase.
In the free proton donor, the HX bond is formed by overlap
of the 1s atomic orbital of H and the h(spn) hybrid orbital of
X. The orthonormal bonding and antibonding orbitals are,
respectively, s(HX) = cXh(spn) + cH1sH and s*(HX) =
cHh(spn) – cX1sH, where both cX and cH are positive. Since
electronegativity of X is larger than that of H, cX > cH, the
bonding orbital polarizes towards X and the antibonding or-
bital polarizes towards H. Polarization of the HX bond to-
wards X causes X to be electronegative and H to be
electropositive; in Table 6, Ar in HArF is positively charged
because F has large electronegativity. Let occupancies on
s(HX) and s*(HX) be n(s) and n(s*), respecvitely, then
electron populations on X and H are n(s)|cX|2 + n(s*)|cH|2
and n(s)|cH|2 + n(s*)|cX|2, respectively, and their difference
is [n(s) – n(s*)][|cX|2 – |cH|2]. The polarization of the HX
bond can be measured by the quantity P = [n(s) –
n(s*)][|cX|2 – |cH|2]/2. For diatomic molecules with similar
nuclei, cX = cH = 1/21/2, P = 0, and the HX bond is not po-
larized. For an ionic bond such as NaCl, cX = 1, cH = 0,
which expresses a lone pair on X; since generally n(s) = 2
and n(s*) = 0, P = 1, and so the ionic bond has the largest
polarization.

If electronegativity of X is less than H, such as Li, Be,
and B, then cX < cH, and the HX bond polarizes towards to
H so that H is electronegative and X is electropositive. In
this case, P is negative and in the range of 0 ~ –1; the larger
the absolute of P, the larger the polarization of the HX
bond. Weinhold and co-workers8 use the polarization per-
centage, |cX|2, to express polarization of the HX bond, how-
ever, it cannot distinguish the two cases of the HX bond
polarizing towards X and H. In addition, electronegativity
of X and H can be quantificationally discussed and derived
from electron densities at bond critical points.30

Upon formation of H bonding, the intermolecular hyper-
conjugation requires the largest overlap between n(Y) and
s*(HX), which causes the antibonding orbital s*(HX) to fur-
ther polarize towards H; correspondingly, since s(HX) and
s*(HX) are orthogonal, s(HX) will further polarize towards
X. So, the coefficient cX increases, the polarization percent-
age increases, and consequently, the P value of the HX bond
increases, as shown in Table 6. It is observed that the
change of occupancy on s*(HX) has much less effect on P
than cX.

Upon formation of the H bonding, the third important ef-
fect of intermolecular hyperconjugation on the proton donor

Fig. 2. (a) Overlap of orbitals and (b) electron density transfer in
free HArF. (c) Overlap of orbitals and (d) intra- and inter-molecular
electron density transfer in the complex WY���HArF.
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is that the s character in the X hybrid, h(spn), of the HX
bond increases, as shown in Table 6. According to Bent’s
rule,31 an increase in the s character causes contraction of
the HX bond, since the larger the s character, the stronger

the contraction of the h(spn) hybrid, and the shorter the HX
bond to the largest overlap with the 1s orbital of H. In the
H-bonding WY���HF, elongation of the HF bond caused by
intermolecular hyperconjugation exceeds the shortening

Table 6. Natural atomic charge, the s character in the X hybrid of the HX bond, and the P value
of the HX bond (X = Ar, F) in the proton donors and complexes.

Systems s(HX) s*(HX) |cX|2 (%) P qH qX s(X) (%)
HArF 1.9983 0.1093 68.11 0.3421 0.2838 0.5742 5.97
BF���HArF 1.9976 0.1038 68.53 0.3509 0.2956 0.5713 6.39
CO���HArF 1.9979 0.0969 69.10 0.3631 0.3108 0.5631 7.04
N2���HArF 1.9974 0.0990 69.57 0.3715 0.3184 0.5550 7.98
OC���HArF 1.9978 0.1456 71.22 0.3930 0.3120 0.5143 10.60
HF 2.0000 0.0000 78.21 0.5642 0.5604 –0.5604 21.61
BF���HF 1.9996 0.0008 78.52 0.5701 0.5659 –0.5667 22.20
CO���HF 1.9996 0.0014 78.81 0.5757 0.5710 –0.5727 22.75
N2���HF 1.9995 0.0049 78.95 0.5774 0.5706 –0.5755 23.39
OC���HF 1.9994 0.0204 79.38 0.5814 0.5659 –0.5868 24.65
FB���HF 1.9996 0.0563 80.19 0.5867 0.5493 –0.6098 26.32

Fig. 3. Correlations of s(X) (%) and interaction energies with the P value of the HX bond.

Table 7. The point charge models of the free proton acceptors N2, CO, and BF.

Molecule Properties

CHelpG NBO Mulliken

SCF density MP2 density SCF density SCF density
N2 q(N) (au) –0.2637

Q (D Å) –0.7842
CO q(C) (au) 0.08816 –0.01880 0.6099 0.1626

q(O) (au) –0.08816 0.01880 –0.6099 –0.1626
m (D) –0.4813 0.1026 –3.3300 –0.3104

BF q(B) (au) –0.06278 –0.08754 0.6276 0.1419
q(F) (au) 0.06278 0.08754 –0.6276 –0.1419
m (D) 0.3819 0.5325 –3.8176 –0.8199
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caused by an increase of the s character, so the resulted H
bond is red-shifted. In the H-bonding WY���HArF, shorten-
ing of the HAr bond caused by an increase of the s character
and decrease of intramolecular hyperconjugation is larger
than the elongation caused by the intermolecular hypercon-
jugation, and finally, the H bond is blue-shifted. In
OC���HArF, especially, an increase of the s character has a
large contribution to the blue shift.

The changes of structure and properties of the monomers
in H bonds are induced by intermolecular interaction, so
the larger the interaction energy, the larger the changes. For

example, the P value of the HX bond in H bonds increases
with interaction energy, as shown in Fig. 3, so it can be used
to express the strength of H bonding. The change of many
properties of the proton donor increases with the P value of
the HX bond, such as the s character as shown in Fig. 3, and
the red shift for red-shifted H bonds (but for blue-shifted H
bonds, the blue shift is not so).

Electrostatic interaction
To explore the contribution of electrostatic interaction to

structure change and frequency shift of the proton donor,
we use point charge model (PCM) to mimic the electrostatic
field of the free proton acceptor and investigate the change
of the donor under this electric field. For CO and BF, two
point charges, q and –q, are placed at the two atoms, respec-
tively; q is deduced from the electrostatic potential of the
free monomer by use of the CHelpG method with MP2 and
SCF densities, or from orbital charge by means of NBO
analysis or Mulliken population analysis with SCF density;
the dipole moment, m = ql, with l equal to the bond length
of the free monomer for CHelpG and NBO methods. For N2
without a dipole moment, the electrostatic field of its quad-
rupole moment is mimicked by three charges, q, q, and –2q,
placed at the two ends and midpoint of free N2; q is deduced
from the quadrupole moment, Q = ql2/2, where l is the N–N
bond length and Q is obtained using Mulliken population
analysis. The results are listed in Table 7. We noted that for
CO only the dipole moment of CHelpG with MP2 density is
in good agreement with experimental data, 0.112 D,32 so for

Table 8. Comparison of the RSs WY���HXZ and PCMs pc���HXZ at the intermolecular distance of equilibrium complexes.

Systems Dr(HX) Dv(HX) Ds*(HX) D|cX|2 DP Dq(H) Ds(X) (%) Dn(Z) DEintra

N2���HArF –0.0122 156 –0.0104 0.0146 0.0294 0.0346 2.01 0.0269 –7.11
pc���HArF 0.0010 –6 –0.0003 0.0006 0.0012 0.0012 0.02 0.0005 –0.29
OC���HArF –0.0018 13 0.0362 0.0311 0.0509 0.0282 4.63 0.0480 –13.51
pc���HArF –0.0004 4 –0.0003 0.0002 0.0004 0.0005 0.03 0.0004 –0.19
N2���HF 0.0032 –70 0.0049 0.0074 0.0132 0.0102 1.78
pc���HF 0.0014 –26 0.0000 0.0001 0.0002 0.0002 –0.08
OC���HF 0.0069 –160 0.0204 0.0117 0.0172 0.0055 3.04
pc���HF 0.0003 –5 0.0000 0.0000 0.0000 0.0000 –0.01
FB���HF 0.0128 –304 0.0563 0.0198 0.0225 –0.0111 4.71
pc���HF 0.0013 –24 0.0000 0.0001 0.0002 0.0002 –0.08

Note: X = Ar, F; Z = F; Eintra = E{n(F) ? s*(HAr)} (kcal/mol).

Fig. 4. (a) Correlation of r(HAr) with r(N���Ar) for RS and PCM of
N2���HArF; (b) correlation of r(HAr) with r(N���Ar) for PCM with
fixed q = 0 ~ –0.8.

Fig. 5. Correlation of r(HF) with r(N���F) for RS and PCM of
N2���HF.
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CO and BF, we use the PCMs obtained by this method to
mimic their dipole fields.

In equilibrium structures of the complexes WY���HArF and
WY���HF, the proton acceptor WY is replaced by the PCM
obtained above; by then fixing the distance Y���X (X = Ar,
F), we optimize the structure of the proton donor under the
electric field of the point charges. The results are listed in
Table 8; here we only study the five stable H-bonding com-
plexes. In the PCMs of the H-bonds WY���HF, the HF bond
length increases and stretching frequency decreases, similar
to the real systems (RSs), but the red shift is much smaller
than that of the real system. In the PCM of OC���HArF, the
HAr bond contracts and vibrational frequency increases, but
the blue shift is much smaller than that of the real system. In
the PCM of N2���HArF, the HAr bond elongates and stretch-
ing frequency decreases, qualitatively opposite to the real
system; the magnitude of the red shift is much smaller than
that of the blue shift in the real system.

In the PCM, there is only electrostatic interaction (EI),
without charge transfer and intermolecular hyperconjuga-
tion. The NBO analysis shows that EI does not lead to a
change of electronic structure and many properties of the
proton donors in these two kinds of H-bonding WY���HArF
and WY���HF: (1) EI does not lead to repolarization, that is,
does not enhance nor diminish the P value of the HX bond.
(2) EI does not lead to rehybridization, i.e., does not change
the s character of the X hybrid of the HX bond. (3) EI does
not change the hydrogen atomic charge. (4) For HArF, EI
does not induce a change of intramolecular hyperconjuga-
tion, n(F) ? s*(HAr), so does not change occupancies on
s*(HAr) and n(F). The result of McDowell,19 that the nega-
tive quadrupole moment of N2 can cause electron density
transfer from s*(HAr) to n(F) is opposite to our result. So,
all of the above changes of electronic structure of the proton
donors in these H bonds is caused by intermolecular hyper-
conjugation and charge transfer. The HX bond length
change and frequency shift in these H bonds are mainly
caused by charger transfer and intermolecular hyperconjuga-
tion. The electrostatic interaction has only a small contribu-
tion. In the PCM, electrostatic interaction includes attraction
between the electropositive H and the negatively charged
end of the multipole and repulsion between electron cloud
of H and the negatively charged end of the multipole; for
the complexes of HF and N2���HArF, attractive interaction is
predominant, so the HX bond is red-shifted; but for
OC���HArF, the dipole moment and charge, q(C), is small,
and the repulsive interaction is more important, so the HAr
bond is blue-shifted.

For the complete electron system N2���HArF and its point
charge model, we vary the distance of Y���Ar from 2.5 Å to
7 Å; for each fixed Y���Ar distance, we optimize the struc-
ture of the system. Figure 4a shows the correlation of the
optimized bond length, r(HAr), with the N���Ar distance for
both RS and PCM. At large intermolecular distance, only
electrostatic interaction works, so the two curves of RS and
PCM coincide. As r(N���Ar) < 4.5 Å, the two curves begin to
separate, so intermolecular hyperconjugation and charge
transfer begin to work. For PCM, r(HAr) increases as
r(N���Ar) decreases, so electrostatic interaction always leads
to a red shift of the HAr bond; however, for the real system,
r(HAr) decreases as r(N���Ar) decreases, so charge transfer

always causes a blue shift of the HAr bond. In the PCM,
electrostatic interaction is mainly attraction between the
negatively charged end of the quadrupole and the positive
charge of H, which always causes elongation of the HAr
bond. However, in the real system, intermolecular hypercon-
jugation induces a decrease of intramolecular hyperconjuga-
tion and an increase of the s character of the Ar hybrid of
the HAr bond, which always leads to contraction of the
HAr bond.

McDowell19 mimicked the electric field of the quadru-
polemoment of N2 by also using similar PCM at the
MP2/6-311G(d, p) level, but q = –0.624 au, which is
much larger than ours. He found that the quadrupole electric
field leads to a blue shift of the HAr bond at the distance
r(N���Ar) from 3.5 Å to 7 Å; this result is completely oppo-
site to ours. Obviously, the difference is due to full electron
correlation and the diffuse functions used by us. For further
confirmation of our result, we vary the charge q from –0.05
to –0.8 au, but fix the N–N bond length, l, for the PCM, then
optimize the structure of HArF under the quadrupole field
for a series of fixed r(N���Ar) distances. Figure 4b shows the
resulting correlation of the optimized bond length r(HAr)
with r(N���Ar) for different q. We noted that a negative quad-
rupole moment of the proton acceptor always leads to a red
shift of the HAr bond.

For the complete electron system N2���HF and its PCM,
we also vary r(N���F) from 2.2 Å to 7 Å; for each fixed
r(N���F), we optimize the structure of the system. Figure 5
shows correlation of r(HF) with r(N���F) for RS and PCM.
At large distances, the fact that the two curves coincide
shows that only electrostatic interaction works. As r(N���F) <
4.5 Å, the two curves begin to separate, so charge transfer
begins to work. For PCM, r(HF) always increases with a de-
crease of r(N���F), so electrostatic interaction always leads to
elongation of the HF bond. But for RS, r(HF) first increases
and then decreases with a decrease of r(N���F). At the mod-
erate distance, r(N���F) = 2.8 * 4.5 Å, charge transfer
causes the HF stretching frequency to more of a red shift;
but as r(N���F) < 2.8 Å, exchange repulsion begins to work,
which leads to contraction of the HF bond. Our result is
consistent with that of McDowell.19

Conclusions

Our theoretical calculated results on the H bonds of HArF
and HF with N2, CO, and BF show that the H bonding leads
to a blue shift of the HAr bond but a red shift of the HF
bond. The bond length change and frequency shift of the
proton donor in the two kinds of H-bonds WY���HArF and
WY���HF are mainly caused by intermolecular hyperconju-
gation and charge transfer; electrostatic interaction has only
a small contribution. In HArF, there exists intramolecular
hyperconjugation, n(F) ? s*(HAr), which can adjust elec-
tron density on s*(HAr); upon the H bonding, intermolecu-
lar hyperconjugation induces a decrease of intramolecular
hyperconjugation and an increase of the s character of the
Ar hybrid of the HAr bond. These two factors lead to a
blue shift of the HAr bond. In HF, however, there is no in-
ternal electron structure to adjust electron density on
s*(HF), so charge transfer leads directly to an increase of
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electron density on s*(HF), which exceeds the effect of re-
hybridization so that the resulted H bond is red-shifted.
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Catalytic hypervalent iodine oxidation of alcohols
to the corresponding carbonyl compounds using
N-hydroxyphthalimide (NHPI) and
m-chloroperbenzoic acid

Chenjie Zhu, Lei Ji, Qian Zhang, and Yunyang Wei

Abstract: An efficient, facile, and mild oxidation of alcohols to the corresponding carbonyl compounds with m-chloroperben-
zoic acid (mCPBA) and N-hydroxyphthalimide (NHPI) in the presence of a catalytic amount of iodobenzene was reported.
The oxidation proceeded in mixed solvent at room temperature to afford carbonyl compounds in excellent yields. A possi-
ble mechanism for the oxidation was proposed.

Key words: alcohols, oxidation, iodobenzene, m-chloroperbenzoic acid (mCPBA), N-hydroxyphthalimide (NHPI).

Résumé : On a mis au point une méthode efficace, facile et douce d’oxydation des alcools en dérivés carbonylés corres-
pondants à l’aide de l’acide m-chloroperbenzoı̈que et le N-hydroxyphtalimide, en présence de quantités catalytiques d’iodo-
benzène. L’oxydation se produit en un solvant mixte, à la température ambiante et elle conduit à la formation des dérivés
carbonylés avec d’excellents rendements. On propose un mécanisme possible pour la réaction.

Mots-clés : alcools, oxydation, iodobenzène, acide m-chloroperbenzoı̈que, N-hydroxyphtalimide.

[Traduit par la Rédaction]

Introduction
The selective oxidation of alcohols to the corresponding

carbonyl compounds is a fundamental transformation both in
laboratory synthesis and industrial production.1 Numerous hy-
pervalent iodine compounds (e.g., DMP, IBX, PhI(OAc)2,
PhIO, and so forth) in stoichiometric amounts have been tradi-
tionally employed to accomplish this transformation.2 However,
some of these reagents are potentially explosive, and the use of
stoichiometric amounts of iodine reagents leads to the produc-
tion of equimolar amounts of organic iodine waste. From
economic and environmental perspectives, the development of
catalytic systems based on hypervalent iodine has received
great attention.3 Many highly efficient systems have been devel-
oped for catalytic hypervalent iodine oxidation using co-
oxidants, such as m-chloroperbenzoic acid (mCPBA),4 oxone
(2KHSO5�KHSO4�K2SO4),5 H2O2,6 tetraphenyl-phosphonium
monoperoxysulfate (TPPP),7 NaBO3�H2O,8 O2,9 Ru,10 peracetic
acid,11 or in combination with the nitroxy radical 2,2,6,6-tetra-
methyl-piperidyl-1-oxy (TEMPO).12

On the other hand, it is well-known that nitroxyl radicals,
such as 2,2,6,6-tetramethyl-1-piperidinyloxyl free radical
(TEMPO) and N-hydroxyphthalimide (NHPI) promote the
oxidation of various alcohols to the corresponding carbonyl
compounds effectively under mild reaction conditions.13

Piancatelli and co-workers have reported a mild and selective
method for the oxidation of primary and secondary alcohols

using TEMPO and stoichiometric bis(acetoxy)iodobenzene
(PhI(OAc)2) as a reoxidant.14 However, there are no reports
concerning the use of hypervalent iodine as a reoxidant for
NHPI.

In continuation of our interest in exploring systems on the
oxidation of organic compounds,15 here, we would like to
report a facile procedure for the oxidation of alcohols to the
corresponding carbonyl compounds with mCPBA in the
presence of catalytic amounts of PhI and NHPI (Scheme 1).

Results and discussion
The initial experiments were carried out using 4-nitrobenzyl

alcohol as the model substrate. When 4-nitrobenzyl alcohol
was oxidized with mCPBA/PhI/NHPI at room temperature
for 3 h, 97% conversion of the alcohol was observed
(Table 1, entry 1). As control experiments, the same reaction
was carried out in the absence of mCPBA, PhI, or NHPI,

Scheme 1. Oxidation of alcohols catalyzed by mCPBA/PhI/NHPI.
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2010.
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respectively. In all cases, the conversion of the alcohol was
less than 10% (Table 1, entries 2–4). It was possible to de-
crease the amount of PhI to as low as 0.05 equiv. without a
significant loss in catalytic efficiency (Table 1, entry 5).
Moreover, a range of additives were tested for this reaction;
however, all of them were unsatisfactory except for NHPI
(Table 1, entries 7–11). Besides, we also tested other co-ox-
idants, such as peracetic acid, NaBO3�H2O, K2S2O8, NaIO4,
UHP, and Na2CO3�3H2O2 in this experiment, all of them
were unsuccessful.

To optimize the conditions of the oxidation, the role of
mCPBA was studied using 1 mmol of 4-nitrobenzyl alcohol
as substrate. It was found that the yield of 4-nitrobenzalde-
hyde reached to maximum when 1 equiv. of mCPBA was
used. Using more than 1 equiv. of mCPBA led to the de-
crease of the yield of 4-nitrobenzaldehyde and increase of

the yield of 4-nitrobenzoic acid. If 3 equiv. of mCPBA
were used, quantitative yield of 4-nitrobenzoic acid was ob-
tained (Fig. 1).

To evaluate the versatility of this novel catalytic system,
we applied the procedure to the oxidation of a wide range
of alcohols at room temperature. As shown in Table 2, most
alcohols underwent oxidation to afford the corresponding
carbonyl compounds in excellent yield. The present protocol
afforded carboxylic acids from primary alcohols (Table 2,
entries 1, 3–5, 8, 10, 11, and 13) and ketones from the sec-
ondary alcohols (Table 2, entries 6, 7, 9, and 12). The use of
less amount of mCPBA and decreasing the reaction time in
the oxidation of primary alcohols also led to the predomi-
nant formation of aldehydes (Table 2, entry 2). Benzylic al-
cohols underwent smooth oxidation (Table 2, entries 1–7).
Even secondary alcohols, such as diphenylmethanol, were
selectively oxidized to ketones effectively (Table 2, entry 7).

The electronic properties of the substituents in the aro-
matic ring had relatively minor influence on the oxidation
of alcohols (Table 2, entries 3 and 4). Strong electron-with-
drawing groups, such as nitro group, improve the oxidation
of alcohol (Table 2, entry 3). Strong electron-donating
group, such as –OCH3 group, lowered the reaction rate
(Table 2, entry 4). This is different from previously reported
procedures, where –OCH3 group favors alcohols oxidation.16

It is worth mentioning that together with the good results
with benzylic alcohols, the yields of ketones or acids ob-
tained from the oxidation of aliphatic, alicyclic, or heterocy-
clic alcohols under the same conditions are also quite high
(Table 2, entries 8–13).

Table 3 shows the results of the competitive oxidation of
primary and secondary alcohols. The competing oxidation of
an equimolar mixture of benzyl alcohol and 1-phenylethanol
resulted in 95% yield of benzoic acid and less than 10%
yield of acetophenone (Table 3, entry 1). Oxidation of an
equimolar mixture of octan-1-ol and octan-2-ol gave 81%
caprylic acid and less than 5% yield of hexyl methyl ketone,
respectively (Table 3, entry 2). These results suggest that
chemoselective oxidation of the primary alcoholic function-
ality in the presence of a secondary alcoholic functionality is
possible with the present oxidation system.

Table 1. Oxidation of 4-nitrobenzyl alcohol.

Entry PhI (equiv.) mCPBA (equiv.) Additive Conversion (%)a

1 0.1 2 NHPI 97
2 0.1 2 None <10
3 0.1 None NHPI <10
4 None 2 NHPI <10
5 0.05 2 NHPI 90
6b 0.1 2 NHPI 24
7 0.1 2 CF3COOH 25
8 0.1 2 AcOH 29
9 0.1 2 (CF3CO)2O <10
10 0.1 2 BF3�Et2O 13
11c 0.1 2 3 Å molecular sieves <10

Note: Reactions were performed by using 4-nitrobenzyl alcohol (1 mmol), mCPBA (2 mmol), additive
(0.2 mmol), and PhI (0.1 mmol) in MeCN/H2O (4:1, v/v) at room temperature for 3 h, unless otherwise noted.

aGC conversion.
b2,6-Di-tert-butylphenol (0.2 mmol) was added.
c0.1 g of 3 Å molecular sieves was added.

Fig. 1. Effect of the amount of mCPBA on the oxidation of 4-ni-
trobenzyl alcohol. Reaction conditions: 4-nitrobenzyl
alcohol(1 mmol), mCPBA, NHPI (0.2 mmol), and PhI (0.1 mmol)
in MeCN/H2O (4:1, v/v) at room temperature for 3 h.
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A plausible mechanism of this reaction is depicted in
Scheme 2. PhI is initially oxidized by mCPBA to form the
highly reactive hypervalent iodine(III) intermediate 1, the
role of 1 is to regenerate phthalimide-N-oxyl radical (PINO)
from NHPI, then PINO is responsible for the actual oxidant
in this reaction to oxidize alcohol to the corresponding car-
bonyl compound. Experimental evidence towards catalytic
oxidation of PhI to 1 mediated by mCPBA has previously
been documented,4a and the generation and identification of
the highly reactive hypervalent iodine(III) intermediate 1
was reported in the literature.4d Addition of 2,6-di-tert-butyl-
phenol, a free radical scavenger, to the reaction system led
to the decrease of the conversion of 4-nitrobenzyl alcohol

(Table 1, entry 6), which provides an experimental evidence
for the generation of PINO during the reaction.

Conclusion

In summary, a novel and mild catalytic system for the ox-
idation of alcohols to the corresponding carbonyl com-
pounds with mCPBA/PhI/NHPI has been developed. PhI
was oxidized by mCPBA in situ to highly active hypervalent
iodine(III) species, a reoxidant of NHPI, which allowed the
oxidation of various kinds of alcohols, including benzylic,
aliphatic, alicyclic, and heterocyclic alcohols, to afford car-
bonyl compounds in excellent yields at room temperature.

Table 2. mCPBA/PhI/NHPI-catalyzed oxidation of alcohols.
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The procedure can be used for the synthesis of carboxylic
acids and ketones from primary alcohols and secondary al-
cohols, respectively. By adjusting the dosage of mCPBA, al-
dehydes can also be obtained from primary alcohols.
Selective oxidation of primary alcohols in the presence of
secondary alcohols was also achieved.

Experimental

General
All chemicals (AR grade) were obtained from commercial

sources and used without further purification. Gas chroma-
tography (GC) analysis was performed on an Agilent GC-
6820 chromatograph equipped with a 30 m � 0.32 mm �
0.5 mm HP-Innowax capillary column and a flame-ionization
detector. Progress of the reactions was followed by TLC
using silica-gel polygrams SIL G/UV 254 plates. Mass spec-
tra were recorded on a Shimadzu GC MS-QP 1000 EX
apparatus.

Typical experimental procedure for oxidation of alcohols
To a solution of alcohol (1 mmol), iodobenzene (20 mg,

0.1 mmol), and NHPI (40 mg, 0.2 mmol) in MeCN/H2O
(4:1, v/v) was added mCPBA (700 mg, 65% wet with H2O,
3 mmol). The mixture was stirred at room temperature for
several hours while checking the reaction progress by gas
or thin-layer chromatography. After completion, aqueous so-
dium thiosulfate and Et2O were sequentially added to the
residue, and then the mixture was stirred vigorously for
10 min. The organic layer was separated, and the aqueous
layer was extracted with Et2O. After evaporation, the residue
was purified by column chromatography to provide the ana-

lytically pure product. The products were identified either
by comparison with authentic samples using gas chromatog-
raphy or by GC–MS analysis.
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Enantioselective fluorescent sensors for chiral
carboxylates based on BINOL — Synthesis and
chiral recognition

Kuo-xi Xu, Yu-xia Wang, Shu-yan Jiao, Jin Zhao, and Chao-jie Wang

Abstract: The four novel derivatives of 1,1’-bi-2-naphthol (BINOL) have been prepared, and the structures of these com-
pounds have been characterized by IR, MS, 1H and 13C NMR spectroscopy, and elemental analysis. The enantioselective
recognition of these receptors has been studied by fluorescence titration and 1H NMR spectroscopy. The receptors exhib-
ited different chiral-recognition abilities towards some enantiomers of chiral materials and formed 1:1 complexes between
host and guest. The receptors exhibit excellent enantioselective fluorescent-recognition ability towards the amino acid de-
rivatives.

Key words: receptor, fluorescence, enantioselective recognition, anions, NMR spectroscopy.

Résumé : On a préparé quatre nouveaux dérivés du BINOL et on en a déterminé les structures par analyse élémentaire et
par spectroscopies infrarouge, de masse et RMN du 1H et du 13C. On a étudié les propriétés de reconnaissance énantiosé-
lective de ces récepteurs par titrage de fluorescence et par spectroscopie RMN du 1H. Les récepteurs présentent diverses
capacités à reconnaı̂tre la chiralité de quelques énantiomères de produits chiraux et ils forment des complexes 1:1 entre
molécules hôtes et invitées. Les récepteurs présentent une capacité excellente de reconnaı̂tre une fluorescence énantiosélec-
tive vis-à-vis des dérivés d’acides aminés.

Mots-clés : récepteur, fluorescence, reconnaissance énantiosélective, anions, spectroscopie RMN.

[Traduit par la Rédaction]

Introduction
Molecular recognition, and in particular chiral recogni-

tion, is a fundamental characteristic in the biochemical sys-
tems. The study of synthetic model systems could contribute
to the understanding of these processes and, at the same
time, offer new perspectives for the development of pharma-
ceuticals, enantioselective sensors, catalysts, and other mo-
lecular devices.1 The basis of any chiral recognition event is
the formation of diastereomeric complexes composed of a
chiral receptor and a chiral substrate possessing different
stabilities.2 The crucial points in the molecular design of
chemosensors are how to achieve the specific recognition of
a certain molecule and how to transduce the recognition
event into a signal.3 Many efforts involve the covalent link-
ing of an optical signaling unit (a chromophore or a fluoro-
phore) to a specific receptor for the chiral molecuales.4
Compared with other detection methods, such as NMR,
HPLC, CD, or capillary electrophoresis, fluorescence techni-
ques have often been used to study the interaction between
enantiomers and receptors because of their sensitivity, selec-
tivity, and versatility.5 On the basis of their respective ad-
vantages, we attempt to design some receptors with optical

response to the enantiomers in the recognition interaction,
which may offer a simple method to explore the recognition
process for more information. The binaphthyl unit was espe-
cially eye-catching for its stable chiral configuration and
tunable dihedral angle between the two naphthalene rings.
Over the last two decades, binaphthyl derivatives have been
shown to exhibit excellent enantioselectivities and turnovers
in several types of asymmetric reactions, often matching the
enantioselectivities traditionally regarded as being reserved
for the enzyme realm.6 As a naturally occurring chiral
source, amino acids generally exhibit biological activity,
and their recognition, in particular chiral recognition, attracts
considerable interest.7 Furthermore, they can be easily modi-
fied at the amino and carboxylic groups, which can also act
as binding sites to form coordinate bonds with chiral mole-
cules, so they were often used in the design and synthesis of
artificial chiral receptors,8 such as different types of acyclic
compounds9 as host molecules. We chose several familiar
amino acids (e.g., alanine, phenylalanine) as chiral building
blocks and introduced them into the 1,1’-bi-2-naphthol
(BINOL) framework to construct the fluorescent receptors
(Scheme 1). Herein, we describe the development of BINOL
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derivatives bearing amino acid units, and their bonding
properties with some enantiomers of chiral materials have
been examined by using fluorescence titration experiments
in CHCl3. Receptors exhibited good enantioselective recog-
nition abilities towards chiral materials and formed 1:1 com-
plex with the guests in CHCl3. 1H NMR experiments
suggested that hydrogen-bonding interactions between the
host and guest were the main factor in the recognition proc-
ess.

Results and discussion

Synthesis
The synthesis of receptor S-1 is outlined in Scheme 1.

The starting materials binaphthyl dialdehydes were prepared
from BINOL.10 N-Boc-protected alanine methyl ester (2)
were synthesized according to the literature with high
yield,11 and then reacted with excess amount of ethylenedi-
amine to obtain the compound (S)-tert-butyl-1-(2-aminoe-
thylamino)-1-oxopropan-2-ylcarbamate (3). To avoid the
partial racemization of 3 in this reaction, the compound 2
and ethylenediamine were dissolved in large amount of
methanol and stirring was continued at room temperature.
Especially at the end of reaction, the solvent and ethylenedi-
amine should be evaporated under high vacuum at about
30 8C, because a little higher temperature may lead the rac-
emization of compound. Condensation of S-binaphthyl dia-
ldehydes with compound 3, followed by reduction, afforded
the disubstituted BINOL S-1 (Scheme 1). To study how the
BINOL and amino acid units in S-1 influenced the enantio-
selective fluorescent recognition, R-1, S-5, and R-5 were
also prepared (Fig. 1). They are readily soluble in common
organic solvents, such as CHCl3, CH2Cl2, CH3OH, DMSO,
and DMF. The structures of all these compounds were char-
acterized by IR, MS, 1H and 13C NMR spectroscopy, and el-
emental analysis.

Fluorescence spectra study
The properties of the chiral recognition of receptors S-1

were investigated in the absence and presence of various chiral
carboxylates (Fig. 2), such as (S)- and (R)-mandelate, the a-
phenylglycine anion, N-Boc-protected alanine anion (Ala),
and N-Boc-protected phenylalanine anion (Phe), in which the
amino groups were protected by the tert-butyloxycarbonyl
functionality. In each case, tetrabutylammonium was used
as the counter cation, which could increase the reaction

between the receptor and guest by hydrogen bondings.1c

We also chose two amino alcohols, namely, alaninol and
phenylalaninol, as guests to compare the associated abilities
of the hosts to bind with neutral molecules.

The fluorescence spectra were recorded from a solution of
sensor S-1 (1.22 � 10–5 mol L–1) in CHCl3 in the absence or
presence of various enantiomers, (R)-, (S)-Ala, and Phe
anions. Because there was almost no change observed on
the UV–vis spectra of receptors upon addition of the anions,
the interaction between host and anion was only evaluated
by fluorescent spectra.

Upon addition of (S)- or (R)-Ala or Phe anions, different
fluorescent-quenching degrees of S-1 were observed. The
quenching efficiencies of (S)-amino acid anions were much
higher than the (R)-amino acid anions. Figure 3 and Fig. 4
show the fluorescence emission spectra of a mixture of S-1

Fig. 1. Structures of the receptors R-1, S-5, and R-5.

Fig. 2. Structures of the guests.

Scheme 1. Synthesis of the receptor S-1.
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and different concentrations of the (S)- or (R)-Ala anion in
CHCl3 (lex = 278 nm), respectively. The graphs in the top
right corners of Figs. 3 and 4 illustrate the fluorescence in-
tensity change of receptor S-1 upon addition of (S)- and (R)-
Ala anions, respectively. Figure 5 shows the different fluo-
rescence intensity changes when the same equiv. of (S)- or
(R)-Ala anion were added to the host S-1, the quenching ef-
ficiency was 46.7% when 4 equiv. of (S)-Ala anion was
added to the solution of S-1, while the quenching efficiency
was only 8.7% when 4 equiv. of (R)-Ala anion was added.
The quenched efficiencies (DIS/DIR = 5.37) indicated that
the host S-1 has a good enantioselective recognition ability
between the (S)- and (R)-Ala anions, respectively. Satisfac-
tory nonlinear curve fitting (the correlation coefficient is
over 0.99) confirmed that S-1 and the (S)- or (R)-Ala formed
a 1:1 complex (see the insets of Fig. 3 and Fig. 4). For a
complex of 1:1 stoichiometry, the association constant (Kass)
can be calculated by using eq. [1] from the Origin 7.5 soft-
ware package12,13

½1� X ¼ X0 þ ðXlim � X0Þ=2C0fCH þ CG

þ 1=Kass � ½ðCH þ CG þ 1=KassÞ2 � 4CHCG�1=2g
where X represents the fluorescence intensity, CH and CG are
the host and guest concentrations, respectively, and C0 is the
initial concentration of the host. The association constants
(Kass) and correlation coefficients (R) obtained by a non-
linear least squares analysis of X vs. CH and CG are listed in
Table 1.

The association constant for the interaction of S-1 with
the (S)- and (R)-Ala anion is (3.60 ± 0.27) � 104 and
(3.54 ± 0.19) � 103 M–1, respectively. Receptor S-1 gives
an enantioselectivity Kass((S)-Ala) /Kass((R)-Ala) = 10.17. The dra-
matically different fluorescent responses and quenching effi-
ciencies observed for the two enantiomers indicate that S-1
has excellent enantioselective fluorescent-recognition ability
towards the Ala anion. Similar phenomena were observed

when (S)- or (R)-Phe anions were added into a solution of
S-1. The result of a nonlinear curve fitting (at 371 nm) indi-
cates that a 1:1 complex was formed between receptor S-1
and (S)- or (R)-Phe (see Table 1). In addition, the associa-
tion constants (Kass) were different (see Table 1) (Kass(S) =
(3.17 ± 0.11) � 104 M–1, DG0 = –25.69 kJ mol–1; Kass(R) =
(3.09 ± 0.08) � 103 M–1, DG0 = –19.92 kJ mol–1), yielding
an S/R selectivity [Kass(S) /Kass(R)] of 10.26 for the Phe anions
and a DDG0 value of –5.77 kJ mol–1, demonstrating that S-1
has good chiral recognition ability towards the enantiomers
of Phe anions.

The binding of S-1 with mandelate and a-phenylglycine
anion was also carried out, and the association constants of the
host S-1 with mandelate and a-phenylglycine anion are also
listed in Table 1. When S-1 interacted with a-phenylglycine
anion, the receptor S-1 exhibited weak enantioselective
recognition ability to a-phenylglycine anion that have been

Fig. 3. Fluorescence spectra of receptor S-1 (1.22 � 10–5 mol L–1)
with (S)-Ala anion in CHCl3. The anion equivalents are: 0, 2, 4, 6,
8, 10, 20, 40, 60, 80, 100, 150, 200, 300, and 500. lex = 278 nm.
Inset: changes in the fluorescence intensity of S-1 at 371 nm upon
addition of (S)-Ala anion. The line shown is a line-fitted curve. The
correlation coefficient (R) of the nonlinear curve fitting is 0.9994.

Fig. 4. Fluorescence spectra of receptor S-1 (1.22 � 10–5 mol L–1)
with (S)-Ala anion in CHCl3. The anion equivalents are: 0, 2, 4, 6,
8, 10, 20, 40, 60, 80, 100, 200, 300, 400, and 500. lex = 278 nm.
Inset: changes in the fluorescence intensity of S-1 at 371 nm upon
addition of (S)-Ala anion. The line shown is a line-fitted curve. The
correlation coefficient (R) of the nonlinear curve fitting is 0.9994.

Fig. 5. Fluorescence spectra of host S-1 (2.13 � 10–6 mol L–1) with
4.0 equiv. of (S)- and (R)-Ala anion in CHCl3.
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tested (see Table 1). Upon the addition of alaninol or
phenylalaninol into a solution of in CHCl3, the fluorescence
intensity of S-1 was slightly quenched by both (S)- and (R)-
enantiomers (see Table 1). This indicates that hydrogen
bonding plays an important role in the interaction between

the host and guest and leads to the easier signal transduc-
tions of chiral recognition by fluorescence method.

The continuous variation methods were also employed to
determine the stoichiometric ratio of the receptor S-1 with
guests [(S)- and (R)-Ala anions]. The total concentration of

Table 1. Association constants (Kass), correlation coefficients (R), enantioselectivities (Kass(S)/Kass(R)), Gibbs free energy changes (–DG0),
and DDG0 calculated from DG0 for the complexation of receptors S-1 and R-1 with S-/R- guests in CHCl3 at 25 8C.

Entry Host Guest Kass (M–1)a,b R Kass(S)/Kass(R) –DG0 (kJ mol–1) DDG0 (kJ mol–1)
1 S-1 (S)-Alac (3.60±0.27)�104 0.9971 26.01
2 S-1 (R)-Alac (3.54±0.19)�103 0.9984 10.17 20.26 –5.75
3 S-1 (S)-Phec (3.17±0.11)�104 0.9927 25.69
4 S-1 (R)-Phec (3.09±0.08)�103 0.9928 10.26 19.92 –5.77
5 S-1 (S)-Mandelate (5.81±0.26)�104 0.9908 27.2
6 S-1 (R)-Mandelate (1.04±0.13)�104 0.9946 5.87 22.93 –4.27
7 S-1 (S)-Phenylglycine (6.64±0.26)�104 0.9923 27.53
8 S-1 (R)-Phenylglycine (3.91±0.19)�104 0.9931 1.70 26.22 –1.31
9 S-1 (S)-Alaninol (6.72±0.31)�102 0.9924 16.14
10 S-1 (R)-Alaninol (4.31±0.05)�102 0.9902 1.56 15.04 –1.1
11 S-1 (S)-Phenylalaninol (5.98±0.21)�102 0.9944 15.85
12 S-1 (R)-Phenylalaninol (1.99±0.15)�102 0.9919 3.01 13.12 –2.73
13 R-1 (S)-Alac (3.26±0.22)�103 0.9903 20.06
14 R-1 (R)-Alac (3.02±0.13)�104 0.9912 1/9.26 25.57 5.51
15 R-1 (S)-Phec (3.47±0.26)�103 0.9941 20.21
16 R-1 (R)-Phec (3.29±0.24)�104 0.9937 1/9.48 25.79 5.58
17 R-1 (S)-Mandelate (1.75±0.11)�104 0.9952 24.22
18 R-1 (R)-Mandelate (7.81±0.51)�104 0.9917 1/4.46 27.93 3.71
19 R-1 (S)-Phenylglycine (2.98±0.22)�104 0.9962 25.54
20 R-1 (R)-Phenylglycine (5.07±0.19)�104 0.9933 1/2.41 26.86 1.34
21 R-1 (S)-Alaninol (3.51±0.14)�102 0.9917 14.53
22 R-1 (R)-Alaninol (6.94±0.29)�102 0.9951 1/1.98 16.22 1.69
23 R-1 (S)-Phenylalaninol (1.51±0.07)�102 0.9903 12.44
24 R-1 (R)-Phenylalaninol (8.81±0.44)�102 0.9927 1/5.64 16.81 4.37
25 S-5 (S)-Alac (4.53±0.18)�104 0.9989 26.58
26 S-5 (R)-Alac (9.71±0.52)�103 0.9946 4.67 22.76 –3.82
27 S-5 (S)-Phec (4.19±0.24)�104 0.9938 26.39
28 S-5 (R)-Phec (8.62±0.29)�103 0.9913 4.86 22.47 –3.92
29 S-5 (S)-Mandelate (4.97±0.26)�104 0.9931 26.81
30 S-5 (R)-Mandelate (1.54±0.39)�104 0.9911 3.23 23.91 –2.90
31 S-5 (S)-Phenylglycine (6.77±0.43)�104 0.9956 27.58
32 S-5 (R)-Phenylglycine (4.34±0.39)�104 0.9931 1.56 26.47 –1.11
33 S-5 (S)-Alaninol (6.53±0.35)�102 0.9907 16.07
34 S-5 (R)-Alaninol (3.37±0.39)�102 0.9916 1.94 14.43 –1.64
35 S-5 (S)-Phenylalaninol (6.01±0.35)�102 0.9907 15.86
36 S-5 (R)-Phenylalaninol (2.32±0.39)�102 0.9921 2.59 13.50 –2.36
37 R-5 (S)-Alac (1.27±0.10)�104 0.9934 23.43
38 R-5 (R)-Alac (4.02±0.18)�104 0.9940 1/3.17 26.28 2.85
39 R-5 (S)-Phec (9.78±0.41)�103 0.9941 22.78
40 R-5 (R)-Phec (3.99±0.22)�104 0.9913 1/4.08 26.27 3.49
41 R-5 (S)-Mandelate (1.99±0.26)�104 0.9919 24.54
42 R-5 (R)-Mandelate (4.82±0.39)�104 0.9934 1/2.42 26.73 2.19
43 R-5 (S)-Phenylglycine (3.98±0.43)�104 0.9926 26.26
44 R-5 (R)-Phenylglycine (6.27±0.39)�104 0.9915 1/1.58 27.39 1.13
45 R-5 (S)-Alaninol (4.03±0.35)�102 0.9923 14.87
46 R-5 (R)-Alaninol (5.99±0.39)�102 0.9908 1/1.49 15.86 0.99
47 R-5 (S)-Phenylalaninol (2.53±0.35)�102 0.9912 13.72
48 R-5 (R)-Phenylalaninol (5.74±0.39)�102 0.9903 1/2.27 15.75 2.03

aThe data were calculated from the results of fluorescence titrations in CHCl3.
bAll error values were obtained from nonlinear curve fitting.
cAla and Phe tetrabutylammonium salts, the amino group was protected by a tert-butyloxycarbonyl function.
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host and guest was constant (1.0 � 10–6 mol L–1) in CHCl3,
with a continuously variable molar fraction of host ([H]/([H]
+ [G])). Figure 6 shows the Job plots of receptor S-1 with
(S)- and (R)-Ala anion (at 371 nm, lex = 278 nm). When
the molar fraction of the host was 0.50, the fluorescence in-
tensity reached a maximum, which demonstrated that recep-
tor S-1 formed a 1:1 complex with (S)- and (R)-Ala anions,
respectively.14

The decrease in fluorescence intensity of the excimer
upon addition of the anion is similar to the anion-induced
fluorescence decrease reported previously.15 Because of the
similar structure of S-1, the fluorescent variations of S-1
showed the same trend. Since there were no changes in the
UV–vis spectra of the receptors when treated with (S)- or
(R)-anions, a photoinduced electron transfer (PET) process
might be responsible for the fluorescent quenching.16 In the
absence of anions, PET between the binaphthyl unit and the
electron-withdrawing amide substituents might result in
quenched fluorescence. In the presence of guest anions, the
fluorescence quenching of receptors S-1 most likely arose
from the change of the free energy (DGPET) of the electron
transfer between the excited fluorophore and the receptor.17

Therefore, fluorescence quenching was observed.
To study how the chirality of the amino acid unit and

BINOL groups in S-1 influenced the enantioselective fluo-
rescent recognition, R-1, the diastereomeric compounds of
S-1, S-5, and R-5 were also prepared by similar methods.
We also studied its interaction with mandelate, phenylgly-
cine, Ala and Phe anions, alaninol, and phenylalaninol,
which showed the opposite enantioselectivity. That is, the
(R)-guest enantiomer quenched the fluorescence of R-1
more efficiently than (S)-guest. The result of fluorescence ti-
tration indicated that a matched chirality between the guest
anions center and the chiral BINOL unit led to the enantio-
selective recognition. The enantiomers of guest anions inter-
acted with R-1 and S-1 in the same fashion.

According to Table 1, the interaction of S-1 with the (S)-
Ala and (S)-Phe anions is better than that with the (R)-Ala
and (R)-Phe anions, which is probably due to the (S)-amino
acid anions having a more complementary structure with re-
ceptors S-1. The receptors S-1 and R-1 all exhibit good chi-
ral recognition ability towards the enantiomers of the Ala
and Phe anions, which indicates that the preorganized struc-
ture of the chiral center of the binaphthyl unit plays impor-
tant roles in the enantioselective recognition process.

1H NMR study
1H NMR experiments were undertaken to assess the chi-

ral-recognition properties between receptor S-1 and chiral
anionic guest because NMR spectroscopy can provide struc-
tural and dynamic information directly.18 1H NMR chiral-
recognition studies were carried out with a 400 MHz NMR
spectrometer using receptor S-1 in CDCl3 as chiral solvating
agent at room temperature. The spectra of receptor S-1 and
its complexes with equimolar amounts of racemic Ala
anions are shown in Fig. 7. When treated with equimolar
amounts of receptor S-1, the signal of the CH proton of the
racemic Ala anion cleaved into a more complicated signal
pattern (Fig. 7C) with a downfield shift. The interaction of
receptor S-1 with (S)-enantiomer showed that the CH proton
has a larger downfield shift (from d = 3.85 to 4.27 ppm, Dd =

0.42 ppm, Fig. 7D) than that of the CH proton of the (R)-
enantiomer (from d = 3.85 to 4.19 ppm, Dd = 0.34 ppm,
Fig. 7E). Moreover, the signals of the –OH proton in the 1H
NMR spectra of the receptor S-1 become weakened obvi-
ously and have downfield shift from 6.57 to 6.78 ppm (Dd =
0.21 ppm, Fig. 7D) or 6.74 ppm (Dd = 0.17 ppm, Fig. 7E)
for (S)- or (R)-Ala anion, respectively, while the signals of
the peaks of binaphthyl fragments are downfield-shifted and
broadened with the addition of the guest. The signal of the
amide (NH) group of Ala linked to the Boc moiety was also
clearly downfield-shifted from d = 5.91 to 5.98 ppm (Dd =
0.07 ppm, Fig. 7D) and 5.94 ppm (Dd = 0.03 ppm, Fig. 7E)
for (S)- and (R)-Ala anion, respectively. The above results in-
dicate that S-1 has a stronger interaction with the (S)-Ala
anion than with its (R)-enantiomer. This indicated that the in-
teraction between the host and guest also happened by multi-
ple hydrogen bondings. The results also illustrate that the
nature of the receptor, multiple hydrogen-bonding interactions,
and complementary chiral-center interactions maybe responsi-
ble for the enantiomeric recognition of the amino acid anion.19

Conclusion
In summary, four chiral fluorescent receptors S-1, R-1, S-

5, and R-5 were synthesized, and their enantioselective rec-
ognition was studied by fluorescence titration and 1H NMR
spectroscopy. Receptors S-1 and R-1 exhibit different chiral-
recognition abilities towards some enantiomers of chiral ma-
terials and form 1:1 complexes with the guest molecules. It
is clear that the nature of the receptor, good structural preor-
ganization, multiple hydrogen-bonding interactions, and
complementary chiral-center interactions may be responsible
for the enantiomeric recognition of anionic guests.19 Recep-
tors S-1and R-1 are promising in their use as fluorescence
sensors for amino acid anions. The remarkably different flu-
orescent responses that result from complexation reveal that
S-1 and R-1 could be used as fluorescent chemosensors for
the N-Boc-protected alanine anion or N-Boc-protected phe-
nylalanine anion in the future.

Fig. 6. Job plots of receptor S-1 with (S)- and (R)-Ala anions
(367 nm, lex = 290 nm). The total concentration of the host [H] and
guest [G] is 1.0 � 10–6 mol L–1 in CHCl3. I0: fluorescence intensity
of S-1; I: fluorescence intensity of S-1 in the presence of the guest.
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Experimental section

General
The reagents used were of commercial origin and were

employed without further purification. Purifications by col-
umn chromatography were carried out over silica gel (230–
400 mesh). The IR spectra were performed on a Nicolet 670
FTIR spectrophotometer. 1H and 13C NMR spectra were re-
corded on a Bruker AV-400 spectrometer. Mass spectra
were determined by ESI recorded on a Esquire 3000 LC–
MS mass instrument. Optical rotations were taken on a Per-

kinElmer Model 341 polarimeter. Fluorescence spectra were
obtained with a F-7000 FL Spectrophotometer. Elemental
analyses were performed by the Vario Elemental CHSN-O
microanalyzer. The anions were used as their tetrabutylam-
monium salts. The N-protected (by the tert-butyloxycarbonyl
functionality) amino acid derivatives were synthesized ac-
cording to a literature method.20

The synthesis of compound 3
Under N2, excess ethylenediamine (0.60 g, 10 mmol) in

10 mL CH3OH was added dropwise into a solution (20 mL)

Fig. 7. The 1H NMR spectra of S-1 and its guest complexes at 25 8C ([S-1] = [guest] = 4.0 � 10–3 mol L–1) in CDCl3 at 400 MHz.
(A) Racemic Ala anion; (B) receptor S-1; (C) receptor S-1 + racemic Ala anion; (D) receptor S-1 + (S)-Ala anion; (E) receptor S-1 + (R)-
Ala anion.

372 Can. J. Chem. Vol. 88, 2010

Published by NRC Research Press

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

U
ni

ve
rs

ity
 o

f 
E

le
ct

ro
ni

c 
an

d 
Sc

ie
nc

e 
T

ec
ho

no
lo

gy
 o

f 
C

hi
na

 o
n 

09
/1

7/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



of (S)-N-Boc-protected alanine methyl ester (2) (0.41g,
2 mmol) in CHCl3/CH3OH (1:10, v/v) in an ice-bath. After
the addition, the mixture was stirred at room temperature
for 48 h. The solvent was evaporated, and the residual ethyl-
enediamine was removed under reduced pressure. Then,
CHCl3 (30 mL) was added and washed with H2O (3 �
30 mL); the organic layer was separated and dried over
Na2SO4. After filtration, the solvent was removed under re-
duced pressure to give 3 as colorless ropy oil in 86% yield
(0.40 g). ½a�20

D þ 21:84 (c = 0.05, CHCl3). 1H NMR (CDCl3)
d (ppm): 7.01 (s, 1 H, CONH), 5.47 (s, 1 H, NHBoc), 4.18
(CH), 3.31 (t, J =6.4 Hz, 2H, CH2), 2.82 (t, J = 6.4 Hz, 2H,
CH2), 1.72 (s, 2 H, NH2), 1.44 (s, 9 H, CH3), 1.35 (t, J =
6.8 Hz, 3 H, CH3). 13C NMR (CDCl3) d (ppm): 172.8,
155.2, 77.8, 54.1, 41.2, 40.3, 28.8, 27.9. ESI-MS m/z (%):
232 (100) [M + 1]+. C10H21N3O3 calcd.: C 51.93, H 9.15, N
18.17; found: C 51.66, H 9.22, N 18.04.

The preparation of tert-butyl-2-(2-aminoethylamino)-2-
oxoethylcarbamate

Tert-butyl-2-(2-aminoethylamino)-2-oxoethylcarbamate
was prepared by the same method as that of compound 3 by
starting with N-Boc-protected glycine methyl ester, and it
gave 95% yield. 1H NMR (CDCl3) d (ppm): 7.11 (s, 1H,
CONH), 5.57 (s, 1H, NHBoc), 3.74 (s, 2H, CH2), 3.39 (t,
J = 6.4 Hz, 2H, CH2), 2.86 (t, J = 8.0 Hz, 2H, CH2), 1.74
(s, 2 H, NH2), 1.44 (s, 9 H, CH3). 13C NMR (CDCl3) d
(ppm): 173.3, 155.9, 78.1, 55.7, 41.9, 40.7, 28.9. ESI-MS:
m/z (%) = 218 (100) [M + 1]+. C9H19N3O3 calcd.: C 49.75,
H 8.81, N 19.34; found: C 49.57, H 8.89, N 19.22.

General procedure for the synthesis of compounds R-1,
S-1, R-5, and S-5

A mixture of the (R) or (S)-binaphthyl dialdehyde (0.34 g,
1 mmol) and compound 3 or tert-butyl-2-(2-aminoethyla-
mino)-2-oxoethylcarbamate (2.2 mmol) in CH3OH (30 mL)
was stirred for 48 h under N2 at room temperature until
TLC showed the disappearance of the starting material.
NaBH4 (0.19 g, 5 mmol) was then added to the mixture in
three portions over 3 h, after which it was stirred under N2
for another 6 h at 50 8C. The mixture was poured into
30 mL of 10% NaHCO3 after removing the solvent under
reduced pressure, and extracted three times with CHCl3.
The organic layers were combined and dried over anhydrous
Na2SO4. After filtration, the solvent was evaporated under
reduced pressur,e and the residue was purified by column
chromatography on silica gel [eluent: CHCl3/CH3CH2OH,
50:1 (v/v)]. The pure product was obtained as a pale yellow
solid.

S-1 and R-1
Yield (S-1): 76.8%; ½a�20

D � 34:72 (c = 0.05, CHCl3).
Yield (R-1): 79.3%; ½a�20

D þ 117:18 (c = 0.05, CHCl3). 1H
NMR (CDCl3) d (ppm): 7.87 (s, 2H, CONH), 7.83 (d, J =
8.0 Hz, 2H, Ar–H), 7.76 (d, J = 9.6 Hz, 2H, Ar–H), 7.61
(d, J = 8.1 Hz, 2H, Ar–H), 7.28 (d, J = 7.6 Hz, 2 H, Ar–H),
7.19 (d, J = 7.2 Hz, 2H, Ar–H), 7.13–7.16 (t, J = 4.8 Hz,
2H, Ar–H), 6.52 (s, 2H, OH), 4.76–4.68 (m, 2H, CHCH2),
4.10 (d, J = 8.0 Hz, 4H, Ar–CH2), 3.00–2.91 (m, 4H, CH2),
2.73–2.64 (m, 4H, CH2), 2.36 (s, 2H, NH), 1.42 (s, 18H,
CH3), 1.28 (s, 3H, CH3), 1.22 (s, 3H, CH3). 13C NMR

(CDCl3) d (ppm): 172.39, 152.53, 152.51, 134.32, 133.76,
132.91, 132.69, 131.29, 130.69, 130.54, 130.12, 129.94,
128.34, 127.38, 126.95, 126.07, 125.86, 125.59, 125.22,
124.96, 71.02, 57.31, 57.09, 39.89, 24.95, 14.44, 14.14.
ESI-MS m/z (%): 795 (100) [M + Na]+. C42H56N6O8 calcd.:
C 65.26, H 7.30, N 10.87; found (S-1): C 65.11, H 7.21, N
10.99; found (R-1): C 65.07, H 7.19, N 11.02.

S-5 and R-5
Yield (S-5): 79.6%; ½a�20

D ¼ �68:32 (c = 0.05, CHCl3). IR
(film, cm–1) y: 3402, 3092, 2969, 1679, 1529, 1268, 1234,
752. 1H NMR (CDCl3) d (ppm): 7.89 (s, 2H, CONH), 7.87
(d, J = 8.0 Hz, 2H, Ar–H), 7.79 (d, J = 9.6 Hz, 2H, Ar–H),
7.64 (d, J = 8.1 Hz, 2H, Ar–H), 7.22 (d, J = 7.6 Hz, 2H, Ar–
H), 7.19 (d, J = 7.2 Hz, 2H, Ar–H), 7.17–7.13 (t, J = 4.8 Hz,
2H, Ar–H), 6.55 (s, 2H, OH), 4.12 (d, J = 8.0 Hz, 4H, Ar–
CH2), 3.88 (s, 4H, CH2), 3.03–2.95 (m, 4H, CH2), 2.79–2.70
(m, 4H, CH2), 2.38 (s, 2H, NH), 1.44 (s, 18H, CH3). 13C
NMR (CDCl3) d (ppm): 174.03, 153.59, 153.31, 134.99,
133.96, 133.44, 133.17, 132.54, 131.06, 130.86, 130.58,
129.91, 128.71, 127.53, 126.62, 126.01, 125.93, 125.85,
125.73, 124.58, 74.09, 58.39, 58.49, 39.89, 24.92. ESI-MS
m/z (%): 767 (100) [M + Na]+. C40H52N6O8 calcd.: C 64.50,
H 7.04, N 11.28; found (S-5): C 64.29, H 7.09, N 11.19;
found (R-5): C 64.33, H 7.11, N 11.15.

Preparation of samples for fluorescence measurement
All solutions were prepared using volumetric syringes,

pipettes, and volumetric flasks. The tetrabutylammonium
salts were prepared by adding 1 equiv. of tetrabutylammo-
nium hydroxide in methanol to a solution of the correspond-
ing carboxylic acid in methanol, and stock solutions of the
salts were prepared in CHCl3. The resulting syrup was dried
under high vacuum for 24 h, analyzed by NMR spectro-
scopy, and stored in a desiccator. Compounds R-1 and S-1
were prepared as stock solutions in CHCl3. The test solu-
tions were prepared by adding different volumes of anion
solution to a series of test tubes, and then the same amount
of stock solution of the host compound was added to each of
the test tubes and diluted to 3.0 mL with CHCl3. After being
shaken for several minutes, the test solutions were analyzed
immediately.

Job Plots
Stock solutions of host S-1 and the (S)- and (R)-Ala tetra-

butylammonium salts in CHCl3 system (the total concentra-
tion of the host and guest is 1.0 � 10–6 mol L–1) were
freshly prepared. The receptor and Ala solutions were added
to the test tubes in ratios of 9:1, 8:2 to 0:10, respectively.
After being shaken for several minutes, the working solution
could be measured immediately.
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Electrochemical and in situ
spectroelectrochemical investigations into the
redox and aggregation behaviours of
phthalocyanines bearing octyl 4-phenyloxyacetate
moieties

İmran Koç, Meryem Çamur, Mustafa Bulut, and A. Riza Özkaya

Abstract: Electrochemical and spectroelectrochemical properties of phthalocyanines (H2Pc, ZnPc, NiPc, CuPc, and CoPc)
involving octyl 4-phenyloxyacetate moieties have been investigated by cyclic voltammetry and differential pulse voltam-
metry on Pt in dimethylsulfoxide – tetrabutylammonium perchlorate. These measurements showed that the complexes
undergo subsequent one-electron reduction and oxidation processes. In situ UV–vis spectroelectrochemical measurements
enabled us to identify the ligand- and metal-based redox processes, and evaluate the effect of aggregation phenomena on
these processes. The cobalt complex showed both metal-based and ring-based one-electron redox processes, while the other
complexes displayed only ring-based one-electron couples. It was observed that the redox processes of H2Pc, NiPc, and
CuPc are coupled by aggregation phenomenon, whereas those of ZnPc and especially CoPc are not, probably owing to the
difference in their axial coordinating properties.

Key words: phthalocyanines, aggregation, electrochemistry, in situ spectroelectrochemistry.

Résumé : Faisant appel à la voltampérométrie cyclique et la voltampérométrie pulsée différentielle sur du Pt dans un mé-
lange diméthylsulfoxyde – perchlorate de tétrabutylammonium, on a examiné les propriétés électrochimiques et spectroé-
lectrochimiques de phtalocyanines (H2Pc, ZnPc, NiPc, CuPc et CoPc) impliquant des portions 4-phényloxyacétate
d’octyle. Ces mesures ont montré que les complexes subissent des processus subséquents de réduction et d’oxydation à un
électron. Des mesures spectroélectrochimiques UV–vis in situ ont permis d’identifier les processus redox à base de métal
et de ligand et d’évaluer l’effet du processus d’agrégation alors que les autres complexes ne présentent que des couples à
un électron à base du noyau. On a observé que les processus redox du H2Pc, du NiPc et du CuPc sont couplés par le phé-
nomène d’agrégation alors que ceux du ZnPc et particulièrement celui de CoPc ne le sont probablement pas en raison de
la différence dans leurs propriétés de coordination axiales.

Mots-clés : phtalocyanines, agrégation, électrochimie, spectroélectrochimie in situ.

[Traduit par la Rédaction]

Introduction
There is a strong relationship between the redox proper-

ties of phthalocyanines (Pcs) and most of their industrial
applications as semiconductors, photovoltaic cells, electro-
chromic displays, and catalysts, for example.1,2 Accord-
ingly, the electrochemistry of Pcs has received considerable
interest in recent years. Small modifications in Pc molecules
may remarkably influence their redox properties since these
properties depend on various factors such as the type of the
central metal, solvent, axial ligands, substituents, and aggrega-
tion.3–7 It is well-known that Pcs may dimerize and even form
larger and more complex aggregates, owing to the extended p
system.8–14 In most cases, the aggregation phenomenon
is deleterious to the desired electrical,15,16 spectroscopic,17–21

photophysical,22–27 and electrochemical28,29 properties of these
compounds. On the other hand, the formation of well-defined
Pc dimers and (or) aggregates is useful in materials and cata-
lytic applications where the self-assembly of Pc cores in close
proximity is beneficial.30–34

Voltammetry is the most widely used electrochemical
method to determine the redox properties, whereas the ag-
gregation process of Pcs can be probed using electronic
spectroscopy. It is necessary to combine spectroscopic and
electrochemical techniques, i.e., carry out in situ spectroe-
lectrochemical measurements, to be able to identify thor-
oughly the effect of aggregation phenomenon on the redox
processes. In most cases, the nature of the redox processes
cannot be distinguished by voltammetric methods alone. In

Received 29 June 2009. Accepted 4 December 2009. Published on the NRC Research Press Web site at canjchem.nrc.ca on 12 March
2010.
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situ spectroelectrochemical measurements allow us to deter-
mine whether the redox processes occur in the Pc ring or in
the metal center.35–39

In a recent study, we have reported on the synthesis and
characterization of metal-free and metal phthalocyanines
(MPcs) with four 4-phenyloxyacetic acid groups on the pe-
riphery, prepared by cyclotetramerization of p-(3,4-dicyano-
phenoxy) phenyl-acetic acid and the corresponding divalent
metal salts.40 Further reactions of these products with thio-
nylchloride and then benzylamine in tetrahydrofuran and oc-
tanol in pyridine, gave amide and ester derivatives,
respectively. These complexes were observed to have a re-
markable tendency to aggregation, a very useful feature for
the fabrication of modified electrodes. In the present work,
the redox and aggregation behaviours of the metal-free and
metal Pcs, bearing octyl 4-phenyloxyacetate moieties and
the effect of aggregation phenomena on their redox behav-
iour have been examined by voltammetry and in situ spec-
troelectrochemistry.

Experimental
The electrochemical and in situ spectroelectrochemical

measurements were monitored using a Gamry Reference
600 potentiostat–galvanostat controlled by an external PC
and utilizing a three-electrode configuration at 25 8C. UV–vis
absorption spectra were recorded by an Agilent 8453 diode
array spectrophotometer equipped with the potentiostat–
galvanostat. The electrochemical measurements were carried
in extra pure dimethylsulfoxide (DMSO) containing electro-
chemical grade tetrabutylammonium perchlorate (TBAP) as
the supporting electrolyte at a concentration of 0.10 mol
dm–3. Metal-free and metal Pcs involving octyl 4-phenylox-
yacetate moieties were prepared following a literature proce-
dure40 (Fig. 1).

For cyclic voltammetry (CV) and differential pulse vol-
tammetry (DPV) measurements, the working electrode was
a Pt plate with a surface area of 0.10 cm2. A Pt spiral wire
served as the counter electrode. A saturated calomel elec-
trode (SCE) was employed as the reference electrode and
separated from the bulk of the solution by a double bridge.
High purity N2 was used for deoxygenating the solution at
least 20 min prior to each run and to maintain a nitrogen
blanket during the measurements. Ferrocene was used as an
internal reference, but the potentials were presented versus
SCE.

The spectroelectrochemical measurements were carried
out by utilizing a thin-layer quartz spectroelectrochemical
cell at 25 8C in a three-electrode configuration. The working
electrode was transparent Pt gauze. A Pt wire counter elec-
trode separated by a glass bridge and an SCE reference elec-
trode separated from the bulk of the solution by a double
bridge were used.

Results and discussion
Redox properties of the Pc compounds (1–5) in solution

were studied by CV and DPV on a platinum working elec-
trode in DMSO–TBAP. Table 1 lists the voltammetric data
of the complexes which included the half-peak potentials
(E1/2), the ratio of anodic to cathodic peak currents (Ipa/Ipc),
the peak-to-peak potential separations (DEp), and the differ-

ence between the first oxidation and reduction processes
(DE1/2). Pc compounds undergo successive one-electron re-
duction and one-electron oxidation to yield the anion and
cation radicals.

Figure 2 shows cyclic and differential pulse voltammo-
grams of metal-free Pc 1. Compound 1 gives a one-electron
oxidation and three one-electron reduction processes. All re-
dox processes in Fig. 2 are ring-based since compound 1 is a
metal-free Pc. The values of Ipa/Ipc for the first and second
reduction couples (R1 and R2, respectively, in Fig. 2) are
close to unity at 0.010 V s–1. The peak-to-peak current ratios
and (or) peak potential separations could not be determined
for the first oxidation (Fig. 2, couple O1) and third reduction
(Fig. 2, wave R3) processes since those occur at the ends of
electrolyte-limited potential window.

The general voltammetric behaviour of 2 (ZnPc), 3
(NiPc), and 4 (CuPc) are similar to each other and to that
of 1 (H2Pc). However, the redox processes of MPcs occur
at more negative potential than those of 1 (Table 1). The
differences between the E1/2 values can be attributed to the
different polarizing powers of central atoms. On the other
hand, the similarity in general redox behaviour between
metal-free Pc 1 and MPcs 2–4 probably suggests that
Zn(II), Ni(II), and Cu(II) behave as redox-inactive metal
centers.41,42 The DE1/2 value corresponds to the energy dif-
ference between the highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital
(LUMO) for metal-free Pcs, whereas it is related to
HOMO–LUMO gap in MPc species, involving a redox-
inactive metal center. DE1/2 values ranging from 1.16 to
1.51 V for 1, 2, 3, and 4 are generally consistent with the
values reported in the literature.41,42 The separation between
the first and second ring reductions was found to be approx-
imately 0.25–0.39 V for the complexes having a redox-
inactive metal center. These peak separation values are also
in agreement with the reported ones for redox processes in
similar Pc compounds.5,41,42 However, the comparison
of the redox potentials of the Pcs 1–4 in DMSO (Table 1)
with those of the relevant unsubstituted Pcs in a similar

Fig. 1. The molecular structure of metal-free and metal Pcs bearing
octyl 4-phenyloxyacetate moieties.
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coordinating solvent, DMF, in the literature41,42 showed
clearly that the redox potentials of the former shift consider-
ably to relatively more positive potentials, because of the
electron-withdrawing effect of the octyl 4-phenyloxyacetate
substituents. For example, in the case of 2, the shift in redox
potential is 0.23 V for the first reduction, 0.30 V for the sec-
ond, 0.58 V for the third, and 0.14 V for the first oxidation.
A similar behaviour was also observed previously for tetra-
substitued Pcs bearing electron-withdrawing 4-phenyloxyacetic
acid functionalities,40 suggesting that the redox potentials,
and thus the efficiency of Pcs in various applications, can
be changed remarkably by peripheral substituents. For in-

stance, the efficiency of MPcs in electrocatalytic applica-
tions is closely related to their redox potentials. The shift in
redox potentials of octyl 4-phenyloxyacetate substituted 5 in
DMSO towards more positive potentials, compared to those
of unsubstituted CoPc in a similar coordinating solvent,
DMF, in the literature was also observed.41,42 However, the
shift in the potential of the second reduction process (0.27
V), which is probably based on the Pc ring, was much
higher than that in the potential of the first reduction process
(0.07 V), which is probably metal-based. It appears that the
electron-withdrawing effect of 4-phenyloxyacetate substitu-
ents at the periphery is probably more pronounced on the
Pc ring than on the metal center.

The redox processes in MPcs are located at the ring and at
the metal center.35–42 Moreover, a general trend for some Pc
compounds in this study was their aggregation character im-
plied by splitting or broadening the redox waves. In most
cases, it was not possible to identify the nature of the redox
processes or to understand the possible aggregation effects on
these processes in great detail on the basis of electrochemical
measurements alone. For this reason, in situ spectroelectro-
chemical measurements during the controlled-potential
electrolysis of the complexes at suitable potentials were
also carried out to provide additional support for the assign-
ment of redox processes and the identification of possible
aggregation effects. The shape of the voltammetric peaks of
metal-free Pc 1 in Fig. 2 suggests that the redox processes
are not associated with the aggregation phenomenon. How-
ever, our observations during in situ spectroelectrochemical
measurements, although carried out in relatively dilute solu-
tions, indicated the coupling of the redox processes by
aggregation–deaggregation transformations. The inset in
Fig. 3A shows the effect of increasing concentration on the

Table 1. Voltammetric data for Pc compounds 1–5.

Complex Ring oxidation MII/MIII MII/MI Ring reductions DE1/2
e

1 (H2Pc) E1/2 (V)a or Ep
b 0.89 — — –0.47 –0.72 –1.47f 1.36

DEp (V)c 0.120 — — 0.060 0.060 — —
Ipa/Ipc

d — — — 0.97 1.07 — —
2 (ZnPc) E1/2 (V)a or Ep

b 0.81f — — –0.63 –1.00 –1.27 1.44
Ep (V)c — — — 0.060 0.050 — —
Ipa/Ipc

d — — — 1.00 1.00 — —
3 (NiPc) E1/2 (V)a or Ep

b 0.60 — — –0.62 –0.83 –1.54f 1.20
DEp (V)c — — — 0.050 0.090 — —
Ipa/Ipc

d — — — 0.57 0.98 — —
4 (CuPc) E1/2 (V)a or Ep

b 1.00 — — –0.51 –0.90g –1.45 1.51
DEp (V)c — — — 0.060 0.160 — —
Ipa/Ipc

d — — — 0.96 1.08 — —
5 (CoPc) E1/2 (V)a or Ep

b 0.82 0.55 –0.30 –1.13 –1.70 — 0.85
DEp (V)c 0.060 0.120 0.120 0.070 0.100 — —
Ipa/Ipc

d — 0.95 1.00 0.55 — — —

aE1/2 = (Epa + Epc)/2 at 0.010 V s–1.
bCathodic or anodic peak potential for irreversible processes at 0.010 V s–1.
cEp= Epa+ Epc at 0.010 V s–1.
dIpa/Ipc for reduction, Ipc/Ipa for oxidation processes at 0.010 V s–1 scan rate. It could not be determined for some redox processes due to ill-defined redox

waves.
eDE1/2 = E1/2 (first oxidation) – E1/2 (first reduction). This value corresponds to the HOMO–LUMO gap for metal-free and metal Pcs having an electro-

inactive metal center, but it represents metal-to-ligand charge transfer (MLCT) or ligand-to-metal charge transfer (LMCT) transition gap for MPcs having a
redox-active metal center.

fThe process could be recorded only with DPV.
gCathodic wave is split, probably due to electron transfer associated with the aggregation–disaggregation equilibrium.

Fig. 2. Cyclic and differential pulse voltammograms of 1
(2.50 � 10–4 mol/L) on Pt in DMSO–TBAP. DPV parameters:
pulse time 0.050 s; pulse size 0.100 V; step size 0.005 V; sample
period 0.100 s.
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shape of the original UV–vis spectrum of 1. There are two
Q-band absorptions at 626 and 680 nm in its spectrum. As
the concentration of 1 increases, the intensity of the band
with the higher energy also increases and the absorption of

the band at 680 nm becomes a shoulder. This behaviour
clearly suggests that the band at 626 nm corresponds to the
aggregated species.43 For metal-free Pcs, the symmetry is
usually D2h and therefore the main Q-band absorption is
split. However, the main Q band of 1at 680 nm is not split,
even in the spectrum of the most diluted solution. One rea-
son for the unsplit Q-band absorption is probably the aggre-
gation phemonenon. Another reason is the high acidity of
the inner pyrrole hydrogens in strongly basic solvents.
When the inner pyrrole hydrogens are acidic enough, they
dissociate, resulting in a charged Pc2– system which be-
comes symmetric (D4h) and thus possesses an unsplit Q
band. In situ UV–vis spectral changes during the controlled
potential electrolysis of H2Pc (1) at suitable potentials are
shown in Fig. 3. When the working electrode is polarized
at –0.56 V vs. SCE, two groups of subsequent spectral
changes were monitored. The former changes, accompanied
by the formation of clear isosbestic points at 473, 654, and
713 nm, are shown in Fig. 3A. The band at 626 nm,
assigned to the aggregated species, decreases in intensity
and a new sharp single band at 680 nm appears. The de-
crease in intensity of the band at 626 nm probably suggests
that the former spectral changes correspond to the reduction
of aggregated species. During the latter spectral changes

Fig. 3. In situ UV–vis spectral changes during the controlled-potential electrolysis of 1 at (A) –0.56 V, the former spectral changes (inset
shows the effect of increasing concentration on the UV–vis spectra of 1); (B) –0.56 V, the latter spectral changes; (C) –1.00 V; and (D)
–1.65 V vs. SCE.

Fig. 4. Cyclic and differential pulse voltammograms of 2
(2.50 � 10–4 mol/L) on Pt in DMSO–TBAP. DPV parameters:
pulse time 0.050 s; pulse size 0.100 V; step size 0.005 V; sample
period 0.100 s.
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(Fig. 3B), the Q-band absorptions at 680 and 626 nm, and
the B-band absorption at 345 nm decrease while two new
absorption bands appear at 459 and 574 nm. In addition,
two weak absorption bands at 880 and 918 nm are observed.
These spectral changes, accompanied by the formation of
well-defined isosbestic points at 415, 612, and 704 nm, can
be attributed to the reduction of disaggregated species. Sim-
ilar spectroscopic changes for the first reduction of various
metal-free Pcs were reported in the literature.7,37,44–46 Some
different spectral changes observed in this study may be at-
tributed to the aggregation effects. During the potential ap-
plication at –1.00 V vs. SCE, the Q band at 680 nm
decreases while two new bands at 540 and 630 nm appear
(Fig. 3C), which is characteristic of ring reduction.43–46

Therefore, the first reduction product, [H2Pc(–3)]– is reduced
by one electron to form the [H2Pc(–4)]2– dianion during the
second reduction process (couple R2 in Fig. 2). Moreover,
the B band and the bands at 880 and 918 nm disappear.
The Q band is split again after the second reduction. The
spectral changes are accompanied by the formation of clear
isosbestic points at 477 and 605 nm, confirming the forma-

tion of [H2Pc(–4)]2– species. We observed net spectral
changes even during the third reduction process (couple R3
in Fig. 2) with an applied potential of –1.65 V vs. SCE
(Fig. 3D), for the first time to the best of our knowledge.
The band at 540 nm decreases in intensity while new bands
at 340, 400, and 1022 nm appear. Moreover, the Q band in-
creases with red shift from 630 to 643 nm while the band at
680 nm increases. These spectral changes are accompanied by
the formation of clear isosbestic points at 434 and 617 nm,
and can be assigned to the [H2Pc(–4)]2––[H2Pc(–5)]3– process.
The spectrum of the triply reduced [H2Pc(–5)]3– species is split
around the Q band region. The formation of a split Q band
after the second and third reduction processes probably sug-
gests the formation of completely disaggregated species.
During the first oxidation process at 1.05 V vs. SCE, all the
bands decreased in intensity without shift. This was probably
due to the decomposition of the monocationic [H2Pc(–2)]+

species after the oxidation, and is consistent with the obser-
vation of the relevant redox couple (O1 in Fig. 2) at the end
of the solvent-limited potential window.

Figure 4 shows cyclic and differential pulse voltammo-
grams of 2. It undergoes a one-electron oxidation and three
one-electron reductions. Anodic to cathodic peak separations
(DEp) of the first two reduction couples at 0.010 V s–1 are
approximately equal to 0.060 V, supporting reversible elec-
tron transfer. The unity of the Ipa/Ipc ratio with the scan rate
and linear changes of Ipc with the square root of the scan
rate for these couples indicated a purely diffusion-controlled
electron transfer mechanism. The first oxidation process
could be identified only by DPV, owing to its high positive

Fig. 5. In situ UV–vis spectral changes during the controlled po-
tential electrolysis of 2 at (A) –0.85 V; (B) –1.10 V; and (C) +0.80
V vs. SCE.

Fig. 6. Cyclic and differential pulse voltammograms of 5
(5.00 � 10–4 mol/L) during (A) the negative potentials sweep and
(B) the positive potentials sweep on Pt in DMSO–TBAP. DPV
parameters: pulse time 0.050 s; pulse size 0.100 V; step size 0.005
V; sample period 0.100 s.
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potential within the available potential range. The third re-
duction process was ill-defined without the anodic peak.
However, well-defined reversible redox waves for the first
two reduction processes imply that the redox processes of 2
are not coupled by the aggregation. In situ spectroelectro-
chemical changes during the controlled-potential electrolysis
of 2 at suitable peak potentials are shown in Fig. 5. Figure
5A represents the spectral changes during the first oxidation
process. As is clearly evident from an inspection of the
spectrum of the original complex at the beginning, the Q-
band absorption is rather narrow, suggesting that complex 2

is in the form of monomers. Unlike compound 1, the Zn(II)
core in 2 probably binds donor DMSO molecules. Thus, the
molecules of 2 are kept apart by the axially bound solvent
molecules, preventing them from aggregating. After the first
reduction at –0.85 V vs. SCE, the absorption of the main Q
band at 685 nm, the vibrational band at 616 nm and the B
band at 362 nm decrease, while the new bands at 457, 581,
878, and 958 nm appear with the formation of well-specified
isosbestic points at 313, 404, 608, and 718 nm. These spec-
tral changes, especially the formation of a new band at
581 nm and the decrease of the Q band without shift, are
characteristic for Pc ring reduction and thus confirm the vol-
tammetric assignment of the couple R1 in Fig. 4 to
Zn(II)Pc(–2)–[Zn(II)Pc(–3)]–.36–39,47,48 During the second re-
duction, with –1.10 V potential application, the absorption
of the main Q band continues to decrease without shift,
while a new band around 544 nm appears and the bands at
near-IR region decrease slightly without shift (Fig. 5B).
These spectral changes, accompanied by the formation of
well-defined isosbestic points, correspond to the second-ring
reduction with the formation of the [Zn(II)Pc(–4)]2– dianion
species. During the oxidation at 0.80 V vs. SCE, the absorp-
tion of all bands decreases without formation of a new band,
which is attributed to the decomposition of the complex im-
mediately after the ring oxidation (Fig. 5C). This is an ex-
pected observation owing to the high positive oxidation
potential.

Complexes 3 (NiPc) and 4 (CuPc) displayed a one-elec-
tron oxidation and three one-electron reduction processes
(Table 1). Both electrochemical and spectroelectrochemical
data showed that Pc ring-based electron transfer reactions of
these complexes are complicated by the high aggregation
tendency of these complexes (please see Supplementary
data for the relevant figures and explanations).

Figure 6 shows the cyclic and differential pulse voltam-
mograms of 5 (CoPc). The complex 5 undergoes two one-
electron oxidations and three one-electron reductions. The
DEp parameter of the redox couples takes the values within
the range of 0.060–0.120 V at a 0.010 V s–1 scan rate, indi-
cating the reversible or quasi-reversible character of elec-
tron-transfer processes. The unity of the peak current ratios
(Ipa/Ipc for reduction and Ipc/Ipa for oxidation) with the scan
rate and linear changes of peak currents with the square root
of scan rate for the first reduction (R1) and first oxidation
(O1) couples indicated a purely diffusion-controlled elec-
tron-transfer mechanism for these couples. The metal center
in 5 probably prefers six-coordination and thus binds donor
DMSO molecules. It is known that six-coordinate MPc spe-
cies generally do not aggregate since they are kept apart by
the axially bound ligands.41 The peak current ratios for the
third reduction (R3) and the second oxidation (O2) couples
also appear to be unity. However, these values were not
given in Table 1 since these couples, monitored at high po-
tentials at the ends of the solvent-limited potential window,
are ill-defined and thus peak current values could not be
confirmed. Redox potentials of 5 are remarkably different
compared with those of the other Pc compounds (Table 1).
The DE1/2 value of 5 is 0.85 V which is much lower than
those of 1, 2, 3, and 4. Thus, it is reduced and oxidized
more easily than the others. This distinctive behaviour of
5 can be attributed to the fact that the Co(II) center has

Fig. 7. In situ UV–vis spectral changes during the controlled po-
tential electrolysis of 5 at (A) –0.65 V, (B) –1.45 V, and (C) +0.70
V vs. SCE.
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accessible d-orbital levels lying between the HOMO and
LUMO gap of the Pc species, so that the metal center can
be oxidized and reduced before the ring-based redox proc-
esses. However, the electrochemical behaviour of these Pc
complexes can vary according to their environment, depend-
ing on whether there are any available coordinating species
that would stabilize the Co(II) center. The main difference
lies in whether the metal or the ring is oxidized first. Donor
solvents strongly favour Co(III)Pc(–2) by coordinating along
the axis to form six-coordinate species. If such donor sol-
vents are absent, then oxidation to Co(III) is inhibited and
ring oxidation occurs first. Thus, the first oxidation and the
first reduction processes of 5 are probably metal-based and cor-
respond to Co(II)Pc(–2)–[Co(III)Pc(–2)]+ and Co(II)Pc(–2)–
[Co(I)Pc(–2)]– redox couples, respectively, since the voltam-
metric measurements were carried out in DMSO–TBAP. On
the other hand, it is also well-known from the literature that
the other reduction processes and the second oxidation proc-
ess are ring-based.41,42 Spectroelectrochemical measurements
were also carried out to assign the first reduction and the
first oxidation processes of 5 with certainty. Figure 7A
represents in situ UV–vis spectral changes during the first
reduction of 5 at –0.65 V vs. SCE, corresponding to the
redox process labeled R1 in Fig. 6. The Q band at 666 nm
shifts to 707 nm, while a new band at 479 nm appears with
a shoulder around 435 nm. The spectral changes have well-
defined isosbestic points at 287, 393, 558, and 691 nm. The
band at 479 nm and the shifting of the Q band indicate
the formation of [Co(I)Pc(–2)]– species, confirming the CV
assignment of the couple R1 to the Co(II)Pc(–2)–[Co(I)Pc(–2)]–
process.36–39,47–50 During the second reduction at –1.45 V vs.
SCE, the Q band at 707 nm and the shoulder at 435 nm de-
crease without shift (Fig. 7B). At the same time, the absorp-
tion at 479 nm increases slightly in intensity with red shift
to 484 nm, the absorption between 500 and 600 nm in-
creases, and a new band at 970 nm appears. Clear isosbestic
points were observed at 349, 400, 634, and 778 nm. These
spectral changes at the potential of the couple R2 are char-
acteristics of a ring-based reduction in a Co(II)Pc complex
and confirm our voltammetric assignment of this process to
[Co(I)Pc(–2)]––[Co(I)Pc(–3)]2–. Figure 7C displays in situ
UV–vis spectral changes during the first oxidation process.
The Q band at 666 nm increases in intensity with red shift
to 681 nm. This process gives clear isosbestic points at 297,
355, 479, and 666 nm. The increase of the Q band with red
shift is typical of a metal-based oxidation in CoPc complexes
and thus confirms the CV assignment of Co(II)Pc(–2)–
[Co(III)Pc(–2)]+ for couple O1 of 5 in Fig. 6.36–39,47–50

Conclusion
The voltammetric measurements of the Pcs (H2Pc 1, ZnPc 2,

NiPc 3, CuPc 4, and CoPc 5) bearing octyl 4-phenyloxyacetate
moieties showed that the compounds undergo one-electron
reduction and oxidation processes. In situ spectroelectro-
chemical measurements enabled us to identify ligand- and
metal-based redox processes. In addition, it was concluded
from the results of this study that it is not possible to iden-
tify the effect of aggregation on the redox processes exactly,
without in situ spectroelectrochemical measurements. In situ
spectroelectrochemical measurements suggested that the
redox processes of 1, 3, and 4 are coupled by aggregation

phenomenon, while those of 2 and especially 3 are not.
Metal centers in 2 and 5 probably prefer six-coordination
and bind donor DMSO molecules. Thus, they are kept apart
by the axially bound solvent molecules. This prevents them
from aggregating.

Supplementary data

Supplementary data for this article are available on the
journal Web site (canjchem.nrc.ca) or may be purchased
from the Depository of Unpublished Data, Document Deliv-
ery, CISTI, National Research Council Canada, Ottawa, ON
K1A 0R6, Canada. DUD 5361. For more information on ob-
taining material, refer to cisti-icist.nrc-cnrc.gc.ca/cms/
unpub_e.shtml.
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Mean-field study of the synergic effect of the
CO–NO reaction on a heterogeneous substrate
of interconnected sectors

Joaquı́n Cortés and Eliana Valencia

Abstract: A mean-field theory study is made of the behaviour of a kinetic model of the reduction reaction of NO by CO
catalyzed by a surface with simple heterogeneity consisting of two interconnected sectors that differ in their NO dissocia-
tion activation energy. A synergistic effect is manifested in the activity, apparent activation energy, and reaction order of
the system. This situation, analogous to that observed in the literature in the case of a heterogeneous catalytic particle, is
used in the paper to analyze a real case of a bimetallic catalyst.

Key words: mean-field model in superficial reaction, catalytic CO–NO reaction, surface heterogeneity in superficial reac-
tion, superficial catalytic reaction, CO–NO reaction over palladium, steps–terraces superficial heterogeneity

Résumé : On a effectué une étude, à base de la théorie du champ moyen, du comportement d’un modèle cinétique de la
réaction de réduction du NO par le CO, catalysée par une surface comportant une simple hétérogénéité formée de deux
secteurs interreliés qui diffèrent par leur énergie d’activation de dissociation du NO. À part d’autres aspects, un effet sy-
nergique se manifeste dans l’activité du système, l’énergie d’activation apparente et l’ordre de la réaction. Cette situation,
analogue à celle observée dans la littérature dans le cas d’une particule catalytique hétérogène, est utilisée dans ce travail
pour analyser un cas réel de catalyseur bimétallique.

Mots-clés : modèle du champ moyen dans l’étude d’une réaction superficielle, réaction catalytique CO–NO, hétérogénéité
en surface dans une réaction superficielle, réaction catalytique superficielle, réaction CO–NO sur du palladium, hétérogé-
néité superficielle en paliers et en terrasses

[Traduit par la Rédaction]

Introduction
Over the last decades, great progress has been made in the

knowledge of catalytic surface reactions, owing on the one
hand to modern laboratory techniques and on the other to a
better understanding of the behaviour of irreversible dy-
namic systems, of which surface reactions are an example.
These kinds of systems have attracted the joint attention of
chemists, because of their applications in catalysis, and of
physicists, because they are good examples of nonequili-
brium models that exhibit interesting complex phenomena
such as oscillations, kinetics phase transitions, hysteresis,
chaos, and dissipative structures.1

There have been advances in developing models and lab-
oratory techniques in surface science to aid in the interpreta-
tion of the basic mechanisms of heterogeneous catalysis. In
spite of these advances, however, there are still serious diffi-
culties in interpreting the results of industrial catalysis, for
two reasons. One reason is related to the fact that industrial
experiments take place at about atmospheric pressure, while
the models use certain parameters determined under ultra
high vacuum conditions (UHV). This difficulty, which has
been called the ‘‘pressure gap’’, is directly related, among
other factors, to the interpretation and the use of the con-

stants of the kinetic mechanism as well as to the introduc-
tion of lateral interactions between the adsorbed species in
the model.

The second reason, called the ‘‘material gap’’, is related to
the fact that in technical catalysis we deal with nanometric
metallic particles, as in the case of supported catalysts,
while the parameters in model catalysis are usually deter-
mined over single crystals that expose a well-defined plane
as the catalytic surface. This leads to difficulties in interpret-
ing the heterogeneity existing in the real system, and this
has been partially solved by the use of simulations, gener-
ally Monte Carlo (MC). However, the theoretical models
commonly used by experimenters to interpret their data are,
one way or another, mean-field schemes. This difficulty is
what basically interests us in this paper.

Both types of techniques, mean field and MC, have been
used extensively in the study of surface reactions, and they
have been reviewed in some excellent articles by Evans,2

Albano,3 and Zhdanov and Kasemo.4 The theoretical study
of the CO–NO reaction, which is not a concern in this pa-
per, has an interesting history which began with Yaldran
and Khan,5 Brosilow and Ziff,6 and Meng, Weinberg and
Evans7 using MC simulations and mean-field theories
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(MFT) at the site level, and assuming a simplified mecha-
nism that we have called the BZ model. This system showed
an interesting surface-poisoning phenomenon6,7 that was ex-
tended by our group to the study of disordered two- and
three-dimensional substrates8 using MC experiments. From
the theoretical standpoint, our group extended the study of
this reaction through the MFT model at the pairs level, a
method introduced in a classical work by Dickmann for the
(CO–O2) reaction,9 for the BZ model,10 and later for a com-
plete kinetic mechanism,11 confirming the MFT results with
MC simulations. Later, Dickmann et al.12 extended these
analyses to different superficial lattices.

At our laboratory, we have been interested for some time
in studying the kinetics of systems that also have practical
importance in the catalytic control of motor-vehicle exhaust
emissions, like the (CO–O2) and (CO–NO) reactions, which
we have used as prototypes to relate various mean field
models and MC simulations with experimental results.13,14

Our interest in introducing the heterogeneous factor in a
mean-field model, which dates back to our work in the field
of adsorption on heterogeneous surfaces mentioned in the
monograph of Rudzinski and Everett,15 led us later to pro-
pose a mean-field theory of a surface reaction on a disor-
dered substrate.16 In the present paper, we propose both a
sites and a pairs approximation, characterizing the substrate
through set {qi} of probability that the adsorbed site has i
neighbors that belong to the substrate in the model.

An interesting different approach considered recently by
Zhdanov and Kasemo (ZK approach),17–19 introduces the
heterogeneity of the substrate in a mean-field model that an-
alyzes the kinetics of a heterogeneous reaction. The ZK
scheme has been applied to the behavior of catalysts formed
by particles on an inert support17,18 and to the determination
of the role of the steps of the catalytic surface in the case of
the CO–NO reaction,17 taking into account recent advances
that use the density functional theory (DFT) approximation20

to characterize the activation energy.
Motivated by this way of tackling the problem, in a recent

paper, we have analyzed some consequences of the ZK ap-
proach.21 In this paper we develop a mean-field scheme in
the case of the CO–NO reaction catalyzed by a heterogene-
ous substrate consisting of a mixed surface formed by two
interconnected sectors. Besides allowing us to analyze some
general aspects of the model, such as its behavior with re-
spect to the temperature and pressure of the gas phase, this
approach has revealed a synergistic effect of the system that
is of general interest.

The model can be applicable to some real systems. Zhda-
nov et al.17,18 have used this approach to show that, owing to
purely kinetic effects, the activity of a catalytic particle
formed by a mixture of (111) and (100) faces can be higher
than that calculated by the conventional approximation
based on the assumption that the faces operate independ-
ently. This kind of synergism experienced by the particle is
seen in the example given in the paper for what can be a bi-
metallic catalyst. The effect, however, may not occur, de-
pending on the kinetic parameters involved. That is the case
of the bimetallic catalyst studied in the experiments of
Holles et al.22 for the CO–NO reaction over Pd–Rh–Al2O3,

which we will analyze below as a possible application of
the treatment developed in the paper.

The kinetic scheme of the CO–NO reaction
The reduction reaction of NO by CO (CO–NO reaction)

on rhodium has been studied extensively over the last deca-
des, particularly because of its applications in catalytic con-
verters of automobiles.23 The determination of the kinetic
mechanism of the CO–NO reaction on rhodium has a long
and controversial history, since the first papers of Hecker
and Bell24 and followed, among others, by the studies of
Oh,25 Cho,26 Chiang and Tan,27 Peden,28 and Permana,29

and by those from our laboratory,30 in the latter case consid-
ering recent experiments carried out by Zaera’s group.31

Scheme 1 shows the most frequently used kinetic mecha-
nism, proposed by Peden28 and Permana29 for the CO–NO
reaction on rhodium. Table 1 shows the parameters used in
this paper, chosen from the above references indicated in the
table and that we have used recently.30 For the adsorption
constants kads{j} of gas j we use the kinetic theory of gases
expression

½1� kads j
� �
¼ Sjsð2pMjRTÞ�1

2=

where Mj is the molar mass of j, Sj is the corresponding
sticking coefficient, which we have taken to be equal to 1
in this paper, and s is the area occupied by one mole of me-
tal atoms on the surface of the catalyst.

The mean-field model
Appendix A shows the details of the analytic solution of a

mean-field model published earlier by Cortés et al.14,30 for
the mechanism of Scheme 1. It corresponds to the develop-
ment of the corresponding kinetics equations if it is consid-
ered that the surface of the catalyst is uniform. In general, a
high superficial diffusion, asssumed implicitly in models of
the type with which we are concerned, ensure that the
mean-field approximation can be a sufficient approximation.
Also, if the adsorption–desorption steps are sufficiently fast,
as they have been considered in the literature to be for this
case,32 it is possible to accept the approximation of assum-
ing that the CO(a) and NO(a) adsorbates remain in equili-
brium with the gas phase during the process, a condition
that has been used to solve the kinetics equations in the pre-
vious model included in the appendix and in the procedure
of concern in this paper.

The study of the ZK model is very interesting because it
allows the application of a mean-field scheme to a catalytic
surface with simple heterogeneity, made of few sectors with
different energy characteristics. The most obvious examples
are surfaces formed by different crystal faces17,18 or surfaces
that have step sites of different activity, presumably more
active than the terrace sites of the rest of the surface.19 The
former case may be identified with a typical catalyst of a
metal supported on an inert solid, where the surface of its
particles is often conceived as a mixture of the most fre-
quent crystal faces of the metal.33 The latter was the case
studied by ZK, motivated by the quantum studies that use
the DFT to investigate the role of the steps in the heteroge-
neous catalysis phenomenon.20,34
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Below we will consider the mechanism of Scheme 1 for
the CO–NO reaction in the case of a catalytic surface S12
formed by two regions, S1 and S2, that are interconnected.
This can be understood if one imagines examples like bi-
metallic catalysts, discussed below, or supported metal par-
ticles with different crystal faces, considered by
Zhadanov.17,18 The interconnection is defined in the model,
for example, in the use of conservation equations applied to
the whole surface, in contrast with the existence of some type
of barrier in the case of unconnected sectors, in which case the
equations are applied separately in each sector. The conserva-
tion eqs. [A5] and [A6] of the Appendix, however, which
represent steady states for the adsorbed species N(a) and O(a)
(dqN/dt = 0 and dqO/dt = 0), now have the following form:

½2� nS2kS2
5 qS2

NOq
S2
S þ nS1kS1

5 qS1
NOq

S1
S ¼ 2nS2kS2

6 ðqS2
N Þ2

þ 2nS1kS1
6 ðqS1

N Þ2 þ nS2kS2
8 qS2

NOq
S2
N þ nS1kS1

8 qS1
NOq

S1
N

½3� nS2kS2
5 qS2

NOq
S2
S þ nS1kS1

5 qS1
NOq

S1
S ¼ nS2kS2

7 qS2
COq

S2
O

þ nS1kS1
7 qS1

COq
S1
O

where qi is the fraction of covered surface and the super-
scripts refer to the respective sectors S1 and S2. In the de-
velopment of the model we will assume a rapid diffusion of
all the adsorbed species according to the ZK model.17–19,35

As those authors point out, the values published35 for the ac-
tivation energies for the diffusion of adsorbed species, even
atomic ones like N and O, are in general smaller than for the
other stages Mi of the mechanism of Scheme 1. This leads
to considering as an assumption of the model that the frac-
tion of covered surface of species i) is the same for all the
heterogeneous surface S12, i.e., qS2

i is equal to qS1
i for each

species i.
Let us consider also a frequent situation of experimental

interest, where the kinetic constants of CO and NO desorp-
tion are identical in both sectors. Since eq. [1] also assumes
adsorption without activation energy, it means that eqs.
[A1]–[A4] in Appendix A are valid for this case. Introduc-
ing eq. [A4] into eq. [2] and eq. [3] using the definition y =
nS1/nS2, and recalling that qS2

i ¼ qS1
i ¼ qi, we get

½4� kS2
5 ABq2

CO þ ykS1
5 ABq2

CO ¼ 2kS2
6 q2

N þ 2ykS1
6 q2

N

þ kS2
8 AqNqCO þ ykS1

8 AqNqCO

½5� kS2
5 ABq2

CO þ yABkS1
5 q2

CO ¼ kS2
7 qCOqO þ ykS1

7 qCOqO

from which it is possible to obtain eq. [6] for the covered
fraction of O(a)

½6� qO ¼ EqCO

where

½7� E ¼ ABðkS2
5 þ ykS1

5 Þ=ðkS2
7 þ ykS1

7 Þ

If we also define for qN, the coverage N(a), qN = FqCO,
from eq. [4] we get that

½8� F ¼ ð�AðkS2
8 þ ykS1

8 Þ þ ðA2ðkS2
8 þ ykS1

8 Þ2 þ 8ABðkS2
6 þ ykS1

6 ÞðkS2
5 þ ykS1

5 ÞÞ1=2
4ðkS2

6 þ ykS1
6 Þ

and using conservation eq. [A7] we obtain for the coverage
of CO(a)

½9� qCO ¼ 1=ð1þ Aþ Bþ E þ FÞ

The above equations allow the calculation of all the cov-
ered fractions q

j
i as a function of the kinetic parameters of

the system, which make it possible to determine the average
productions Ri of surface S12. If nS1 and nS2 are the number
of sites of S1 and S2, respectively, then f = nS1/(nS1 + nS2) is
the fraction of sites belonging to sector S1. The total pro-
duction Ri of species i will be equal to the weighted sum of
productions of S1 and S2, respectively, so

½10� RCO2
¼ ð1� f ÞkS2

7 qCOqO þ fkS1
7 qCOqO

½11� RN2
¼ ð1� f ÞkS2

6 ðqNÞ2 þ fk6ðqNÞ2

½12� RN2O ¼ ð1� f ÞkS2
8 qNOqN þ fkS1

8 qNOqN

Results and discussion

In this paper, to illustrate the model, we will study the in-
teresting consequences derived from a particular case in
which the regions differ only in the value of the activation
energy E5 of the dissociation of NO, keeping unchanged the
rest of the system’s kinetic parameters. We will discuss the
results of the model in the example described below. The ki-
netic parameters of sector S2 will be those corresponding to

Scheme 1. Mechanism of the CO–NO reaction used in the paper.
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Table 1 for Rh, and those of sector S1 differ from them in
the value of the activation energy of NO dissociation, E5,
which we will consider as being 12 250 (cal/mol), 70%
lower than that of sector S2. The kinetics mechanism of
Scheme 1 is considered valid in both sector S1 and S2 and
in the joint surface S12 of interconnected sectors. In this
way, the equations that describe the kinetic behaviour of the
CO–NO reaction will be given by Appendix A for the sepa-
rate sectors S1 and S2, and by the model from the previous
section for surface S12.

What is interesting here is the synergistic effect that ap-
pears in a system of interconnected sectors as a result of the
mobility of the adsorbed phase particles, so the dissociation-
energy difference chosen for this visualization will in some
way be arbitrary. However, we can imagine real situations
such as a supported particle whose surface has been con-
ceived as a mixture of various crystalline faces33 in the case
studied by Zhdanov et al.17,18 Although it is not easy to find
in the literature reliable experimental values for the activa-
tion energies for the dissociation of NO on various crystal-
line faces, Michaelides et al.36 have recently shown a linear
relation between the activation energy of dissociation and
the corresponding enthalpy changes in surface reactions. On
the other hand, periodic density-functional calculations have
been carried out for NO dissociation reactions on Rh(111)
and Rh(100),37 showing that the differences in order of mag-
nitude used in our calculations for the hypothetical sectors
S1 and S2 seem to be reasonable.

Synergistic effect of the interconnected
sectors system

Figure 1 shows the existence of a synergistic effect ob-
served in the system studied, with changes in temperature,
gas-phase concentration, and fraction of sites that belong to
sector S1 of the surface. This effect, which we will refer to
as the activity of CO2, will be described by means of the
synergistic factor SRCO2

, the quotient between the produc-
tion of CO2 in the interconnected-sectors system and what it
would have if they were completely independent; that is

½13� SRCO2
¼ RCO2

=RICO2

where RCO2
is determined from eq. [10], and RICO2

corre-
sponds to the weighted sum with fraction f of the produc-
tions of both sectors S1 and S2 considered as independent,
calculated from the equations of Appendix A using in each
case the kinetics parameters corresponding to the sector. In
general, the SRCO2

quotient between the RCO2
productions

determined by the proposed model and RICO2
calculated

Fig. 1. Relation of CO2 production between systems of intercon-
nected sectors and sectors assumed to be independent (SRCO2

) (sy-
nergic effect). Edis(S1) = 12.25 (kcal/mol), Edis(S2) = 17.5 (kcal/mol);
(a) vs. CO concentration yCO, T = 600 K, f = 0.5; (b) vs. temperature
T, PCO = 20.52 torr (1 torr = 133.322 Pa), PNO = 39.52 torr, f = 0.5;
(c) vs. fraction f of sector S of the surface, T = 600 K, PCO = 20.52
torr, PNO = 39.52 torr.

Table 1. Kinetics parameters of the CO–NO reaction on Rh21 and Pd23 used in the paper.

Events

Activation energy Ei (kcal/mol) Frequency factor ni (sec–1)

Rh Pd Rh Pd
CO desorption (k2) 31.6 1.6 � 1014

NO desorption (k4) 29.7 4.6 � 1014

NO dissociation (k5) 17.5 34.2 2.1 � 1010 2.7 � 1014

N2 production (k6) 32.6 29. 4.� 1012 6.5 � 1013

N2O production (k8) (ref. 21) 34.1 34.1 5.3 � 1013 5.3 � 1013

CO2 production (k7) 14.3 33.6 10.12 7.1 � 1015
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using the previous model developed in Appendix A shows
some sensitivity, especially as a function of temperature, be-
cause of the rounding-off approximations of the numerical
calculations made in each model.

Figure 1a shows an example at T = 600 K, where it is ob-
served that the synergistic effect is large for low concentra-
tions of CO in the gas phase and decreases until it vanishes
when that concentration increases up to the extreme situa-
tion of pure CO. Factor SRCO2

becomes important when the
NO(a) fraction of the surface is large. However, if the value

of NO(a) is low, which happens at high CO concentrations,
the effect of the difference in the activation energy of disso-
ciation on the synergistic effect decreases markedly, as seen
in the figure.

On the other hand, Fig. 1b shows that SRCO2
keeps the

same order of magnitude for temperatures higher than about
650 K, decreasing at low temperatures. Figure 1c, finally,
shows an interesting maximum value for SRCO2

among the
extreme situations corresponding to high and low values of
fraction f, which indicate a decrease in the heterogeneity of

Fig. 2. Production (Ri, yCO) and phase diagram (xi, yCO) vs. CO concentration in the gas (yCO) T = 600 K; (a, b) interconnected sectors S12,
f = 0.5, Edis(S1) = 12.25 kcal/mol, Edis(S2) = 17.5 kcal/mol; (c, d) uniform surface Edis = 12.25 kcal/mol; (e, f) uniform surface Edis =
17.5 kcal/mol. ^ (RCO2); ^ (RN2); & (RN2O); ~ (qCO); ~ (qNO); * (qN); * (qS); — (SE); the lines have been drawn to guide the eye.
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the surface, and which finally turns uniform in the extreme
situations of f = 0 or 1, where SRCO2

= 1.

Production, selectivity, and phase diagram
curves

Figure 2 shows the behaviour at 600 K of production and
the corresponding phase diagrams of both the heterogeneous
system S12 in the case of f = 0.5 and the separate sectors S1
and S2. The same situation is described in Fig. 3 when tem-

perature is varied while keeping CO and NO pressure con-
stant.

Both figures indicate that the reaction, in the range of the
kinetic parameters studied, occurs on a small fraction of va-
cant adsorbed sites. At high CO concentrations in the gas
yCO and low temperatures T, the surface is mostly occupied
by particles of adsorbed CO. If yCO decreases or T increases,
there is an increase in the fraction of vacant sites on the sur-
face qS and in the particles of adsorbed atomic nitrogen qN,
that react between one another according to stage M6 of the

Fig. 3. The same as Fig. 2 vs. temperature T; PCO = 20.52 torr, PNO = 39.52 torr. ^ (RCO2
); ^ (RN2

); & (RN2O); ~ (qCO); ~ (qNO); * (qN);
* (qS); — (SE).
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kinetics mechanism. This effect is reflected in an increase in
the activity of the system, accounting for the decrease in
CO2 production with the decrease of yCO and the decrease
of T.

Comparing the figures corresponding to the uniform sur-
faces S1 and S2, the expected increase in the order of mag-
nitude of production with the decrease of the activation
energy of NO dissociation on surface S1 with respect to S2
is seen. The proportion of the increase of Ri is maintained at
lower temperatures, as for example at 600 K, the tempera-
ture chosen in Fig. 2. The increase of Ri, as noted, correlates
with the greater value of qN on the surface. The greater
value of qN of substrate S1 with respect to S2, on the other
hand, also explains the greater selectivity SE for nitrogen in
S1, corresponding to the relations between the productions

RN2
and RN2O, as shown in both figures for the whole range

of CO concentrations and temperatures.
Figures 2 and 3 also show the synergistic effect of the in-

terconnected system S12, which is seen to have a surface
configuration of the adsorbed phase similar to surface S1,
as a result of the mobility of the adsorbates on the whole
surface. This leads to a value greater than one for the syner-
gistic factor SRCO2

, as shown in Fig. 1.

Arrhenius behavior and reaction orders
Figure 4 shows the Arrhenius straight lines of surfaces S1

and S2 and of the interconnected system S12, with a corre-
lation better than 0.999 in all cases. The values of the appa-
rent activation energy, shown in each of the graphs, is
another way of observing the synergistic effect, because the
system of interconnected sectors has an activation energy
similar to that of sector S1, noticeably lower than that of
sector S2.

In regard to the effect of pressure, experimenters usually
present their data by means of a semiempirical expression
like eq. [14], which in our case defines the order m with re-
spect to CO and n with respect to NO:

½14� RCO2
¼ kjp

m
COpn

NO

Figure 5 shows straight lines with a high correlation if the
logarithm of production is plotted against the logarithm of
the corresponding pressure while keeping the other pressure
constant, allowing the determination of the corresponding
parameters m and n. This indicates that on the three surfaces
there is an order, decreasing with respect to CO (m < 0) and
increasing with respect to NO (n > 0). The values of m and
n given in each graph, however, show that the order with re-
spect to both reagents in the interconnected-sector system
S12 is similar to that of surface S1 and different from that
of sector S2.

Application of the model in the real case of a
bimetallic catalyst

As mentioned in the Introduction, Zhdanov et al.17,18

found that a catalytic particle shows a synergistic effect be-
tween the various faces that make up its surface. In this pa-
per, we are interested in the general behavior of any
heterogeneous surface, as in the example that we developed
in a previous section, where the synergistic effect illustrated
in Fig. 1 is observed. This may be the case of a bimetallic
catalyst. However, depending on the parameters of the sys-
tem , this synergistic effect may not be observed, as in
the case of the experiments reported by Holles et al.22 for
the Those authors showed that the turnover frequency on
Pd–Rh–Al2O3 was lower than that on either Pd–Al2O3 or
Rh–Al2O3, showing that there is no synergistic effect in
that case.

Although Pd and Rh may form an alloy whose properties
can explain the phenomenon, it is interesting to go through
the exercise of analyzing the situation by means of the
model considered in this paper, as shown in the results in-
cluded in Table 2. It has been assumed that sector S1 corre-
sponds to Pd and S2 to Rh, characterizing both surfaces by
the kinetic parameters of stages (M5–M8) of Scheme 1,

Fig. 4. Arrhenius behavior PCO = 20.52 torr) PNO = 39.52 torr;
(a) interconnected sectors S12 f = 0.5, Edis(S1) = 12.25 kcal/mol,
Edis(S2) = 17.5 kcal/mol; (b) uniform surface Edis = 12.25 kcal/mol;
(c) uniform surface Edis = 17.5 kcal/mol.
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Fig. 5. Reaction order (eq. [14]; (a) CO2 production as a function of CO pressure with a fixed NO pressure of 39.52 torr at 600 K, inter-
connected sectors S12, f = 0.5, Edis(S1) = 12.25 kcal/mol, and Edis(S2) = 17.5 kcal/mol; (b) the same as (a) as a function of NO pressure
with a fixed CO pressure of 20.53 torr; (c) the same as (a) with uniform surface, Edis = 12.25 kcal/mol; (d) the same as (b) with uniform
surface, Edis = 12.25 kcal/mol; (e) the same of (a) with uniform surface, Edis = 17.5 kcal/mol; (f) the same as (b) with uniform surface,
Edis = 17.5 kcal/mol.

Table 2. Activity Ri(TON) of the CO–NO reaction on Pd, Rh, and the Pd–Rh bimetal-
lic catalyst (interconnected system) according to the model of the paper; f = 0.5, PCO =
20.52 torr, PNO = 39.52 torr, kdes/kadP = 10.

T

RCO2
RN2

RN2O

Pd Rh Pd–Rh Pd Rh Pd–Rh Pd Rh Pd–Rh
550 0.15 0.76 0.08 0.069 0.34 0.03 0.013 0.075 0.01
600 2 8.3 1.02 0.91 3.4 0.41 0.21 1.5 0.20
650 18 60 9.21 8 21 3.59 2.2 18 2.04
700 120 310 60.61 52 85 22.75 17 140 15.11
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whose values are given in Table 1 for Pd and Rh, according
to experimental data reported in the literature mentioned
there. Given the characteristics of the model that we have
developed, for the adsorption–desorption stages we have
considered the simplification used by Zhdanov et al.,17–19

using for the calculation the expression kdes/kadP = K for
CO and NO, which implies the assumption that the adsorp-
tion equilibrium of both components in both sectors depend
only on the corresponding pressures in the gas phase.

The values given in the table in the case of K = 10, which
is the value used by Zhdanov, show the same situation as
that reported by Holles et al.,22 where the activities calcu-
lated for the assumption of interacting sectors are lower
than on either Pd or Rh, so the bimetallic Rh–Pd system
does not show synergism. A similar result, not shown in the
paper, is obtained for values of K equal to 0.1 and 100.

The use of the development of the mean-field model in an
experimental example shows the potential importance of us-
ing mean-field models on heterogeneous substrates in real
situations, and that should encourage extending the frequent
case in which the interpretation of the data is done by means
of a system of kinetics equations for a catalytic surface as-
sumed to be homogeneous.

Conclusions
By mean-field theory, a study has been made of the be-

havior of a kinetic model of the reduction reaction of NO
by CO catalyzed by a surface with simple heterogeneity
consisting of two interconnected sectors that differ in the ac-
tivation energy of NO dissociation. As a consequence of the
mobility of the adsorbed phase assumed for the model, a
synergic effect in the activity of the system is seen that
changes with gas phase concentration, temperature, and the
relation between the active sites of both sectors of the sur-
face. The system shows an Arrhenius behavior and an order
with respect to the pressure of CO and NO, with the effect
of the synergy seen in both the apparent activation energy
and the reaction orders, if the interacting sectors of the sys-
term are compared with the case in which they act inde-
pendently. This situation, which is similar to that found by
Zhdanov et al. in the case of catalytic particles formed by
different crystal faces, is also used to explain, in the case of
the same reaction on a real bimetallic catalyst, why no syn-
ergism was seen.
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Appendix A. Analytical solution of the reac-
tion model used in the paper

In a manner similar to the development shown in one of
our previous papers,14,30 we will derive the equations used
in this paper for the mechanism of Scheme 1. Since it is as-
sumed that the CO(a) and NO(a) adsorbates are in equilibrium
with the gas phase, it is possible to write the relations:

½A1� k1

k2

¼ KCO ¼
qCO

qSPCO

;
k3

k4

¼ KNO ¼
qNO

qSPNO

where the equilibrium constants are expressed as functions
of the coverages qCO and qNO, and the partial pressures PCO
and PNO of the gas phase, and qS represents the coverage of
the vacant surface sites. The procedure used consists in ex-
pressing the coverages qi as functions of qCO, for which, if
we define

½A2� A ¼ PNOKNO

PCOKCO

½A3� B ¼ 1

PCOKCO

it is possible to write the relations:

½A4� qNO ¼ AqCO qS ¼ BqCO

The following conservation equations can be written,
where the first two represent the steady state for the surface
species N(a) and O(a)

dqN

dt
¼ 0 and dqO

dt
¼ 0

� �
:

½A5� k5qNOqS � 2k6q
2
N � k8qNOqN ¼ 0

½A6� k5qNOqS � k7qCOqO ¼ 0

½A7� qS þ qCO þ qNO þ qN þ qO ¼ 1

If we define the relations

½A8� C ¼ ð�k8Aþ ððk8AÞ2 þ 8k5k6ABÞ1=2Þ=4k6

½A9� D ¼ k5AB=k7

it is possible to write

½A10� qN ¼ CqCO qO ¼ DqCO

so that from eq. [A7] we have

½A11� qCO ¼ 1=ð1þ Aþ Bþ C þ DÞ

Therefore, the productions Ri are the following:

½A12� RCO2
¼ k7qCOqO RN2

¼ k6q
2
N RN2O ¼ k8qNOqN

and the selectivity SE for the nitrogen is defined by

½A13� SE ¼ RN2
=ðRN2

þ RN2OÞ
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Determining the maximum environmental release
limit of the toxic dye, CHPD

Vimal K. Balakrishnan and Virginia Palabrica

Abstract: The Canadian Environmental Protection Act, 1999 (CEPA, 1999) requires the Canadian government to catego-
rize all substances on the Domestic Substances List (DSL). Under the Chemicals Management Plan, the Government of
Canada addresses chemicals that had not previously undergone rigorous scientific assessment. One such compound,
[[4-[[2-(4-cyclohexylphenoxy)ethyl]ethylamino]-2-methylphenyl]methylene]-, propanedinitrile, commonly known as CHPD
(cyclohexylphenoxydinitrile), recently underwent a screening assessment and was declared to be ‘‘toxic’’ to the environ-
ment. As a result, the Government of Canada ordered the ‘‘virtual elimination’’ of CHPD from the environment. Thus,
CHPD may not be present above the lowest concentration that can be accurately measured using sensitive, but routine, an-
alytical methods. We present a solid-phase extraction (SPE) method to determine CHPD in water and wastewater effluent
to establish the maximum environmental release limit for this toxic compound. Optimal extraction was attained using an
ENVI-18 cartridge. Extracts were analyzed by HPLC–PDA and HPLC–MS/MS techniques; in both matrices, the PDA
method had greater sensitivity, less susceptibility to matrix effects, lower limit of quantitation (LOQ) values, and could be
successfully validated at multiple spike levels. The lowest concentration of CHPD that could accurately be measured was
found to be 108 ng/L in extracts of pure water, using the HPLC–PDA system. Therefore, this value (108 ng/L) will inform
regulations on the maximum environmental release limit for CHPD.

Key words: cyclohexylphenoxydinitrile (CHPD), dye, solid-phase extraction (SPE), HPLC–PDA, HPLC–MS, virtual elimi-
nation, maximum environmental release limit, Chemical Management Plan.

Résumé : La loi canadienne sur la protection de l’environnement (1999) [LCPE (1999)] mandate le gouvernement cana-
dien, par le biais de son ministre de l’environnement, d’établir un registre de toutes les substances sur la liste des substan-
ces domestiques (LI et LE, liste intérieure et liste extérieure). Dans le cadre du plan de gestion des produits chimiques, le
gouvernement du Canada examine les produits chimiques qui n’ont pas subi antérieurement d’évaluation scientifique ri-
goureuse. Un de ces produits, le [[4-[[2-(4-cyclohexylphénoxy)éthyl]éthylamino]-2-méthylphényl]méthylène]propanedini-
trile, communément connu par l’abréviation « CHPD » (« cyclohexylphénoxydinitrile ») a récemment été soumis à une
évaluation de criblage et, par la suite, il a été déclaré toxique pour l’environnement. En conséquence, le gouvernement du
Canada a ordonné l’élimination virtuelle du CHPD de l’environnement. Le CHPD ne peut donc plus maintenant être pré-
sent dans l’environnement au-delà de la concentration la plus faible pouvant être mesurée à l’aide de méthodes analytiques
sensibles, mais de routine. Dans ce travail on présente une méthode par extraction en phase solide (EPS) qui permet de dé-
terminer le CHPD dans l’eau et dans les effluents d’eaux usées dans le but d’établir la limite environnementale maximale
pour l’émission de ce produit toxique. L’extraction optimale est obtenue en utilisant une cartouche ENVU-18. Les extraits
ont été analysés par des techniques de chromatographie liquide haute performance (CLHP) avec détecteur avec détecteur à
barrette à photodiodes ou avec détecteur à SM/SM; dans les deux types de matrices, la méthode aux BPD présente la plus
grande sensibilité, le moins de susceptibilité aux effets de matrice, les valeurs les plus faibles de la limite de quantification
(LDQ) et elle pu être validée avec succès à de multiples niveaux d’ensemencement. Dans système CLHP–BPD, on a
trouvé que pour des extraits dans de l’eau pure, la quantité la plus faible de CHPD qui peut être mesurée est égale à
108 ng/L. En conséquence, cette valeur (108 ng/L) sera utilisée dans les règlements sur la limite d’émission maximale de
CHPD dans l’environnement.

Mots-clés : cyclohexylphénoxydinitrile (« CHPD »), colorant, extraction en phase solide (« EPS »), chromatographie
liquide avec détecteur à barrette à photodiodes (« CL–BPD »), chromatographie liquide avec détecteur à SM/SM
(« CL–SM/SM »), élimination virtuelle, limite d’émission maximale dans l’environnement, Plan de Gestion des Produits
Chimiques.
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Introduction
Synthetic dyes are extensively used in many fields, in-

cluding textile industries,1 leather tanning,2 paper produc-
tion,3 food colouring,4 and in personal care products5 (e.g.,
hair colour, deodorant, and so forth). Furthermore, dyes are
used in various engineering and scientific endeavours such
as tracers for groundwater,6 light-harvesting arrays7 and pho-
toelectrochemical cells.8 Synthetic dyes exhibit considerable
structural diversity, and their release into the environment is
both a cause for public concern, and a serious challenge for
environmental scientists. Because of their commercial im-
portance, the impact and toxicity of dyes that are released
into the environment must be carefully studied.

Many studies9–12 have shown that dyes and pigments pos-
sess significant toxicity and are thus capable of having an
impact on the environment. For example, the dye Direct
Blue 14 has been shown to form a carcinogenic amine upon
exposure to human skin bacteria,13 while Oros et al.14 found
that 13 diazobenzene dyes had significant antifungal activ-
ity. In the course of manufacturing dyes, precursor com-
pounds are often carried over into the final product15

resulting in a complex mixture containing the dye itself and
several other structurally similar compounds. Furthermore,
many dyes (e.g., benzidine dyes) have been shown to
undergo reduction in natural waterways, with degradation
products that include amines, some of which are known car-
cinogens.16 These precursors, intermediates, and degradation
products are likely hazards due to their potential toxicity and
(or) carcinogenicity, and thus knowledge of their environ-
mental fate is of major interest from a risk assessment and
risk management perspective. Adding to the complexity of
managing the risks associated with environmental exposures
to dyes and pigments is the fact that traditional wastewater
treatment technologies have proven to be markedly ineffec-
tive for handling wastewater from dye manufacturing facili-
ties.17 Taken together, these findings highlight the
importance of more fully evaluating the many dyes and pig-
ments currently in commercial use.

In Canada, the Canadian Environmental Protection Act,
1999 (CEPA, 1999) requires the Canadian government
(through the federal Ministries of Health and Environment)
to categorize all substances on the Domestic Substances
List (DSL). Further to this activity, the CEPA requires that
screening assessments be conducted for substances to deter-
mine whether these substances meet the definition of
‘‘toxic’’, as set out in section 64 of CEPA, 1999. Under the
Chemicals Management Plan (CMP), the Government of
Canada plans to address legacy chemicals that had not pre-
viously undergone rigorous scientific assessment. As part of
this plan, the Government of Canada challenged industry
and other stakeholders (academics and nongovernmental or-
ganizations) to provide information on 193 priority chemical
substances and how they are currently used in Canada. The
information thus obtained under the CMP would thus facili-
tate a draft screening assessment under CEPA.

The substance, [[4-[[2-(4-cyclohexylphenoxy)ethyl]ethyl-
amino]-2-methylphenyl]methylene]-, propanedinitrile, more
commonly known as CHPD (cyclohexylphenoxydinitrile),
was included in Batch 1 of the Challenge under the Chemi-
cals Management Plan. CHPD (Fig. 1) is used as a colorant

in food packaging materials and is not naturally produced in
the environment. The initial screening assessment report in-
dicated that ‘‘CHPD entered or may be entering the environ-
ment in a quantity or a concentration or under conditions
that have or may have an immediate or long-term harmful
effect on the environment or its biological diversity.’’18 The
final report concluded that CHPD met the criteria for persis-
tence and bioaccumulation, and therefore, CHPD was de-
clared a toxic substance.

Given the declaration of toxicity, the Government of Can-
ada declared the ultimate environmental objective for CHPD
to be virtual elimination (VE) as specified under subsections
65 and 77(4) of CEPA, 1999. Substances targeted for VE
must be added to the Virtual Elimination List along with
their level of quantification (LoQ). The LoQ is the lowest
concentration that can be accurately measured using sensi-
tive but routine sampling and analytical methods.

Since dyes are thermally unstable and nonvolatile; they
are not readily amenable to analysis by GC.15 Consequently,
HPLC methods are typically used for measurements of dyes.
The US Environmental Protection Agency (EPA) has vali-
dated a method19 for a variety of azo- and anthra-quinone
dyes, based on LC with UV or MS detection. Prior to analy-
sis, samples are extracted using liquid–liquid extraction
(LLE) with dichloromethane. However, given that LLE re-
quires high volumes of organic solvent, much research has
focused on developing less solvent-intensive alternatives,
and applying those alternatives to environmentally relevant
matrices.

One extraction technique that resolves problems in the de-
termination of dyes is solid-phase extraction (SPE). For ex-
ample, Brumley and Brownrigg20 extracted a mixture of
aromatic organic acids containing the sulfonated dyes Trip-
tan Blue and Orange II followed by analysis using miceller
electrokinetic chromatography, and obtained good recoveries
of both from aqueous samples. Meanwhile, Franke et al.21

applied SPE (using C-18 material) followed by HPLC–
fluorescence analysis for the determination of the fluorescent
tracers Uranine and Sulphorhodamine B in groundwater,
with good recoveries (>80%), coefficients of variance
(<20%), and low limits of detection (~300 ng/L). Similarly,
SPE coupled to HPLC–FLD techniques were used for the de-
termination of Rhodamine from surface waters.22 The SPE
methodologies used in these studies yielded good recoveries
and detection limits in the environmentally relevant part-per-
trillion range. Indeed, the robustness of SPE techniques was
demonstrated by Mitrowska et al.,23 who applied SPE (using
SCX cartridges) as a clean-up and preconcentration step in

Fig. 1. Chemical structure of [[4-[[2-(4-cyclohexylphenoxy)ethyl]
ethylamino]-2-methylphenyl]methylene]-, propanedinitrile, more
commonly known as cyclohexylphenoxydinitrile (CHPD).
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the extraction of malachite green and leucomalachite green
from carp muscle.

To the best of our knowledge, no method exists for the
determination of CHPD in environmental matrices. In this
study, we report on the development and validation of the
first solid-phase extraction technique for CHPD determina-
tion and we compare the performance of HPLC–PDA and
tandem HPLC–MS instruments. Extractions were performed
in pure (deionized) water and in wastewater effluent ob-
tained from a water treatment plant in Burlington, ON. The
limit of quantitation (LOQ) obtained as a result of this work
will be used to establish the maximum environmental re-
lease limit for the virtual elimination of CHPD, as mandated
under CEPA, 1999.

Experimental

Materials
[[4-[[2-(4-Cyclohexylphenoxy)ethyl]ethylamino]-2-methyl-

phenyl]methylene]-, propanedinitrile (CHPD) was purchased
(under the trade name Yellow 6G Gran) from Octochem Inc.
(St. Louis, IL, lot number: CHSE55902, purity > 95%). A
stock solution containing CHPD at a concentration of
100 mg/L was prepared in methanol (MeOH). Standard solu-
tions were prepared by diluting the stock solution with
MeOH.

Acetonitrile (CH3CN, HPLC grade) and methanol (MeOH,
HPLC grade) were purchased from Caledon Laboratories
(Georgetown, ON), while deionized water was obtained using
a Milli-Q (Millipore) system.

Isotopically labelled 13C3-caffeine was purchased from
Cambridge Isotope Laboratories (Cambridge, MA).

Solid-phase extraction procedures
Solid-phase extractions were performed at room tempera-

ture. Three sorbent phases were evaluated: OASIS MCX
cartridges (6 mL; Waters Corporation, Milford, MA),
STRATA-X cartridges (3 mL; Phenomenex, Torrance, CA),
and ENVI-18 cartridges (6 mL, Supelco, Oakville, ON).
Since wastewater contains undissolved organic matter, a
sample clean-up step (filtration) was incorporated into our
method and applied to wastewater samples and to our stand-
ard solutions.

The general SPE method used throughout this work was
as follows. SPE cartridges were conditioned by passing the
following sequence of solutions: methanol (MeOH, 5 mL),
H2O (10 mL), MeOH/5% NaOH, and H2O adjusted to pH 3
(using H2SO4). Solutions (1 L) were filtered through a 3 cm
bed of Celite 545 (Fisher Scientific) on a 1.2 mm GFC filter
(VWR Scientific) after which the filtrate was passed through
a 0.45 mm Metricel filter (VWR Scientific). The final fil-
trate was adjusted to pH 3 using concentrated HCl and
loaded onto the SPE cartridge, which was then washed with
0.1 N HCl (4 mL). The SPE cartridge was eluted using
15 mL MeOH, a volume that was found to ensure that the
CHPD was fully extracted from the sorbent phase (data not
shown). The resulting eluate was evaporated under a stream
of nitrogen to a final volume of 1 mL.

Sample collection
Samples of wastewater effluent were collected from a

water treatment plant located in Burlington, ON. All sam-
ples were stored at 4 8C in 4 L amber glass bottles, spiked
with the appropriate quantity of CHPD, and extracted within
3 d (vide supra). Upon extraction, samples were immedi-
ately analyzed as described below.

Analytical methods
For comparison purposes, all samples were analyzed us-

ing two instruments. The first was an HPLC (Agilent
LC1100), equipped with a PDA detector set at 423 nm, us-
ing a Phenomenex Ultracarb C-18 column (ODS 30,
150 mm � 4.6 mm ID � 5 mm) at 30 8C into which were
injected 10 mL sample aliquots . Water (A) and acetonitrile
(B) were used as mobile phase solvents for gradient elution
at a flow rate of 0.5 mL/min. The gradient was increased
from 75% B to 95% B within 1 min, held at 95% B for
10 min, and then immediately returned to the initial condi-
tions (75% B) for the final 14 min of the run, giving a total
run time of 25 min.

The second instrument used was a Quattro Ultima tandem
LC triple quadrupole mass spectrometer (Micromass, Man-
chester, UK) equipped with a Z-Spray electrospray ioniza-
tion (ESI) source and operated in the positive-ion mode.
Nitrogen was used as the drying and nebulizing gas at flow
rates of 500 and 70 L/h, respectively. Collision induced dis-
sociations were conducted using 2.5 � 10–3 mbar Argon in a
hexapole collision cell. MassLynx software (v. 4.1) (Waters
Corporation: Milford, MA, 2005) was utilized for both data
acquisition and processing. The MS was operated in multi-
ple reaction monitoring (MRM) mode, with a dwell time of
100 ms per ion pair and an interchannel delay of 50 ms. For
CHPD, at a cone voltage of 20 kV and collision energy of
15 eV, the precursor ion was found at m/z 414.3, with prod-
uct ions formed at m/z of 238.1 (quantitation) and 332.2
(confirmation). The source temperature was set to 120 8C,
while that for desolvation was set to 350 8C. The MS appa-
ratus was attached to an Acquity HPLC system (Waters,
Milford, MA). Aliquots (10 mL) were injected onto a Phe-
nomenex Ultracarb C-18 column (ODS 30, 150 mm �
4.6 mm ID � 5 mm) at 30 8C. Water (A) and acetonitrile
(B) were used as mobile phase solvents for gradient elution
at a flow rate of 0.5 mL/min, following the same elution
profile as used for the HPLC–PDA runs.

Prior to sample injection, 13C-labeled caffeine (50 mg/L,
prepared in MeOH) was added as an internal standard, such
that the final concentration of 13C-labeled caffeine in all
samples was 500 mg/L. MS responses presented throughout
this work are normalized against 13C-labeled caffeine, which
had a precursor ion at m/z = 198.0 and a product ion at m/z
140.0 (at a cone voltage of 30 kV and collision energy of
20 eV).

Results and discussion

Development of SPE method
Given that CHPD is a dye with an absorbance maximum

at 423 nm, the initial method development was performed
using the Agilent HPLC (PDA detector). Once SPE parame-
ters were optimized, method performance samples were ana-
lyzed using both the PDA detector and the MS detector.

In SPE, arguably the most important systemic parameter
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consists of the nature of the sorbent phase onto which the
analyte of interest will be extracted. In this work, three sorb-
ent phases were evaluated: ENVI-18 cartridges (reverse
phase C-18 that has been polymerically linked to silica);
OASIS MCX cartridges (a mixed mode sorbent composed
of sulfonate groups, nominally 1 mequiv./g, on polydivinyl-
benzene-polyvinylpyrrolidone copolymers); and STRATA-X
cartridges (a reverse phase polymeric sorbent designed for
both polar and nonpolar compounds). When a 1 L aqueous
sample of CHPD (20 mg/L) was passed through each of the
sorbents, no evidence of breakthrough was observed. The
relative extractability of the 20 mg/L CHPD solution using
each of these three sorbent phases is presented in Fig. 2,
and was found to proceed as ENVI-18 > OASIS MCX >>
STRATA-X. Accordingly, ENVI-18 cartridges were used
for all subsequent SPE experiments presented in this work.

Since wastewater contains undissolved organic matter,
and that SPE is not, by itself, considered a ‘‘clean-up’’ tech-
nique, we deemed it necessary to incorporate a sample
clean-up step (filtration) into our method. Briefly, a solution

of CHPD was filtered through a 3 cm bed of Celite 545 on a
1.2 mm GFC filter, after which the filtrate was passed
through a 0.45 mm Metricel filter. While the resulting cali-
bration curves (Fig. 3) both had good linearity (R2 > 0.99), it
is worth noting that the sensitivity (slope) of the filtered sol-
utions (slope = (7.67 ± 0.21) � 10–2) was approximately
11% less than that of the unfiltered solutions (slope =
(8.63 ± 0.06) � 10–2). Although small, the observed differ-
ence in sensitivity was found to be statistically significant at
the 95% confidence interval, indicating that CHPD is some-
what retained by the filter material. Since unfiltered samples
are unacceptable for injection into an HPLC column, the
method calibration curve must include not only the solid-
phase extraction, but also the sample filtration step to cor-
rect for the impact of the filter material.

Method performance

Calibration curves
In evaluating the SPE method performance, CHPD solu-

tions were filtered through a 3 cm bed of Celite 545 on a
1.2 mm GFC filter after which the filtrate was passed
through a 0.45 mm Metricel filter. Thereafter, the filtrate
was passed through an ENVI-18 SPE cartridge, and eluted
using methanol. A calibration curve was prepared in both
deionized water and wastewater effluent containing CHPD
at concentrations ranging between the 10 ng/L and
10 000 ng/L. For comparative purposes, extracts were ana-
lyzed using both PDA and MS detectors. Water and effluent
blanks produced no signals in either detector that coeluted
or, in the case of the MS detector, created ‘‘cross-talk’’ with
the target analyte. The calibration curves resulting from trip-
licate measurements are provided in Figs. 4 and 5, and the
corresponding figures of merit are given in Table 1.

In general, the PDA response to CHPD in both deionized
water and wastewater effluent adhered to a quadratic equa-
tion, while the MS detector produced a linear response
throughout the entire calibration range. In all cases, coeffi-
cients of determination (R2) were found to exceed 0.99, de-
noting a strong correlation between experimental
measurements and the fitted expressions.

In deionized water, it is readily apparent that the PDA de-
tector provides a more sensitive response to CHPD than
does the MS detector (Fig. 4). This is not surprising given
that CHPD is a dye with a strongly absorbing chromophore.
However, in wastewater effluent (Fig. 5), the sensitivity of
the PDA detector towards CHPD decreased while the sensi-
tivity of the MS detector increased (as evidenced by the
slopes provided in Table 1). We attribute this dichotomous
behaviour to matrix effects: for the PDA detector, the pres-
ence of other absorbing compounds in the effluent led to a
higher background noise that resulted in the decreased sensi-
tivity towards the target analyte; meanwhile, for the MS de-
tector, the presence of effluent resulted in a matrix
enhancement of CHPD.

The matrix in which analytes are found is known to exert
a powerful effect on electrospray MS by altering the extent
to which the analytes of interest are ionized.24,25 We suggest
here that acid–base interactions between CHPD and the hu-
mic or fulvic acids normally found in the wastewater efflu-
ent enhanced CHPD ionization. Since analyte peak areas in

Fig. 2. Sorbent performance for the solid-phase extraction of a 1 L
solution of CHPD at a concentration of 20 mg/L, as determined
using the PDA detector. Error bars denote the standard deviation
about the mean response (n = 3).

Fig. 3. The impact of filtering aqueous solutions of CHPD through
Celite and 0.45 mm filters, as determined using the PDA detector.
Error bars denote the standard deviation about the mean response
(n = 3).
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electrospray mass spectroscopy are highly variable from one
run to another, good laboratory practice dictates that each
analyte peak be normalized against an internal standard of a
known, constant concentration. Although matrix effects in
MS are thought to be largely corrected by dilution using iso-
topically labelled analogues of the target analyte (i.e.,
CHPD) as an internal standard,26 such a correction was not
possible in this case given that isotopically labelled CHPD is
not commercially available. Consequently, the fact that the
selected internal standard (13C3-caffeine) interacts with the
fulvic and humic acids in the effluent in a different manner
than does CHPD means that the matrix effects will not be
fully corrected, as is evident from the differing slopes ob-
tained in deionized water and wastewater effluent (Figs. 4
and 5, Table 1). However, even in those instances where an
isotopically labelled analogue of a target analyte is readily
available as an internal standard, recent studies in our labora-
tory using various pharmaceuticals and personal care products

have shown that matrix effects cannot be entirely elimi-
nated.27,28 Therefore, we recommend that matrix matched
calibration curves be employed to ensure the most accurate
determination of CHPD in environmental samples.

Limits of detection and quantitation (LOD and LOQ)
Limit of detection (LOD) and limit of quantitation (LOQ)

values (Table 1) were determined using both PDA and MS
detectors by taking LOD = 3s and LOQ = 10s, where s

was the standard deviation about the mean of a measure-
ment taken at a low CHPD concentration (i.e., where the
CHPD concentration in the sample was no greater than ten
times the LOD29). In deionized water, the measurement was
performed at a CHPD concentration of 200 ng/L, whereas
for wastewater effluent, the CHPD concentration was set at
500 ng/L.

In all cases, CHPD detection using the PDA detector
yielded lower LOD and LOQ values. As expected, LOQ val-
ues were lower in deionized water than in wastewater efflu-
ent. Interestingly, the presence of wastewater had a greater
impact on the MS detector than it did on the PDA detector.
In fact, when using the MS detector, the LOQ in wastewater
increased from that found for CHPD in pure water by
1160%, whereas the LOQ as determined using the PDA in-
creased only 440%. While the increase in LOQ observed
upon proceeding from deionized water to wastewater efflu-
ent can be attributed to the effect of a vastly more compli-
cated matrix, the different extents by which the LOQ values
increased suggests that the MS detector is more susceptible
to matrix effects. In other words, even though CHPD in
wastewater effluent is subject to matrix enhancement (i.e.,
increased sensitivity) when determined by MS and matrix
suppression when determined by PDA (as shown by Figs. 4
and 5, and the slopes of the calibration curves (Table 1)),
the MS detector had poorer LOQ results than did the PDA
detector. Although this finding may seem counterintuitive,
it appears that wastewater effluent enhances CHPD ioniza-
tion in the MS detector (creating a matrix enhancement and
increased sensitivity); the effluent itself is heterogeneous,
producing a greater measure of imprecision, and hence,
higher LOQs.

Method validation
The extraction method was validated at four different

CHPD concentrations, in both deionized water and waste-
water effluent. Once again, neither water nor effluent blanks
produced any signals in either detector that coeluted or, in
the case of the MS detector, created cross-talk with CHPD.
CHPD was spiked such that the concentration in the sample
was half the LOD, twice the LOD, five times greater than
LOD, and 10 times greater than LOD. The LOD values
used to calculate the spike levels for method validation
were premised on the idea that establishing the lowest possi-
ble ‘‘maximum environmental release limit’’ and ensuring
the virtual elimination of CHPD (as mandated under CEPA)
would best be achieved by using the more sensitive PDA de-
tector. Therefore, in deionized water, CHPD concentrations
were spiked at 16.5, 66, 165, and 330 ng/L. Meanwhile,
wastewater effluent was spiked at 87.5, 350, 875, and
1750 ng/L.

When CHPD was present at a concentration lower than

Fig. 4. Method calibration curves for the determination of CHPD in
deionized water using both MS and PDA detectors. The response
axis represents either the peak area at 423 nm in the case of PDA
detection or an area corrected against 13C-labelled caffeine (500 ng/L)
in those instances where an MS detector was used. Error bars
denote the standard deviation about the mean response (n = 3).

Fig. 5. Method calibration curves for the determination of CHPD in
wastewater effluent using both MS and PDA detectors. The re-
sponse axis represents either the peak area at 423 nm in the case of
PDA detection or an area corrected against 13C-labelled caffeine
(500 ng/L) in those instances where an MS detector was used. Error
bars denote the standard deviation about the mean response (n = 3).

Balakrishnan and Palabrica 397

Published by NRC Research Press

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

U
ni

ve
rs

ity
 o

f 
E

le
ct

ro
ni

c 
an

d 
Sc

ie
nc

e 
T

ec
ho

no
lo

gy
 o

f 
C

hi
na

 o
n 

09
/1

7/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



the Limit of Detection, CHPD was not found in any matrix
(Table 2), except when using MS detection on an extract of
wastewater effluent spiked at 87.5 ng/L CHPD. However,
the Coefficient of Variance (CV) in that instance was unac-
ceptably high (62.8%). Above the LOD (in both matrices),
CHPD recoveries generally exceeded 75%. In fact, aqueous
spike recoveries were generally above 90% with both MS
and PDA detection at all spike levels above LOD. Further-
more, the CVs obtained in the recovery of aqueous extracts
using both MS and PDA detection was typically less than
15%. However, at a spike concentration of 66 ng/L, the co-
efficient of variance using the PDA detector was 19.9%.
Given that 66 ng/L represents a concentration of only twice
the LOD, this is an acceptable degree of variance. Indeed,
the fact that the method could be validated at only twice
the LOD demonstrates the robustness of the method, since
66 ng/L is actually below the LOQ. Therefore, with method
accuracy exceeding 80% and CVs no greater than 20%, the
method developed herein meets the criteria for successful
validation in deionized water.30

In analyzing extracts of wastewater effluent using the MS
detector, we were unable to validate the method at any spike
level. At 350 ng/L, neither the recovery (75%) nor the CV
(51%) were acceptable. Meanwhile, at 875 ng/L, the recov-
ery (100%) was acceptable, but the CV (23.5%) proved to
be too large. At the final spike level (1750 ng/L), the CV
(15.5%) was acceptable, but the recovery (78.2%) was not.

We attribute the failure of the method validation using the
MS detector to the fact that the spike levels used in waste-
water were all below the LOQ established for MS analyses
(2005 ng/L, Table 1). However, when we used the PDA de-
tector at all spike levels above the LOD, errors in accuracy
and the CV values were always less than 20%. Hence, we
conclude that the SPE extraction method when coupled with
detection using a PDA detector is successfully validated.

Conclusions and environmental implications

Our research has resulted in the development of an SPE
extraction technique for the dye CHPD. We compared two
HPLC detectors for CHPD determination, and concluded
that CHPD is better determined (both in deionized water
and wastewater) via SPE extraction using ENVI-18 car-
tridges followed by analysis on an HPLC–PDA apparatus
rather than using an HPLC–MS/MS instrument. The PDA
method was found to be more sensitive and less susceptible
to matrix effects than was the MS method. Moreover, only
determination by PDA could be fully validated in both ma-
trices. Most importantly, the PDA detector produced lower
LOQ values than did the MS detector. Accordingly, the
PDA detector was used in the recommendation of a maxi-
mum environmental release limit for CHPD.

It was readily apparent that the presence of wastewater ef-
fluent had a significant impact on method performance, and

Table 1. SPE method performance for the determination of CHPD in Milli-Q water and wastewater effluent using ENVI-18
cartridges and both PDA and MS detectors.

Matrix Detector Equation (y = f(X)), where X = [CHPD]) n R2 LOD* (ng/L) LOQ* (ng/L)
Water PDA (2.24�10–6)X2 + (5.01�10–2)X 9 0.991 32.3 108

MS 0.0146X 9 0.997 46.2 154
Effluent PDA (2.35�10–6)X2 + (1.26�10–2)X 8 0.998 175 583

MS 0.0238X 8 0.996 602 2005

*For determinations of LOD and LOQ, measurements were taken using a low concentration CHPD standard (n = 8).

Table 2. Accuracy and precision (n = 4) of the SPE method to extract CHPD from pure
water and from wastewater effluent.

Matrix Detector Spike level (ng/L) Recovery (%) CVa

Water PDA 16.5 NDb NAc

66 100.3 19.9
165 94.9 3.15
330 99.3 12.1

MS 16.5 ND NA
66 92.7 12.6
165 94.6 9.60
330 99.2 3.93

Effluent PDA 87.5 ND NA
350 91.3 16.2
875 115 10.4
1750 82.4 1.82

MS 87.5 82.4 62.8
350 75.0 51.0
875 100 23.5
1750 78.2 15.46

aCV = coefficient of variance.
bND = not determined.
cNA = not applicable.

398 Can. J. Chem. Vol. 88, 2010

Published by NRC Research Press

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

U
ni

ve
rs

ity
 o

f 
E

le
ct

ro
ni

c 
an

d 
Sc

ie
nc

e 
T

ec
ho

no
lo

gy
 o

f 
C

hi
na

 o
n 

09
/1

7/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



thus, we anticipate that the method performance will be im-
pacted in all environmental matrices in a manner unique to
each matrix. However, since the method we developed was
robust enough to be validated in a matrix as complex as
wastewater effluent, it should be readily applicable to the
simpler matrices found in natural waters. Even when using
matrix matched calibration curves, environmental matrices
will tend to suppress the determination of CHPD via a PDA
detector by raising the level of background noise. Therefore,
any environmental determination of the contaminant would
necessarily be at a level that exceeds the limit of quantita-
tion established in pure water. Consequently, it is our rec-
ommendation that the virtual elimination of CHPD (as
mandated under the Canadian Environmental Protection Act
(1999) and under the auspices of the Chemical Management
Plan) is best accomplished by using the LOQ value obtained
in pure water with a PDA detector, thereby setting a maxi-
mum environmental release limit of 108 ng/L.
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OBITUARY / NÉCROLOGIE

Keith Fagnou, 38, associate professor of chemistry at the
University of Ottawa and a rising star in the field of organic
chemistry, died suddenly on Nov. 11, 2009. Keith received a
B.Ed. from the University of Saskatchewan in 1995. He then
earned an M.S. in 2000 and a Ph.D. in synthetic organic
chemistry in 2002, both from the University of Toronto under
the tutelage of Professor Mark Lautens. Upon completing his
degree, he joined the faculty of the University of Ottawa. In
2007, he was promoted to associate professor and appointed
University of Ottawa Research Chair in the Development of
Novel Catalytic Transformations.

Keith’s research program focused on the development of
new reactions via the direct functionalization of C–H bonds,
and applied these methods to the synthesis of medicinal com-
pounds and small bioactive products. His seminal contribu-
tions in the generation of C–C bonds, especially in biaryl
compounds, without the need for substrate preactivation, dra-
matically changed the way chemists approach the generation
of carbon-carbon bonds. The excellence of his pioneering
work was recognized internationally. He was a gifted lecturer
at the undergraduate and graduate levels, and was a sought-
after speaker by academic and industry. He gave several
named lectures and received numerous awards, including the
2003 Polanyi Prize (Ontario), Sloan Research fellowship, Cot-
trell Research Scholarship, the Premier’s Research Excel-
lence Award (Ontario), and several accolades from
pharmaceutical companies (Amgen, AstraZeneca, Boehringer
Ingelheim, Eli Lilly, Merck). This past summer, he received the
Organometallic Chemistry Directed Towards Organic Synthe-
sis Award, which is presented every two years to a scientist
under 40 for outstanding research contributions. In November
2009, Keith posthumously received the Rutherford Memorial

Keith Fagnou, 38 ans, professeur agrégé à l’Université
d’Ottawa et étoile montante du domaine de la chimie organi-
que, est décédé subitement le 11 novembre 2009. Titulaire
d’un B. Éd. de l’Université de la Saskatchewan (1995), Keith
a poursuivi ses études supérieures à l’Université de Toronto
où il a obtenu une maı̂trise (2000) et un doctorat en chimie or-
ganique synthétique en 2002, sous la direction du professeur
Mark Lautens. Par la suite, il s’est joint à la faculté de l’Uni-
versité d’Ottawa. En 2007, il est nommé professeur agrégé et
occupe la chaire de recherche de l’Université d’Ottawa sur le
développement de nouvelles transformations catalytiques.

Dans le cadre de son programme de recherche, il s’atta-
quait principalement à l’élaboration de nouvelles réactions par
la fonctionnalisation directe des liaisons C–H au profit de la
synthèse de composés médicinaux et de substances bioac-
tives. L’apport indéniable et majeur de ses travaux à la génér-
ation de liaisons C–C, surtout en ce qui a trait aux composés
biaryliques, sans préactivation des substrats, a profondément
changé la façon dont les chimistes génèrent des liaisons
carbone-carbone. L’excellence de ses travaux avant-gardistes
est d’ailleurs reconnue mondialement. Il était un enseignant
doué, tant au premier cycle qu’aux cycles supérieurs, et un
conférencier très sollicité par les milieux universitaire et indus-
triel. En plus d’être invité d’honneur de plusieurs congrès et
colloques, Keith a remporté de nombreux prix, y compris le
prix Polanyi 2003 (Ontario), une bourse Sloan, une bourse
Cottrell, la Bourse du premier ministre pour l’excellence en re-
cherche (Ontario), ainsi que plusieurs éloges d’établissements
pharmaceutiques (Amgen, AstraZeneca, Bœhringer Ingel-
heim, Eli Lilly, Merck). L’été dernier, il a remporté le prix « Or-
ganometallic Chemistry Directed Towards Organic
Synthesis » [chimie organométallique appliquée à la synthèse
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Medal of the Royal Society of Canada and was named one of
‘‘Canada’s Top 40 under 40’’ by the Globe & Mail/Caldwell
Partners. Keith was a modest person who was nonetheless a
strong advocate for Canadian research excellence. On the
personal side, Keith was a dedicated family man and was
close to his friends. He will be missed by all. Keith is survived
by his wife, Danielle Gervais-Fagnou, and three children,
Zachary, Clara, and Samuel.

Louis Barriault and André Beauchemin

organique], remis aux deux ans à un scientifique de moins de
40 ans pour ses contributions exceptionnelles à la recherche.
En novembre 2009, Keith a reçu, à titre posthume, la médaille
commémorative de la Société royale du Canada et a été re-
connu comme l’un des chefs de file canadiens avant l’âge de
40 ans « Canada’s Top 40 under 40 » par le Globe&Mail et la
société Caldwell Partners. Homme modeste, Keith était un ar-
dent promoteur de l’excellence de la recherche canadienne.
Sur une note plus personnelle, Keith était un père de famille
dévoué et entretenait des relations étroites avec ses amis. Il
manquera à tous ceux et celles qui l’ont connu. Keith laisse
dans le deuil son épouse, Danielle Gervais-Fagnou, et ses
trois enfants, Zachary, Clara et Samuel.

Louis Barriault et André Beauchemin
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AWARD LECTURE / CONFÉRENCE D’HONNEUR

Absorption detection using optical waveguide
cavities

Hans-Peter Loock, Jack A. Barnes, Gianluca Gagliardi, Runkai Li,
Richard D. Oleschuk, and Helen Wächter

Abstract: Cavity ring-down spectroscopy is a spectroscopic method that uses a high quality optical cavity to amplify the
optical loss due to the light absorption by a sample. In this presentation we highlight two applications of phase-shift cavity
ring-down spectroscopy that are suited for absorption measurements in the condensed phase and make use of waveguide
cavities. In the first application, a fiber loop is used as an optical cavity and the sample is introduced in a gap in the loop
to allow absorption measurements of nanoliters of solution at the micromolar level. A second application involves silica
microspheres as high finesse cavities. Information on the refractive index and absorption of a thin film of ethylene diamine
on the surface of the microresonator is obtained simultaneously by the measurements of the wavelength shift of the cavity
mode spectrum and the change in optical decay time, respectively.

Key words: cavity ring-down spectroscopy, microresonator, microsphere, fiber loop.

Résumé : La spectroscopie à cavité ring-down est une méthode spectroscopique qui utilise une cavité optique de haute
qualité pour amplifier la perte optique due à l’absorption de lumière par l’échantillon. Durant cette présentation, nous met-
tons en évidence deux applications de la spectroscopie à cavité ring-down avec déplacement de phase qui convient aux
mesures d’absorption en phase condensée et fait usage de cavités à guide d’onde. Dans la première application, une boucle
de fibre est utilisée comme cavité optique et l’échantillon est introduit dans un intervalle de la boucle pour permettre des
mesures d’absorption sur des nanolitres de solution au niveau micromolaire. Une seconde application est basée sur des mi-
crosphères de silice comme cavités à haute finesse. Des informations sur l’index de réfraction et l’absorption d’un film
mince d’éthylène diamine sur la surface d’un micro-résonateur sont obtenues simultanément par des mesures de déplace-
ment de longueur d’onde du spectre modal de la cavité et de changement de temps de décroissance optique, respective-
ment.

Mots-clés : spectroscopie à cavité ring-down, micro-résonateur, microsphère, boucle de fibre.

In the past years, absorption spectroscopy has undergone
a rapid change and the absorption spectrometers that are de-
veloped in many research labs have little in common with
the teaching instruments that most of us were trained on. In-
deed, a typical UV–vis absorption spectrometer found in
today’s undergraduate labs shares many of its basic compo-
nents with the ‘‘spectroscope’’ devised by Isaac Newton in
1666. It contains a dispersing element, such as a prism or
grating, a sample compartment, and a detector that is either
placed behind a slit or forms a detection array, such as a
photographic plate or photodiode array. Since the experi-
ments by Kirchhoff and Bunsen1,2 in the 1860s, quantitative
absorption spectroscopy relies on the accurate measurement

of a change of transmitted light intensity due to wavelength-
dependent attenuation by the analyte of interest. Single pass
‘‘direct’’ absorption detection and spectroscopy remains pop-
ular to this day, since it is straightforward to implement and
many analytes show absorption features in the UV–vis re-
gion of the spectrum, whereas many solvents do not. This
makes UV–vis absorption an ideal ‘‘label-free’’ method for
detection and quantification of analytes.

On the other hand, direct absorption measurements are not
background free, in contrast to fluorescence, photoacoustics,
resonant ionization, coherent anti-Stokes Raman spectroscopy
(CARS), and other modern spectroscopy methods. Furthermore,
as evident from the Beer–Lambert law, I/I0 = exp(–3Cd),

Received 10 January 2009. Accepted 12 April 2009. Published on the NRC Research Press Web site at canjchem.nrc.ca on 26 March
2010.
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the sensitivity of a direct absorption measurement dI/dC = –I03d
exp(–3Cd) depends critically on the stability of lightsources,
optical alignment, and detectors (all expressed through I0).

Because of the need to measure a small intensity change
on top of a large, and possibly noisy, intensity background,
direct absorption is rather insensitive for low concentrations
and (or) short absorption paths. Therefore, a number of ap-
proaches have been developed to overcome this limitation,
notably the use of multipass cells, preconcentration of the
analyte, differential absorption measurements, etc. In gas-
phase spectroscopy, only a few of these methods have had
an impact comparable to that of the cavity ring-down
(CRD) absorption technique, a method that was introduced
in 1988 by O’Keefe and Deacon.3

Cavity ring-down spectroscopy
In cavity ring-down spectroscopy, the sample is placed in

an optical cavity that is usually made by opposing two
highly reflective mirrors at distance d (Fig. 1). A laser light
pulse that is coupled into the cavity will be trapped between
the mirrors for a large number of roundtrips while its inten-
sity decays exponentially. The characteristic decay time, or
ring-down time,

½1� t ¼ tR

�2lnRþ 3Cd

depends on the pulses’ round trip time, tR = nd/c0, and the
reflectivity of the mirrors, R, but does not depend on the in-
tensity of the light pulse that is coupled into the cavity or
on slow fluctuations of the detector response. The ring-
down time is large for high mirror reflectivity and decreases
with the introduction of absorbing or scattering compounds
into the cavity.4–6 With commercially available ‘‘super
mirrors’’, reflectivities higher than 99.99% (R > 0.9999)
may be achieved, which corresponds to a cavity finesse
F & 2p/(1 – R) = 62 800. Since this number can be roughly
equated to the number of passes through the cavity medium,
one can see that even a desktop cavity with length d = 1 m
is equivalent to an absorption cell with an effective path-
length of over 60 km! In addition, the sensitivity of the
ring-down time measurement,

½2� dt

dC
¼ �3 d tR

ð�2lnRþ 3CdÞ2

increases quadratically with decreasing concentration and
does not depend on intensity, which is a useful feature for
an analytical spectroscopic method.

Not surprisingly, over the last twenty years, CRD spectro-
scopy and related cavity enhanced absorption methods have
gained a larger and larger following, and the number of pub-
lications citing ‘‘cavity ring-down’’ in their title or abstract
has increased from less than five in 1995 to over 150 in
2008. A large fraction of those publications is concerned
with high resolution spectroscopy and detection of gases, of
reactive intermediates, or of molecular beam-cooled sam-
ples. Since about 2002, an increasing number of research
groups, including our own, attempt to adapt CRD detection
to liquid samples.

CRD spectroscopy in liquids may be carried out simply
by filling the entire optical cavity with liquid7 or by insert-

ing a sample cuvette8–10 or liquid jet11 into the cavity. CRD
detection for HPLC or other systems can similarly be real-
ized by either constructing a very short cavity in which the
mirrors are only separated by millimetres or by directing the
effluent from the column across the optical axis of the cav-
ity.12–16 Both methods achieve impressive detection limits,
which are limited by their baseline noise level to about 10–5

to 10–6 absorption units, depending on the mirrors, detection
wavelength, and configuration. Also, both require careful
optical alignment and a trained operator. In addition, the la-
ser pulse width needs to be shorter than the roundtrip time.
This means that millimetre long cavities can only be interro-
gated with picosecond laser pulses and with fast data
acquisition systems. An excellent review describes the im-
plementation of the CRD detection scheme to liquids with
particular emphasis on the microliter-sized samples, which
are relevant for HPLC.12

CRD in waveguide cavities
In this presentation, we highlight two different types of

optical cavities that are based on the waveguiding properties
of silica and demonstrate their use for absorption measure-
ments of small (nanoliter-sized) liquid samples.

In a simple analogy to the free-space optical cavity made
of two mirrors, a strand of optical fiber that is gold coated at
both end facets also acts as a high finesse optical cavity
(Fig. 1b). Sigrist and co-workers17,18 have used such a cavity
to determine the concentration of H2 in the fiber core and to

Fig. 1. (a) Mirror-based cavity ring-down scheme; (b) optical cavity
consisting of two fiber Bragg gratings; (c) fiber-loop CRD showing
a small gap for the sample; (d) microsphere resonator.
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measure bending losses occurring in the fiber optic cable.
Instead of coatings applied to the fiber surface, one may
also use fiber Bragg gratings (FBGs) as internal mirrors.19,20

FBGs are periodic modulations of the refractive index writ-
ten into the core of a sensitized fiber typically using UV la-
ser radiation. They may have a reflectivity of up to 99.99%.
Light propagating along the core of the fiber is reflected
from these gratings when the Bragg condition is fulfilled,
i.e., when the wavelength of the light is twice as large as
the grating period.

An even simpler optical cavity may be formed by con-
necting the two ends of a strand of optical waveguide to
form a continuous loop (Fig. 1c).21–25 Once light is trapped
inside the loop, it will circulate for many roundtrips before
its intensity has decayed below the detection threshold.
Compared to the linear cavity, the loop offers a number of
advantages. First, the operating wavelengths are limited by
the transmission spectrum of the waveguide, i.e., for silica
from about 1700 nm to about 400 nm, whereas the FBGs
have high reflectivity only in a 2–10 nm window, typically
at around 1550 nm. Second, the gap between the fiber ends
is a natural place to introduce a small liquid sample, for in-
stance by using capillaries or channels in microfluidic devi-
ces. Third, the fiber-loop material and core diameter can be
tailored to the application, whereas FBGs can be most easily
written into single mode silica fibers. On the other hand,
coupling light into the loop either requires couplers, which
introduce cavity loss, or focusing of laser pulses onto the fi-
ber core, which is a rather inefficient process. By contrast,
FBG cavities can be simply spliced on the laser delivery fi-
ber.

Both optical devices, the linear fiber cavity and the fiber
loop, have been used in ring-down experiments. Similar to
conventional free-space CRD, the ring-down time only de-
pends on the optical loss in the cavity but is largely insensi-
tive to lightsource power fluctuations or even detector
response drifts, as long as those changes occur on timescales
longer than the ring-down time. A recent review has high-
lighted the use of these cavities for mechanical and temper-
ature measurements and, to a lesser extent, for refractive
index measurements,26 whereas we will focus on measure-
ments of absorption induced by the interaction of the guided
modes with an analyte. For a comprehensive review of cav-
ity ring-down spectroscopic methods and in particular CRD
using waveguides, the reader is directed to a 2009 book on
cavity ring-down spectroscopy.6

CRD phase-shift measurements
Before discussing different instruments in which wave-

guide based CRD measurements can be used, we should em-
phasize the differences between absorption measurements in
flow systems and the ‘‘static’’ gas measurements in conven-
tional cavities.

The optical loss in a fiber loop is much higher than in
even a low-finesse optical cavity consisting of mirrors.
With a mirror pair of a reflectivity of 99.9%, only 0.2% of
the light is lost per roundtrip, whereas the insertion loss of
fiber–fiber couplers, of fiber splices, and FBGs may easily
add up to more than 5%. When measuring the absorption of
a sample placed between the two ends of a fiber loop, the

loss is even higher: about 10%–30% of light is lost across
the gap even when it is filled with nonabsorbing solvent!
For a fiber cavity having the same roundtrip time as a con-
ventional cavity, the ring-down time is therefore much
shorter and the sensitivity to changes in the optical loss due
to absorption by the analyte is correspondingly lower.

Also, in the analytical separation systems discussed be-
low, the measurement has to take place in real time, while
the analyte flows between the two fiber ends, with no oppor-
tunity to average multiple ‘‘events’’. The data acquisition
rate has to be matched to the flow rate and the detection
volume, such that the detection volume is replaced at a rate
that is about 10 times slower than the acquisition rate. Prac-
tically, we need to sample a ring-down event every 1–10 ms
and determine the ring-down time (t = 0.1–10 ms) through
exponential fitting at the same rate.

In our initial experiments, we used pulsed dye lasers oper-
ating at about 800 nm and were restricted in our data acquis-
ition rate by the 10–100 Hz pulse repetition rate of our
lasers.21,22 Also, we had to average about 2000–6000 ring-
down events to obtain a reliable ring-down time. The result-
ing data acquisition rate of 1/3 min–1 to 1/10 min–1 (one
measurement every 3–10 min) is grossly inadequate for ana-
lytical flow measurements. While the rate can be increased
considerably by switching to kHz repetition rate lasers, the
main problem remains: the duty cycle of the experiment is
woefully low. Assuming a 10 kHz repetition rate, light that
is injected in the cavity rings down (in about 10 ms) only for
a small fraction of the time, while the remaining time the
system does nothing (90 ms). Finally, it is neither trivial nor
cheap to switch inexpensive lasers or other light sources,
such as LEDs, on nanosecond timescales, and it is also
costly to read out ring-down transients at high sampling
rates.

All three concerns, the fast ring-down times, the poor
duty cycle, and the high cost of (sub-)nanosecond switching
and readout, may be addressed by applying a simple method
that has been used in fluorescence lifetime measurements for
many decades. Instead of monitoring the decay of a pulse in
the time domain, one can also monitor the phase shift of an
amplitude-modulated signal in the frequency domain
(Fig. 2).27,28 If an intensity-modulated signal is continuously
fed into a high finesse cavity (or a fluorescent sample), the
cavity (or sample) will emit light at the same modulation
frequency, u, but with reduced modulation depth and with a
phase shift that depends on the ring-down time, t (fluores-
cence lifetime). For a single exponential decay, the phase
shift is28,29

½3� tan ðf� f0Þ ¼ �ut

Here, f is the phase shift between the light entering and
exiting the fiber cavity and f0 is the phase shift resulting
from instrumental factors such as electronic time constants
and propagation delays. For multiexponential decays, the re-
lation is more complicated but one can still determine the
ring-down times and the relative amplitudes of each expo-
nential component from phase-angle measurements at multi-
ple modulation frequencies.30

The point is, phase-shift CRD measurements, introduced
for spectral analysis by Engeln et al. in 1996,31 are ideally
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suited for transient absorption detection in low finesse opti-
cal cavities.32 Phase-shift CRD is compatible with short
ring-down times, since the modulation frequency may be
set to the inverse of ring-down times. Changes in ring-down
time as low as a few nanoseconds and picoseconds are read-
ily measurable. Also, the duty cycle of the phase-shift meas-
urement is unity, i.e., there is always light in the cavity. The
readout rate is limited only by the ring-down time; ‘‘on the
fly’’ exponential fitting is no longer required. Finally, phase
comparators are also comparably inexpensive; simple inte-
grated circuits with a 18 resolution may be bought for a few
dollars.

Unfortunately, the ring-down times calculated from phase
angles are sensitive to scattered light and are also less accu-
rate compared to a an exponential fit to a 10 000 point decay
trace. Nevertheless, for our applications, the advantages, es-
pecially regarding data acquisition rate and cost, outweigh
the disadvantages, and in all setups described below, the
phase-shift CRD method was employed.

Fiber-loop ring-down absorption detection
In a 2006 article, we presented three different interfaces

between the fiber loop and the flow systems.33 In one de-
vice, a commercial microcross was used to achieve fair cou-
pling of light between the two ends of the fiber loop, which
were fixed at a distance of 5–50 mm from each other.34 Two
capillaries were inserted orthogonal to the optical fibers and
used to flow samples of cyanine dyes in water between the
fiber ends (Fig. 3). A detection limit of 200 mmol/L corre-
sponded to a minimal detectable absorption loss,
amin, < 50 cm–1. The flow rate of 10 mL/min and injection

volume of 2 mL are compatible with capillary electrophore-
sis or micro-HPLC, but unfortunately, the limit of detection
(LOD) is too large to be competitive with existing detection
methods. Because it is difficult to optimize the optical align-
ment of the fibers in a microcross and thereby increase the
sensitivity, we decided to use a second approach.

A 360 mm capillary (ID: 100 mm) was embedded in a
block of polymethyl methacrylate (PMMA) and a 150 mm
hole was drilled through the block and normal to the long
axis of the capillary (Fig. 3, right bottom). The fiber ends
were inserted to be flush with the inside wall of the capillary
and about 60 mm apart and then fixed using epoxy glue. The
LOD was improved over the microcross to 50 mmol/L
(amin = 10 cm–1). The detection limit and sensitivity could
be further improved by using hemispherical fiber ends in-
stead of flat fiber end faces. This dramatically increases the
coupling efficiency across the sample gap from 60% to
about 90%.33 To create hemispherical lenses, we heated the
fiber ends in the electric arc of a fusion splicer.35 The fiber
ends were then inserted as before and placed 30 mm apart
before being glued in place. Using lensed fiber ends, the
LOD was improved to 10 mmol/L (amin = 1.6 cm–1) and pro-
tein detection became feasible.

A third interface was created to a microfluidic chip made
of glass. Again, the flow channel was first sealed and encap-
sulated in PMMA and then a 150 mm hole was drilled me-
chanically perpendicular to the channel. The flat-cut fiber
ends were inserted and fixed at a distance of 14 mm. The
LOD of 30 mmol/L (amin < 10 cm–1) was respectable, espe-
cially considering the short absorption path and the small
detection volume of 700 pL. Note that the absolute quantity
of detected analyte was only 21 fmol at the detection limit.33

All experiments above were conducted at 800 nm, i.e.,
a wavelength that was matched to the absorption maximum
of the cyanine dye. At this wavelength, the fiber optic loss is
quite low (3 dB/km) and the photomultiplier tubes used to
detect scattered light from the loop show high sensitivity.
Of course, a practical absorption detector for capillary elec-

Fig. 2. Similar to a RC circuit, the response of an optical cavity is
different to an impulse (DC, top) or an oscillating input (AC, bot-
tom). An optical cavity, which is driven with a sinusoidally modu-
lated input of angular frequency, u, will emit light with the same
modulation frequency but reduced modulation depth and phase
shifted to the input.

Fig. 3. Three interfaces of the fiber loop with a fluidic system.
Left: a microfluidic chip into which the fiber loop is inserted; right
top: a commercial microcross with the fiber ends and capillary ends
inserted normal to each other; right bottom: a 300 mm capillary
through which a hole was drilled to insert the two fiber ends. The
fiber ends have hemispherical lenses at their ends.
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trophoresis, microfluidics, or micro-HPLC needs to work at
much shorter wavelengths. Because standard fiber optic ca-
bles have much reduced transmission at wavelengths shorter
than 500 nm, it was believed that fiber-loop ring-down de-
tection is not feasible at the important blue and UV wave-
lengths.

With recent advances in UV fiber optic materials, fiber
CRD detection has now become possible, and in a recent
publication we demonstrated the quantification of tartrazine
dye, of myoglobin protein, and of a proprietary pharmaceut-
ical ingredient using phase-shift fiber-loop ring-down detec-
tion at 405 nm.36 The experiment was possible because of
the low loss of the UV fiber optic loop (a = 0.011 cm–1)
and of a specially designed fiber-optic–fluid interface
(shown in Fig. 4), that combined a small detection volume
(6 nL) with an even smaller dead volume (estimated
at <2 nL). At the same interface, light from the 405 nm laser
diode was introduced using a power delivery fiber that irra-
diated the gap between the fiber ends and thereby allowed
for scattered blue light to enter the loop (Fig. 4). Despite
the fact that the fiber ends were not lensed and compara-
tively far apart (190 mm), the detection limit is improved to
1 mmol/L for myoglobin (Fig. 5) and the minimum detect-
able absorption loss is lower compared to our best earlier in-
terface by almost an order of magnitude (amin = 0.11 cm–1).
This is likely due to the improved alignment between the fi-
ber ends and the larger fiber core diameter, both leading to
lower optical losses across the sample gap. More impor-
tantly, it is likely that the same setup will perform well at
even shorter detection wavelengths and we plan to couple
light from a 255 nm LED into the fiber loop in the near fu-
ture.

With the interface displayed in Fig. 4, the detection of
single micron-sized particles is also possible. The Mie scat-
tering cross section increases with decreasing scattering
wavelength and even the detection of transparent particles
is possible if their refractive index differs by more than
about 0.15 from the solvent. Indeed, we were able to detect
single polystyrene particles of 5 mm diameter that were sus-
pended in water using a detergent (Fig. 5). Since these par-
ticles are comparable in size and refractive index to
Escherichia coli cells, we expect that cytometry and single
cell pathogen detection should be feasible using this very in-
expensive and compact setup. Earlier experiments with an
interface that was far from optimized and the 810 nm detec-
tion wavelength were conducted, and showed detection of
yeast cells and E. coli cells, but not, yet, at the single cell
level.37

Microsphere ring-down absorption detection
While the fiber loop is a ‘‘long roundtrip/low finesse’’ op-

tical cavity, microresonators are optical cavities with very
high finesse and extremely short roundtrip paths of typically
less than a millimetre.38–41 Microsphere resonators (shown
schematically in Fig. 1d) have been used as chemical sen-
sors for many years.42–52 Light can be coupled tangentially
into such a sphere, such that it travels along the ‘‘equator’’.
This so-called ‘‘whispering gallery mode (WGM)’’ can only
be excited if the circumference of the sphere is an integer
multiple of the excitation wavelength, and if the mode field

Fig. 4. Computer rendering of the optical–fluidic interface. The de-
livery fiber in the foreground illuminates the fiber gap. Capillaries
attached to the top and bottom plate feed sample solution through
small holes in front of the delivery fiber and out through a hole in
the bottom plate.

Fig. 5. Detection of transparent 5 mm diameter polystyrene parti-
cles (top trace) and detection of myoglobin in buffer solution at
405 nm (bottom) using the interface shown in Fig. 4.
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of the whispering gallery mode overlaps with the mode field
of the delivery waveguide. A whispering gallery mode can
remain localized near the equator of the sphere for a very
long time; in an analogy to the acoustic equivalent in the
‘‘whispering gallery’’ of, say, St. Paul’s Cathedral in London.
Much like the sound of a whispered voice is guided along
the inside of the Cathedral’s dome, light remains guided by
total internal reflection. Light may be coupled into the
sphere using, for example, tapered fibers (as we have
done),53 evanescent-field access blocks, angled fiber ends,
or regular prisms.40

Refractive index measurements of analytes adsorbed on
such microresonators are comparatively straightforward
WGM frequency measurements. Since microresonators are
very short, high-finesse cavities; they exhibit a sharp cavity
mode spectrum, which depends strongly on the roundtrip
length of the whispering gallery modes. The frequency of
each WGM is, of course, influenced by the size of the mi-
crosphere, i.e., the circumference at the equator, but also by
temperature and the refractive index of the immediate envi-
ronment of the sphere. A thin layer of analyte adsorbed on
the surface will effectively increase the circumference of
the sphere. Of course, such an adsorbate may also attenuate
the WGM intensity and reduce the number of roundtrips that
one WGM experiences. Both quantities, the refractive index
of the environment and its optical absorption, can therefore
be obtained simultaneously from the frequency shift of the
cavity fringes, and from their associated ring-down time, re-
spectively.54 Below, we intend to illustrate that such com-
bined absorption and refractive index measurements using
silica microsphere resonators are sensitive, but also quite
simple.

In separate setups, silica resonators have already demon-
strated superb performance for the measurements of both
the refractive index and the optical absorption of adsorbed
analytes. For example, researchers have used a toroidal mi-
croresonator to demonstrate the detection of a single inter-
leukin-2 molecule through a combination of the induced
refractive index change and optical absorption of the ad-
sorbed molecule leading to heating and expansion of the
sphere, the so-called thermoptic effect.52 Simultaneous ab-
sorption and refractive index measurements of a few mono-
layers of an adsorbed species are easily feasible.55 On the
other hand, compared to the thermo-optic effect, cavity
ring-down experiments provide a more direct measure of
the optical absorption of an adsorbed layer but have, to our
knowledge, not yet been used in chemical measurements.
They were used, however, in characterizing the optical loss
in microresonators. For example, Vahala and co-workers56

conducted the CRD measurement in the time domain and
obtained ring-down times of 43 ns for a 90 mm diameter mi-
croresonator. The submicrosecond ring-down time highlights
the fact that the roundtrip path for such devices is typically
less than one millimetre and only about 280 mm in this par-
ticular case. It is probably because of the short ring-down
times, even for microresonators having a high finesse, that
they have been used almost exclusively for refractive index
measurements but not for absorption measurements.

On the other hand, a ‘‘large’’ square quartz monolith
(7.5 mm � 7.5 mm � 5 mm) has been used as a high fi-
nesse cavity by Pipino57 in 1999 and CRD absorption detec-

tion of 0.006% of a monolayer of I2 on the quartz surface
was realized. Ring-down times of over a microsecond gave
a finesse of over 12 500!

The finesse of the 300 mm diameter silica microsphere
cavities used in our group is between F = 5 000–100 000
and the ring-down times are correspondingly on the order
of 4–70 ns, meaning that they will have to be measured
with a resolution of picoseconds.

As in the fiber loop experiments, measurements of fast
ring-down events at a high duty cycle may be achieved cost
efficiently and simply through phase-shift CRD. By setting
the modulation frequency, u = 1/t, we achieve optimal sen-
sitivity to phase angle changes irrespective of the finesse or
ring-down time of the cavity. While their appearance is very
different, these microresonators show very similar behaviour
compared to ‘‘regular’’ ring-down cavities consisting of two
or more mirrors and to the above fiber-loop cavities. For ex-
ample, in all three types of cavities the overall cavity loss
depends on the losses inside the cavity medium and the
losses that occur when light is coupled in and out of the
cavity. The whispering gallery mode can interact with the
sample through its evanescent field, i.e., the small part of
the mode field that is located outside the sphere and decays
exponentially over the distance of only a few 100 nm.

Recently, our group has demonstrated phase-shift CRD
measurements on a 300 mm microsphere and determined
the attenuation that a WGM experiences.58 In the following,
we briefly describe the optical setup and highlight the theo-
retical and analytical aspects of this work.

The silica microspheres were formed by fusing the end of
a single-mode optical fiber (Corning, single mode fiber,
SMF-28) to obtain a sphere with a nominal diameter of
about 300 mm. The residual optical fiber stem allows for
manipulation and positioning of the microsphere. A tapered
single-mode optical fiber, with a waist diameter of about
3–4 mm, was used to couple light into the evanescent field
of the microsphere WGM (Figs. 1 and 6). A detailed de-
scription of the experimental setup regarding the micro-
sphere and tapered waveguide may be found elsewhere.53

Two different lasers were used. A tunable diode laser
(Ando AQ 4320D, power: 3 mW) with a linewidth of about
200 MHz was used to optimize the coupling into the sphere
and conduct proof-of-concept measurements of the phase
angle associated with ring-down events on selected WGMs.
An Er-doped fiber-ring DFB laser (Koheras Adjustik E15,
linewidth < 1 kHz, power: 100 mW) was employed to inter-
rogate the microsphere when ethylene diamine was depos-
ited onto its surface.

The laser output was sinusoidally intensity modulated us-
ing a Mach–Zehnder modulator (JDS Uniphase) up to a
modulation frequency of 2 MHz. A polarization controller,
positioned after the modulator, allowed the TE and TM res-
onator modes to be selectively excited, although we were
not able to distinguish between these two polarization states.
Rayleigh back-scattering from imperfections in the silica mi-
crosphere quickly equilibrates degenerate counter-propagat-
ing cavity modes.59 In our previously published work,
WGM resonances were observed as dips in the delivery fi-
ber transmission spectrum and as intensity peaks in the scat-
tering spectrum from the microsphere. We also derived
expressions (valid for angular modulation frequencies, u,
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that are much lower than the carrier frequency) for the phase
shifts that can be observed by recording the intensity modu-
lated signal of the light transmitted through the fiber taper,
and of the light scattered from the sphere.

½4� Dftrans � �
2u neffL

c

2ln ðG Þ
ðlnG Þ2 � ðaL=2Þ2

Dfscatter � �
2u neffL

c

1

�2lnG þ aL

Clearly, the two phase angles have a different dependence
on the optical coupling, G, between the fiber and the resona-
tor and the optical loss, aL, of the WGM. Since both phase
angles may be recorded simultaneously, we can obtain
values for both G and aL for each WGM. As for ‘‘regular’’
cavities, it is possible to transfer nearly all the power into the
cavity, i.e., at ‘‘critical coupling’’. This condition is achieved,
here, when Gcritical = 0.9998 and acritical = 0.43 m–1. At this
point, the phase angle of the transmitted light is infinite,
and the intensity carried by the fiber taper drops to zero.
Phase-angle measurements of the transmitted light are therefore
biased to detect WGMs near critical coupling, whereas for
scattered light, WGM with the lowest total loss (–lnG + aL)
show the largest phase angles.

With –lnG and aL one can easily calculate the nominal
ring-down time

½5� t ¼ neffL

cð�lnG 2 þ aLÞ
For the four WGMs that were investigated, we obtained

t = 4 ns to 8 ns, corresponding to quality factors (Q factors)
of the order of 106–107. Most importantly for chemical de-
tection, the attenuation term, a, will change when an analyte
is adsorbed to the micoresonator surface and absorbs (or
scatters) the WGM.

While the scattered light in previous work was collected
through a microscope lens placed above the sphere, we
also recorded WGM resonances that were detected through
Rayleigh backscattered light. Conveniently, the Rayleigh

backscattered counterpropagating modes are partly coupled
back into the delivery waveguide. A fiber optic circulator,
positioned before the polarization controller, extracted the
backscattered light and directed it to a fiber-coupled, 6 GHz
bandwidth InGaAs detector (Thorlabs, Inc. SIR5). A radio-
frequency lock-in amplifier (Stanford Research Systems
Model SR844) processed the detector output, providing, si-
multaneously, an intensity and a phase-angle measurement
that was referenced to the laser modulation. As the narrow
band-width laser was slowly scanned, the lock-in amplifier’s
outputs of intensity and phase shift were recorded. The en-
tire optical setup was placed under a PlexiglasTM enclosure
and purged with dry nitrogen to reduce contamination. Dry
nitrogen was also used to sweep ethylene diamine (Sigma-
Aldrich, used without purification) vapour from a flask into
the plastic enclosure, with a partial pressure of about 10
Torr. Once a suitable shift in the WGM resonance was ob-
served, the dosing was stopped and the chamber sealed. Eth-
ylene diamine could be removed from the microsphere by
purging the chamber with a continuous flow of dry nitrogen.

The presence of ethylene diamine in the vicinity of the
silica microsphere surface manifests itself in two ways:
through a shift in the cavity resonance position to longer
wavelength and through a reduction in the optical lifetime
(ring-down time) of the mode. Experimental results are
shown in Figs. 7 and 8. The reduction of the ring-down
time is also responsible for the decreased amplitude and
larger linewidth in the phase-shift spectrum (Fig. 7). The
magnitude of the phase shift has been measured for a num-
ber of modulation frequencies.

Previously, it has been shown that ethylene diamine ad-
sorbs strongly to silica through interactions with surface si-
lanol groups.60 We assume, in our case, that the observed
perturbations of the cavity resonance are due to adsorbed
ethylene diamine, rather than vapour, by virtue of the
method by which the compound was introduced. This as-
sumption was confirmed in, as yet, unpublished calculations.

Arnold et al.43 have derived an expression describing the
wavelength shift of a WGM due to molecules adsorbed on a

Fig. 6. Scheme of the setup used for phase-shift CRD spectroscopy of microsphere resonators.
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microsphere surface. In our experiment, the observed shift
of the WGM resonance upon dosing the microsphere with
adsorbate was 12.8 ± 0.2 pm from which a coverage of
about 3 monolayers may be estimated using the polarizabil-
ity of bulk ethylene diamine. Since water vapour is ubiqui-
tous and is also strongly adsorbed on silica, the measured
surface concentration of ethylene diamine also indicates that
water has been displaced by ethylene diamine.

The surface coverage can also be obtained from the ab-
sorption measurement, i.e., from the decrease in phase shift
(ring-down time) as the ethylene diamine concentration in-
creases. For a single exponential decay, the phase shift of
the intensity-modulated light is related to the ring-down
time, t, by eq. [3]. From Fig. 8, the ring-down times with
and without ethylene diamine present are t = 68 ± 7 ns and
t0 = 44 ± 4 ns, respectively. Note that this WGM has much
lower loss compared to the WGM described previously by

our group.58 From the ring-down times and using an esti-
mate of the fraction of the evanescent field that can interact
with the adsorbed layer, it is possible to again estimate the
surface coverage of ethylene diamine as about seven mono-
layers using the absorption coefficient of bulk ethylene dia-
mine (EDA).

The discrepancy of the value obtained through phase-shift
CRD absorption, three monolayers (SEDA = 3.6 � 1015 cm2)
with the value of seven monolayers (SEDA =
1.5 � 1015 cm2) that was obtained using the wavelength
shift of the same WGM may be attributed to either a de-
crease of the ethylene diamine polarizability and (or) an in-
crease of the absorption cross section of ethylene diamine
compared to the bulk liquid. This is not surprising as it is
well-known that the mid-infrared absorption cross section of
ethylene diamine at silica surfaces is markedly higher than
that of the bulk liquid.60 Also, the alignment of the surface
complex is normal to the sphere surface and is expected to
cause further deviations of the absorption cross section and
polarizability from the bulk liquid ethylene diamine values,
both of which were obtained in isotropic samples.

In any case, it is possible to estimate the detection limit
for the phase-shift CRD microsphere resonator detector. For
our particular setup and WGM, we can measure a 10%
change of the ring-down time (corresponding to best-fit er-
rors of Fig. 8), and can therefore detect a surface coverage
of SEDA = 6.5 � 1014 cm2 corresponding to less than 1.5
monolayers.

Future work will focus on improving this detection limit
by using lasers with narrower line widths. Also, a careful
survey of the WGM spectrum may yield better suitable
WGM with higher Q factors. Finally, we require independ-
ent measurements of the surface refractive index and absorp-
tion of ethylene diamine to quantify the surface
concentration with higher accuracy. Similar measurements
should also be possible at different wavelengths, e.g., in the
visible region of the spectrum or even in the mid-infrared
region given the availability of narrow band lasers and
waveguide materials.

While microsphere resonators are well-suited for the opti-
cal characterization of thin films, it would be much more
difficult to use the optical cavity itself as a tool for chemical
identification. Overtone absorption and refractive index of
the film are both ‘‘broad band’’ spectroscopic features that
carry little information on the exact identity of the chemical
composition of the film. Chemical (bio-) detection of tar-
geted molecules is possible, however, by functionalizing the
surface such that the analyte of interest adsorbs and then in-
teracts with the optical cavity.

Conclusions
With this presentation, we intended to show the potential

and limitations of two rather exotic applications of absorp-
tion spectroscopy. We concentrated this discourse on simple
absorption measurements, but it is easily demonstrated that
the fiber-loop ring-down method also has other applications,
such as the measurements of refractive indices,61 of loss in
fiber optic components, of strain, temperature and pres-
sure.62–64 Here, the sensitivity of fiber optic devices such as

Fig. 7. Redshift of the whispering gallery mode resonance at
1.56 mm (dashed red line) upon adsorption of ethylene diamine on
the microsphere resonator (solid black). The phase shift was re-
corded at a modulation frequency of u = 3.77 � 106 rad/s.

Fig. 8. Phase shift of the Rayleigh backscattered light from the mi-
crosphere resonator as a function of modulation frequency mea-
sured with respect to the forward propagating modes. Due to the
increased loss upon adsorption of ethylene diamine (black squares),
the ring-down time, i.e., the slope, decreases.
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fiber Bragg gratings and long-period gratings to environ-
mental parameters may be exploited.

Similarly, one can functionalize the surface of micro-
spheres to obtain selectivity to analytes of interest. Refrac-
tive index measurements combined with thermoptic
response of the cavity have already led to the detection of a
single interleukin-2 molecule on silica microtoroid resona-
tor.52,55 Direct absorption measurements on functionalized
spheres have not yet been conducted but are certainly in the
realm of phase-shift CRD.

While it appears that CRD absorption measurements using
waveguide loops or microresonators are only of limited use
for measurements of trace gas concentrations (the strength
of mirror-based CRD spectroscopy), and of ‘‘large liquid
volume’’ absorption spectroscopy (the strength of direct ab-
sorption), the methods may evolve into a useful tool for the
measurements of the absorption of small liquid volume and
small amounts of adsorbed substances.
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ATRP grafting of oligo(ethylene glycol)
methacrylates from gold surface —— Effect of
monomer size on grafted chain and EO unit
densities

Zhilin Jin, John L. Brash, and Shiping Zhu

Abstract: Oligo(ethylene glycol) methacrylate (OEGMA) was grafted from Au surface via surface-initiated atom-transfer
radical polymerization (s-ATRP). The initiator density was adjusted by the mole fractions of surface-attachable ATRP ini-
tiator and diluting agent. Three OEGMA monomers of Mr 300, 475, and 1100 were used. The Au surfaces before and
after modification were characterized by water contact angle and ellipsometry. The effect of monomer Mr and initiator
density on surface chain density and EO unit density was investigated. It was found that at low initiator density (mole
fraction of initiator of 2%–5%), poly(OEGMA) grafts had comparable surface chain density independent of OEGMA Mr.
However, at high initiator density (mole fraction of initiator >10%), poly(OEGMA)1100 had obviously lower chain densities
than
poly(OEGMA)300 and poly(OEGMA)475, which could be attributed to the size difference of the monomers. The short chain
length and low surface chain density of poly(OEGMA)1100 resulted in its relatively low surface EO unit density.

Key words: Au surface, poly(ethylene glycol), atom transfer radical polymerization (ATRP), grafting, surface chain den-
sity, surface EO unit density, monomer Mr.

Résumé : On a greffé du méthacrylate d’oligo(éthylèneglycol) (MAOEG) sur une surface d’or par le biais d’une polyméri-
sation radicalaire par transfert d’atome initié par la surface (PRTA-s). La densité de l’initiateur a été ajustée par les frac-
tions molaires de l’initiateur de la PRTA qui peuvent être attachées à la surface et l’agent diluant. On a utilisé trois
MAOEG de Mr 300, 475 et 1100. On a caractérisé les surfaces d’or avant et après modification par l’angle de contact de
l’eau et par ellipsométrie. On a étudié l’effet du poids moléculaire du monomère et la densité de l’initiateur sur la densité
de la chaı̂ne en surface et sur la densité de l’unité d’oligoéthylèneglycol. On a trouvé que pour des densités d’initiateur fai-
bles (fraction molaire d’initiateur allant de 2 % à 5 %), la densité de chaı̂ne en surface des greffes est indépendante du Mr

du MAOEG. Toutefois, à des densités d’initiateur plus élevées (fraction molaire d’initiateur supérieure à 10 %), les densi-
tés de chaı̂ne du poly(MAOEG)1100 sont évidemment plus faibles que celles des poly(MAOEG)300 et poly(MAOEG)475 et
cette situation peut être attribuée à une différence dans la taille des monomères. La courte longueur de la chaı̂ne et la
faible densité de la chaı̂ne de surface du poly(MAOEG)1100 résultent de la densité relativement faible de l’unité d’oligo-
éthylèneglycol.

Mots-clés : surface d’or, poly(éthylèneglycol), polymérisation radicalaire par transfert d’atome (PRTA), greffage, densité
de la chaı̂ne en surface, densité de l’unité d’oligoéthylèneglycol, Mr du monomère.

[Traduit par la Rédaction]

Introduction
Poly(ethylene oxide) (PEO)- and oligo(ethylene glycol)

(OEG)-containing polymers (e.g., poly(oligo(ethylene gly-
col) methacrylate) (poly(OEGMA))) have attracted much at-
tention as a biomaterial coating because of its high ability to
resist non-specific protein adsorption, biofouling, and its
high biocompatibility.1 It has been shown that many factors,
including PEO chain length, surface chain density, polymer
conformation, and surface EO unit density, have strong ef-
fects on the protein-resistant and biocompatible perform-

ance.2–4 However, details of these effects are still a matter
of debate. A significant barrier to elucidate these factors to
protein resistance and (or) biocompatiblity is the lack of
techniques to control and accurately measure these proper-
ties.

The recent development of atom-transfer radical polymer-
ization (ATRP) method provides a facile way to achieve
uniform and tunable graft chain length on surface.5–8 It has
also been found that chain density of polymer grafts can be
varied by adjusting the initiator density on surface,9,10 and
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the monomer size has an effect on the polymer chain density
formed via surface-initiated ATRP (s-ATRP).11 Recently,
the surface-initiated ATRP of PEO-containing molecules
(such as OEGMA) has been performed on well-defined
model substrates, such as silicon and gold,9,10 which allow
relatively accurate characterization of polymer grafts via el-
lipsometry and (or) AFM compared with other substrates,
such as polymeric substrates. However, there is very little
work where surface chain density and surface EO unit den-
sity are finely tuned by varying monomer Mr and initiator
density, and where the effect of monomer Mr and initiator
density was systematically studied.

In this study, oligo(ethylene glycol) methacrylate (OEGMA)
was grafted from Au surface via s-ATRP with various initiator
densities and three OEGMA monomers of Mr 300, 475, and
1100 (equivalent to 5, 9, and 23 ethylene oxide residues, re-
spectively). The effect of monomer Mr and initiator density
on surface chain density and surface EO unit density was in-
vestigated.

Experimental

Materials
Gold-coated silicon wafers (500 mm thickness, 100 mm

diameter, Au coating layers of 100 nm thickness on both
sides) were purchased from SVM (Silicon Valley Microelec-
tronics, Inc.) and cut into 5 � 5 mm pieces using a Micro
Ace Series 3 dicer (Loadpoint Ltd., England). Hydrogen per-
oxide (30%), ammonia solution (30%), and methanol (HPLC
grade) were obtained from Caledon Laboratories LTD and
used as received. Bis[2-(2’-bromoisobutyryloxy) ethyl] disul-
fide (the structure shown in Scheme 1) was purchased from
ATRP Solutions, Inc. and used as received. Butyl disulfide
(97%), ethyl 2-bromoisobutyrate (EBIB) (98%), 2,2’-bipyridyl
(bpy) (99%), and CuIBr (99.999%) were purchased from
Sigma-Aldrich and used as received. OEGMAs with molec-
ular weights (Mr) of 300, 475, and 1100 were purchased

from Sigma-Aldrich and passed over a basic alumina col-
umn to remove inhibitor. Basic alumina (Brockman Activity
1, mesh 60–325) was purchased from Fisher Scientific and
used as received. Deionized water used in this study had a
resistivity of 18.2 MO cm and nitrogen gas was of ultrahigh-
purity (UHP) grade.

Pretreatment of Au surfaces
Gold-coated silicon chips (5 � 5 mm) were immersed in a

1:1:5 solution of hydrogen peroxide:ammonium hydroxide:water
at 80 8C for 5 min, sonicated for 1 min, and rinsed in deion-
ized water to remove any carbonaceous contamination. After
cleaning, the gold-coated chips were either used immediately
for the formation of the initiator self-assembled monolayer
(SAM) or stored in ethanol at room temperature.

Formation of initiator monolayer on Au surfaces
The self-assembled monolayer (SAM) of initiator was formed

by soaking the freshly cleaned gold-coated chips in an ethanol
solution (total concentration: 1 mmol/L) containing disulfides
for 24 h without stirring at room temperature. The mixed disul-
fide solution contained bis[2-(2’-bromoisobutyryloxy) ethyl]
disulfide (the initiator molecule 1 in Scheme 1) and butyl disul-
fide as a diluting agent. The mole fractions of the initiator
varied from 0% to 100%. The surfaces were removed from
the solution, cleaned ultrasonically for 1 min in pure etha-
nol, rinsed with THF, and then dried in a nitrogen stream.
The gold surfaces with SAMs (referred to as Au/initiator)
were either used immediately or stored in glass tubes under
nitrogen at room temperature.

s-ATRP of OEGMA from initiator-functionalized gold
surfaces

Poly(OEGMA)s with various side-chain lengths (EO
units) or monomer Mr values (300, 475, and 1100) were
grafted from the Au/initiator surfaces via s-ATRP. The
detailed procedure was described previously.12,13 EBIB

Scheme 1. Two-step reaction procedure for the synthesis of poly(OEGMA)-grafted Au surface with varying graft chain density.
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was used as a sacrificial initiator. The monomer concen-
tration was fixed at 38% w/v and the molar ratio of
OEGMA:EBIB:CuIBr:bpy was 100:1:1:2, with methanol as
solvent. 10 g OEGMA was used in an s-ATRP process with
40 pieces of gold-coated chips. The s-ATRP process was
performed under nitrogen at room temperature for 48 h. The
surfaces were then cleaned ultrasonically for 1 min in meth-
anol, rinsed with methanol, and then dried in a nitrogen
stream.

Characterization
1H NMR spectroscopy (Bruker AC-P200 spectrometer,

D2O solvent) was used to determine OEGMA conversion in
the s-ATRP reactions. Gel permeation chromatography
(GPC, Waters 2690 separations module with a Waters 2410
refractive index detector, PEO calibration standards) was
used to determine the molecular weight and polydispersity
index (PDI) of poly(OEGMA) formed in solution. Water con-
tact angle measurements were performed on the gold surfaces

Fig. 1. (a) Ellipsometric thickness of the mixed SAMs of initiator and diluting agent. (b) Surface density of initiator in the mixed SAMs.
Error bars represent one standard deviation, n = 4.

Table 1. Conversion and molecular weight in s-ATRP of OEGMA from Au/initiator surfaces with sacrificial initiator in solution.

OEGMA Mr Molar ratio (OEGMA/EBIB) Conversion (%)a Theoretical Mn (kg/mol)b Mn, GPC (kg/mol)c Mw/Mn

300 100 >99 30 28.7 1.06
475 100 >99 47.5 39.5 1.13
1100 100 48 52.8 49.0 1.05

aConversion calculated from 1H NMR data.
bCalculated via conversion � (molar ratio OEGMA/EBIB) � (OEGMA Mr).
cBased on PEO calibration standards.

Jin et al. 413

Published by NRC Research Press

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

U
ni

ve
rs

ity
 o

f 
E

le
ct

ro
ni

c 
an

d 
Sc

ie
nc

e 
T

ec
ho

no
lo

gy
 o

f 
C

hi
na

 o
n 

09
/1

7/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



with a Rame-Hart NRL goniometer (Mountain Lakes, NJ) at
room temperature, using the sessile drop method.

An Exacta 2000 ellipsometer (Waterloo Digital Elec-
tronics) was used to determine the thicknesses of the initia-
tor monolayer and poly(OEGMA) on the gold-coated
substrates with single wavelength (6328 Å) and an incident
angle of 708. The gold-coated wafers were considered as the
substrate, with refractive index (ns) and extinction coeffi-
cient (ks) of 0.19 ± 0.02 and 3.52 ± 0.08, respectively. For
the initiator-functionalized and poly(OEGMA)-grafted surfa-
ces, the polarizer (P) and analyzer (A) angles for the null
condition were measured and thickness values were deter-
mined using a three-layer air-grafts-gold model via the Ex-
acta 2000 Variable Theta Simplex Fitting Program. A
refractive index of 1.46 was used for initiator SAMs and
poly(OEGMA) grafts.14,15

The surface chain densities of poly(OEGMA) as well as
initiator/diluting agent were calculated based on the follow-
ing equation:9,16

½1� s ¼ hrNA

Mn
where s is the surface chain density, h is the layer thick-
ness determined by ellipsometry, r is the bulk density of
the grafted layer (1.0 g/cm3 was used for poly(OEGMA)
and initiator SAMs), NA is Avogadro’s number, and Mn is
the number-average molecular weight (Mn, GPC was used for
poly(OEGMA)). The molecular weight of poly(OEGMA)
formed on surface is assumed to be the same as that of
poly(OEGMA) formed in solution, and the mole fraction of
initiator in the SAMs is assumed to be the same as that in
the mixed disulfide solution during initiator immobilization.

Results and discussion

Mixed SAMs formed on Au surfaces
Scheme 1 illustrates the two-step reaction procedure for the

synthesis of poly(OEGMA)-grafted Au surfaces (referred to
as Au/poly(OEGMA)). The chain density of poly(OEGMA)
was controlled through the surface initiator density in the

SAMs. Bis[2-(2’-bromoisobutyryloxy) ethyl] disulfide (1) was
used as the grafting initiator and butyl disulfide (2) as an
inert ‘‘diluting agent’’ that chemisorbs to gold similarly to
the initiator. The mole fractions of active initiator in the
SAMs ranged from 2% to 100%.

Figure 1a shows the ellipsometric thickness of the SAMs
having various mole fractions of initiator; values were in the
range of < 1 nm. The 100% initiator layer was significantly
thicker than the 100% diluting agent layer, in agreement
with the dimensions of the two molecules. The surface den-
sity (molecules/nm2) of the SAMs was calculated from the
thickness data, and the initiator density was estimated from
the SAM density and the mole fraction of initiator. The ini-
tiator density (Fig. 1b) was found to increase linearly with
increasing mole fraction of initiator in the mixed disulfide
solution.

Poly(OEGMA) grafts via s-ATRP
ATRP grafting of OEGMA was carried out on the Au/

initiator surfaces with Cu(I)Br/2bpy complex as catalyst and
free/sacrificial initiator (EBIB) in solution. The free initiator
in solution was in very large amounts compared with the ini-
tiator covalently attached on surface. For a well-controlled
ATRP process, the polymer chains formed by the free initia-
tor in solution may be assumed to have the same chain
length and distribution as the chains grafted on the surface.17

The monomer conversion, molecular weight, and the poly-
dispersity of the polymers formed in solution are shown in
Table 1. Complete conversion was achieved for the ATRP
grafting of OEGMA of Mr 300 and 475. However, for
OEGMA of Mr 1100, the conversion was limited to ~48%.
Polydispersities determined by GPC were in the range of
1.05 to 1.19, indicating good control of the ATRP process.

The advancing water contact angles (qAdv) of the Au sur-
faces before and after modification are shown in Fig. 2. The
contact angle of unmodified Au surface was about 658 and
clearly decreased after poly(OEGMA) grafting. For a given
monomer Mr, especially for Mr of 300 and 475, qAdv de-
creased slightly from ~558 to ~408 with increasing initiator

Fig. 2. Water contact angles (advancing) of poly(OEGMA)-grafted Au surfaces. The surfaces are named by the mole fraction of initiator
(%) (first number) and the monomer Mr (second number). Error bars represent one standard deviation, n = 4.
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Fig. 3. (a) Ellipsometric thickness and (b) density (chains/nm2) of the poly(OEGMA) grafts with various OEGMA Mr 300, 475, and 1100.
Error bars represent one standard deviation, n = 4.

Scheme 2. Highly stretched poly(OEGMA) brushes with various OEGMA Mr.
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fraction from 2% to 100%, presumably due to the increased
surface density of the hydrophilic EO units at higher initia-
tor density. For OEGMA of Mr 1100, the contact angle le-
veled off at initiator fraction > 50%; this is in agreement
with the thickness and density variation of the poly(OEGMA)
grafts (Fig. 3).

The thickness of poly(OEGMA) grafts was determined by
ellipsometry, and the data are shown in Fig. 3a. For a given
monomer Mr, the thickness of the grafts increased signifi-
cantly with increasing initiator fraction or initiator density,
and leveled off above an initiator fraction of 50%, especially
for OEGMA of Mr 1100. At relatively low surface initiator
density (initiator fraction ~2%), poly(OEGMA)1100 grafts
showed a slightly higher thickness than poly(OEGMA)300
presumably reflecting higher Mr but similar chain density.
On surfaces with initiator fraction > 10%, the poly(OEGMA)1100
layer was obviously thinner than the poly(OEGMA)300 and pol-
y(OEGMA)475 for a given initiator density. The low DP (~48) or
short backbone length of poly(OEGMA)1100 is one possible rea-
son for the relatively low thickness of poly(OEGMA)1100 layers.

The surface densities (chains/nm2) of the poly(OEGMA)
grafts calculated from the ellipsometric thickness data are
shown in Fig. 3b. For a given monomer Mr, the poly(OEGMA)
density increased significantly with increasing initiator fraction
from 2% to ~50%, and leveled off at higher initiator fractions.
At low initiator density (mole fraction 2%–5%), poly(OEGMA)
grafts had comparable surface density (chains/nm2) independent
of OEGMA Mr; however, at high initiator density (mole frac-
tion > 10%), significant differences were seen in the densities
of poly(OEGMA) grafts for the different monomer Mr values.
Poly(OEGMA)300 and poly(OEGMA)475 showed higher graft
densities than poly(OEGMA)1100, possibly attributable to the
size difference of the monomers. Scheme 2 shows a sche-
matic of the stretched out structures of poly(OEGMA)
brushes (the expected configuration at relatively high initia-

tor density) and the effect of monomer Mr on surface density
of polymer chains. The larger monomer with larger foot-
print, once adsorbed, may restrict access of the catalyst
complex and monomer to nearby initiator sites, thus reduc-
ing initiation efficiency and graft chain density.

The surface densities of EO repeat-unit residues (esti-
mated from the monomer Mr, polymer chain length, and
polymer chain density) are shown in Fig. 4. For a given
monomer Mr, the surface EO unit density generally
increased with increasing initiator density in the range inves-
tigated (0.03–1.1 chains/nm2). For a given high initiator
density (initiator fraction >10%), the poly(OEGMA)475 layer
had the highest EO unit density. The poly(OEGMA)300 and
poly(OEGMA)1100 layers had similar EO unit density. The low
DP and low surface chain density of poly(OEGMA)1100 relative
to poly(OEGMA)475 and poly(OEGMA)300 probably account
for its relatively low surface EO unit density. Poly(OEGMA)300
had a similar chain density to poly(OEGMA)475 at the rela-
tively low initiator density and obviously higher chain density
than poly(OEGMA)475 at the relatively high initiator density.
However, poly(OEGMA)300 had much shorter PEO side-chain
length, about half of the side-chain length of poly(OEGMA)475,
which resulted in a lower EO unit density than poly(OEGMA)475.

Conclusions

Poly(OEGMA) was grafted from Au surface via a two-
step procedure including initiator-chemisorption and surface-
initiated ATRP. The initiator density was adjusted by mixing
the initiator with an inert surface-attachable diluting agent.
Three OEGMA monomers of Mr 300, 475, 1100 were used.
The Au surfaces were characterized by water contact angle
and ellipsometry before and after modification. The data in-
dicated successful formation of initiator and poly(OEGMA)
layers with a range of surface densities.

Fig. 4. Surface density of EO units on Au surfaces with various OEGMA Mr and initiator density. Error bars represent one standard devia-
tion, n = 4.
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The surface densities of initiator and poly(OEGMA) were
calculated from the ellipsometric thickness of the layers.
The initiator density was found to increase linearly with in-
creasing mole fraction of initiator in the initiator – diluting
agent mixture. For a given monomer Mr, the poly(OEGMA)
thickness and density increased with increasing initiator
fraction from 2% to ~50% and leveled off at higher initiator
fractions. At low initiator density (mole fraction of initiator
2%–5%), poly(OEGMA) grafts had comparable surface
chain density independent of the OEGMA Mr; at high
initiator density (mole fraction >10%), poly(OEGMA)1100
showed lower graft densities than poly(OEGMA)300 and
poly(OEGMA)475, which could be attributed to the size dif-
ference of the monomers.

Surface EO unit density was estimated from the mono-
mer’s Mr, polymer chain length, and polymer chain density,
and was found generally to increase with increasing initiator
density in the range 0.03–1.1chains/nm2 for a given Mr value
of the monomer. For a given high initiator density (initiator
fraction >10%), poly(OEGMA)475 layers showed the highest
EO unit density. Poly(OEGMA)300 and poly(OEGMA)1100
layers showed similar, but lower, EO unit density.
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Competition between electrochemical advanced
oxidation and electrochemical hypochlorination of
acetaminophen at boron-doped diamond and
ruthenium dioxide based anodes

Jordache Boudreau, Dorin Bejan, and Nigel J. Bunce

Abstract: This work was undertaken to distinguish four pathways for the electrochemical oxidation of acetaminophen as a
model organic substrate: (i) direct electron transfer from the substrate to the anode, (ii) reaction of the substrate with HO�

at boron-doped diamond anodes, (iii) non-radical (two-electron) oxidation of the substrate at Ti/RuO2 anodes, and (iv)
electrochemical hypochlorination if Cl– is present. Pathway (i) was isolated as a slow reaction when boron-doped diamond
(BDD) was used as the anode in the range of water stability, whereas in the corresponding reaction with Ti/RuO2 only
pathway (iii) could be detected. Pathway (ii) predominated for BDD in the potential range of water oxidation, and was the
only mechanism leading to mineralization of the substrate. Comparison between chemical hypochlorination and electro-
chemical oxidation at Ti/RuO2 in the presence of chloride ion indicated that the latter process principally involves medi-
ated hypochlorination. Oxidation at boron-doped diamond anodes in the presence of chloride was the most complex
mechanistically, with competition between hypochlorination and the electrochemical ‘‘advanced oxidation process’’; this
led to the formation of chlorinated byproducts. The observation of mineralization under these conditions demonstrated
cross-over between reaction pathways (ii) and (iv), even though hypochlorination appeared to be the initial pathway for
loss of acetaminophen. The presence of chloride ion did not significantly retard mineralization of acetaminophen in the in-
itial stages of oxidation, but significantly increased the energy requirement for complete mineralization. The results are
discussed in the context of the use of electrochemical oxidation in waste management.

Key words: mineralization, electrochemical hypochlorination, electrochemical advanced oxidation, boron-doped diamond
anode, acetaminophen.

Résumé : On a entrepris ce travail dans le but d’établir une distinction entre les quatre voies réactionnelles lors de l’oxy-
dation électrochimique de l’acétaminophène utilisé comme substrat organique modèle : (i) transfert d’électron direct du
substrat à l’anode; (ii) réaction du substrat avec le HO� au niveau des anodes de diamant dopées au bore; (iii) oxydation
non radicalaire à deux électrons du substrat au niveau des anodes de Ti/RuO2 et (iv) hypochloruration électrochimique si
l’anion Cl– est présent. La voie réactionnelle (i) a été détectée sous la forme de réaction lente quand on utilise du diamant
dopé au bore (DDB) comme anode dans la plage de stabilité de l’eau alors que pour la réaction correspondante avec des
anodes de Ti/RuO2 on n’a détecté que la voie (iii). La voie (ii) est prédominante pour le DDB dans la plage de potentiel
d’oxydation de l’eau et c’est le seul mécanisme qui conduit à la minéralisation du substrat. Une comparaison entre l’hypo-
chloruration chimique et l’oxydation électrochimique avec des anodes de Ti/RuO2, en présence d’ion chlorure, indique que
le deuxième processus implique une hypochloruration catalysée. L’oxydation au niveau des anodes de diamant dopées au
bore, en présence d’ion chlorure, est la réaction la plus complexe d’un point de vue mécanistique et elle implique une
compétition entre l’hypochloruration et le processus d’oxydation électrochimique avancée; ceci conduit à la formation de
sous-produits chlorés. L’observation d’une minéralisation dans ces conditions a permis de démontrer qu’il se produit un
croisement entre les voies réactionnelles (ii) et (iv), même si l’hypochloruration semblait être la voie initiale pour la perte
de l’acétaminophène. La présence d’ion chlorure ne retarde pas d’une façon significative la minéralisation de l’acétamino-
phène dans les étapes initiales de l’oxydation, mais elle augmente considérablement l’énergie requise pour arriver à une
minéralisation complète. On discute des résultats dans le contexte d’une utilisation de l’oxydation électrochimique dans la
gestion des déchets.

Mots-clés : minéralisation, hypochloruration électrochimique, oxydation électrochimique avancée, anode de diamant dopé
au bore, acétaminophène.
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Introduction
Electrochemical oxidation of organic-contaminated waste-

waters has received considerable research attention as a pos-
sible treatment method.1–7 Much of this effort has focused
on anodes with a high overpotential for oxygen evolution
(inactive anodes), notably b-PbO2, Ti/SnO2, and boron-
doped diamond (BDD), which are especially effective at
producing sorbed hydroxyl radicals, also called ‘‘physi-
sorbed active oxygen’’.8,9 These methods have been termed
electrochemical advanced oxidation processes (EAOPs)10–12

by analogy with conventional ‘‘advanced oxidation proc-
esses’’ (AOPs), which also involve hydroxyl radicals. Hy-
droxyl radicals have high and indiscriminate reactivity
towards most organic compounds through addition and (or)
hydrogen abstraction reactions,13 leading to complete oxida-
tion (mineralization) of recalcitrant organic contaminants by
EAOP, or partial oxidation to render them more amenable to
conventional biological oxidation.

Electrochemical oxidation of organic substrates is acceler-
ated in the presence of chloride ion, which is a common
constituent of industrial waste streams.14–17 Chloride can be
oxidized electrochemically to hypochlorous acid or hypo-
chlorite ion, depending on the pH; the resulting free
available chlorine (FAC) can effect electrochemical hypo-
chlorination (EH) because FAC is both a chlorinating and
an oxidizing agent. Hypochlorination does not lead to
mineralization and may produce chlorinated byproducts that
are more recalcitrant to remediation than the original con-
taminants. EH should predominate over EAOP at ‘‘active’’
anodes based on Ti/IrO2 and Ti/RuO2, which function as ox-
idizing agents by a ‘‘higher oxide’’ (MOn+1) mechanism,18–20

and which also promote efficient conversion of chloride to
FAC.21

In principle, an organic contaminant might be electro-
chemically oxidized by several different reaction pathways
when chloride ion is present. These are direct electron transfer
from the substrate to the anode, EAOP by reaction of the sub-
strate with HO� at inactive anodes, non-radical (two-electron)
oxidation of the substrate by MOn+1 at active anodes, and
EH if Cl– is present.

We recently explored the relationship between some of
these mechanisms using the antibiotic sulfamethoxazole
(SMX) as a test substrate.22 Most of the work was carried
out using BDD anodes, at which EH and EAOP should oc-
cur competitively in the presence of chloride ion. The loss
of SMX increased monotonically upon addition of chloride
ion. Mineralization was not inhibited in the early stages of
oxidation, but the formation of chlorinated intermediates
greatly increased the charge needed for complete mineraliza-
tion. The oxidation of SMX (with or without chloride) could
not be studied at Ti/IrO2–Ta2O5 anodes, which were rapidly
inactivated due to electropolymerization through the aniline
functional group. The present study was therefore initiated
to remedy this limitation; the substrate selected was acet-
aminophen (AP), which has previously been shown to
undergo oxidation in the absence of chloride at both active
(Ti/IrO2–Ta2O5) and inactive (BDD) anodes using a plug-
flow divided reactor.23 AP offers a useful mechanistic dis-
tinction: whereas mineralization occurs smoothly at the in-
active anode BDD, the chief product at the active anode

Ti/IrO2–Ta2O5 is benzoquinone (BQ).23,24 Brillas et al.25

studied the mineralization of AP in the pH range of 1–12
with Na2SO4 as supporting electrolyte using an undivided
cell. Complete mineralization with release of NH4

+ and
NO3

– ions was achieved at a BDD anode, but mineralization
was inefficient at Pt.

Materials and methods

Materials
Acetaminophen, N-(4-hydroxyphenyl)ethanamide (AP),

1,4-benzoquinone (BQ) 98%, potassium iodide 99%+, and
sodium perchlorate 99%+ were supplied by Sigma-Aldrich
(Oakville, ON). HPLC grade acetonitrile was obtained from
Caledon Laboratories (Georgetown, ON); sodium chloride,
sodium phosphate monobasic monohydrate, and sodium hy-
droxide were supplied by Fisher Scientific Company
(Toronto, ON). ‘‘Ultra’’ bleach (6%) was purchased from
No-Frills, Guelph ON, subsidiary of Loblaws Inc, Toronto,
ON. Solutions were prepared using a Millipore Milli-Q Re-
agent Water System with water having resistivity of about
18.2 MO cm. The Si/BDD anodes were obtained from the
Swiss Center for Electronics and Microtechnology, Inc.,
Neuchâtel; titanium served as the cathode (Chemistry ma-
chine shop, University of Guelph).

Apparatus and experimental procedures
Batch electrolyses were performed in a 150 mL beaker

(Pyrex, USA) with a solution volume of 100 mL of
1 mmol/L AP or BQ; ionic strength was maintained at
0.1 mol/L with NaClO4. The immersed areas of both the ti-
tanium cathode and the Si/BDD anode were 3.75 cm2. Solu-
tions were stirred during electrolysis using a Thermix stirrer
(Fisher Scientific Model 120 MR). Voltage, electrode poten-
tial, and current were monitored using a Wavetek DM5XL
Voltmeter and Mastercraft 052–0060–2 multimeter. Power
to the electrochemical reactor was supplied by an EG&G
Model 363 potentiostat/galvanostat. Cyclic voltammetry
measurements were carried out at room temperature in a
50 mL beaker (solution volume 40 mL) using a BDD MDA
5–150/106 microelectrode array (Swiss Center for Elec-
tronics and Microtechnology, Inc., Neuchâtel) as the work-
ing electrode, platinum plate as the counter electrode, and
saturated calomel reference electrode (Fisher Scientific,
Toronto. ON). Data were obtained using an EG&G Model
273 Potentiostat/Galvanostat at a fixed sweep rate of 50 mV
s–1, controlled using Power Suite version 2.12.1 software.
Chemical hypochlorination was performed in a 150 mL beaker
with a solution volume of 100 mL and a concentration of
1 mmol/L AP or BQ; injections of 40 mL bleach were added
every 10 min. The bleach was standardized by iodometry:
nominal concentration 6% w/v; actual 6.4%, 0.86 mol/L.

Analytical measurements
The reactions were followed by HPLC, using a Waters

600E system equipped with a Waters 2487 dual l absorbance
detector set at 254 nm and a Supelco Discovery C18 column
150 � 4.6 mm (5 mm) equipped with a silica pre-column
guard. An HPLC method was developed by using a mobile
solvent of acetonitrile–water (30:70) (filtered through a
0.2 mm filter) at a flow rate of 1.0 mL min–1 (retention times
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of AP and BQ were ~2.5 min and ~4.0 min, respectively).
Samples were manually injected into the 20 mL sample loop
of a Rheodyne injector. Total Organic Carbon (TOC) was
analyzed as non-purgeable organic carbon (NPOC) with a
Shimadzu TOC analyzer, model TOC-VCPN. Absorbable
organic halide (AOX) analysis was provided by ALS Labora-
tory Services of Thunder Bay, ON, Canada.

Results and discussion

Voltammetry
Cyclic voltammetry of AP at a 5–150/106 BDD micro-

electrode array (Fig. 1) showed an irreversible voltammetric
peak at +0.94 V vs. SCE with Ip a [AP], in both the absence
and presence of 100 mmol/L NaCl. Although E8 for oxida-
tion of chloride ion to HOCl is +1.49 V and for ClO– is 0.90
V,26,27 there was no oxidation current for solutions of chlor-
ide alone, because of the large overpotential for this oxida-
tion.28,29 There was no oxidation current for p-benzoquinone
(an oxidation product of AP) in the region of water stability
nor did we observe the reduction peak for the immediate ox-
idation product of AP (N-acetylbenzoquinonimine) that had
been observed by Nematollahi et al.30 on a glassy carbon
working electrode, Madsen et al31 on porous graphite, or
Van Benschoten et al.32 on carbon paste. At Ti/RuO2, the
current at ~ +1.2 V vs. SCE due to solvent oxidation ob-
scured the oxidation of AP itself (see Fig. 1 in the Supple-
mentary data).

Potentiostatic oxidation of AP in the presence of chloride
ion

The oxidation of 1 mmol/L AP at Si/BDD was followed
by HPLC within the range of water stability at +1.4 V vs.
SCE, using 100 mmol/L NaClO4 or NaCl as the supporting
electrolyte in a divided cell. The loss of AP was very slow,
whether or not chloride was present (Fig. 2A). Initial rates
were 0.13 mmol min–1 (NaClO4) and 0.10 mmol min–1

(NaCl). The current was too low to be recorded accurately.
No anode gas was observed, showing that there was no dis-
charge of water at this potential and hence no production of
hydroxyl radicals. The reaction was therefore attributed to
direct oxidation of AP (pathway (i)). This conclusion was
supported by the formation of a significant yield of benzo-
quinone, which is rapidly destroyed by hydroxyl radicals
(1.2 � 109 L mol–1 s–1 at pH 7).33 At Ti/RuO2, the reaction
was much faster because water is oxidized at this active
anode, giving the surface oxide RuO3, which can oxidize ei-
ther AP directly or Cl– to hypochlorite; as a result, the loss
of AP was faster in the presence of chloride (Fig. 2B). No
mineralization occurred in any of these reactions.

Amperostatic oxidation of AP
The electrochemical oxidation at 80 mA of AP at Si/BDD

and at Ti/RuO2 in the absence of chloride (NaClO4 support-
ing electrolyte) is presented in Fig. 3, in which all data are
shown in parts per million (mg L–1) of carbon. The loss of
AP was slightly slower at Ti/RuO2 and in both cases fol-
lowed kinetics intermediate between pure current control
(linear relationship between the concentration of AP remain-
ing and time), and mass transport control (exponential loss
of AP with time), tending to the latter towards the end of

the reaction. Figure 2 in the Supplementary data shows the
progress of the reaction according to the half-order kinetic
model (between current control and mass transport control)
developed in our previous work on the oxidation of sulfame-
thoxazole.34

Kapalka et al.8 propose that for mass-transport limited
reactions at inactive anodes such as BDD, the substrate
undergoes multiple acts of HO�-induced oxidation without
migrating from the anode into the bulk solution. At its ex-
treme, this kinetic behaviour implies loss of substrate in par-
allel with loss of TOC. This was broadly true for the
oxidation at BDD, where Fig. 3 shows that the course of
mineralization, monitored as NPOC, only slightly lagged be-
hind the loss of AP. (The deviation between the rates should
be greater under pure current control, when the concentra-
tion of HO� radicals at the anode is insufficient to prevent
migration of intermediates into the bulk solution.) The loss
of AP was somewhat slower at Ti/RuO2 but mineralization
did not occur, consistent with oxidation at this active anode
being a two-electron process; the observed formation of BQ
supports this conclusion.

The presence of 100 mmol/L chloride ion greatly acceler-
ated the loss of AP at both BDD and Ti/RuO2 (Fig. 4), con-
sistent with the involvement of EH. These reactions were
first order in concentration of AP indicating that the princi-
pal electrochemical reaction is formation of FAC, followed
by reaction between FAC and AP in the bulk solution. Min-
eralization occurred more slowly at the BDD anode when
chloride was present (compare Figs. 3 and 4). AOX analysis
showed the formation of chlorinated byproducts (Fig. 5),
which were also detectable (though not specifically identi-
fied) by HPLC (see Fig. 3 in the Supplementary data, Panels
A–C). Figure 5 shows the losses of AP and NPOC in mmol/L
of carbon, and progression of AOX in mmol/L of chlorine.
Under these conditions, mineralization could be initiated by
hydroxyl radical attack on AP, with subsequent chlorination,

Fig. 1. Cyclic voltammogram (0 V to +1.2 V to –1.0 V to 0 V) for
1 mmol/L AP at Si/BDD microelectrode array; sweep rate 50
mV s–1; supporting electrolyte 100 mmol/L NaClO4. (A) AP;
(B) solvent.
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and (or) by an initial hypochlorination and subsequent reac-
tion with hydroxyl radicals. The mechanistic picture is fur-
ther complicated by suggestions that adsorbed chloro and
oxychloro radicals could participate in the oxidation process,
though there appears to be no direct evidence for the inter-
mediacy of these species.35–39

The chlorinated products were highly persistent; Fig. 5
shows that by the end of the electrolysis, the remaining or-
ganic material contained an average of one chlorine atom
for every three carbon atoms. Complete mineralization of
AP in the presence of chloride is thus much more energy-

demanding than the corresponding chloride-free reaction
(see Fig. 4 in the Supplementary data), as found previously
for SMX.22 The apparent partial mineralization of AP in the
chloride-assisted oxidation at Ti/RuO2, shown in Fig. 4,
Panel B, is an experimental artefact, caused by the fact that
our TOC analyzer actually measures non-purgeable organic
carbon (NPOC) rather than TOC. When correction was
made for the purgeable organic carbon, it was found that no
mineralization had occurred (see later for discussion of this
point). These results support the hypothesis that at Ti/RuO2
the principal reaction pathway is hypochlorination, whereas
at BDD there is competition between EH and EAOP, with
the initial products of EH being susceptible to EAOP and

Fig. 2. Potentiostatic electrolysis of 1 mmol/L AP at +1.4 V (vs.
SCE). Panel A: Si/BDD anode; panel B: Ti/RuO2 anode. Symbols:
^, AP; *, BQ in 100 mmol/L NaClO4; ^, AP; *, BQ in
100 mmol/L NaCl.

Fig. 3. AP and NPOC loss during electrolysis at Si/BDD and
Ti/RuO2 anodes in the absence of chloride. Panel A: AP; panel
B: NPOC. Symbols: &, Si/BDD anode; ^, Ti/RuO2 anode. Support-
ing electrolyte: 100 mmol/L NaClO4; initial AP concentration:
1 mmol/L; current: 80 mA.
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vice versa. The latter hypothesis is supported by the obser-
vation that at BDD the loss of AP accelerated with increas-
ing Cl– concentration, whereas the initial rate of
mineralization was almost unaffected (see Fig. 5 in the Sup-
plementary data; current 20 mA). At higher current, the ini-
tial loss of AP was faster (see Fig. 6 in the Supplementary
data; current 80 mA), although the efficiency of mineraliza-
tion per unit charge was lower, owing to more parasitic oxi-
dation of water to O2 (see Fig. 7 in the Supplementary data).

Electrooxidation of AP in the presence of chloride ion
was compared with conventional chemical hypochlorination
via FAC. Previously, Pinkston and Sedlak40 showed that the
pseudo first-order rate constant for reaction of AP with
FAC changed by less than one log unit over the range
pH 5–10. Bedner and MacCrehan41 identified two initial

reaction pathways: ring chlorination and oxidation to N-
acetylbenzoquinonimine (and hence benzoquinone). We
found that chemical hypochlorination was efficient on the
basis of mol AP lost per mol FAC added (see Fig. 8 in the
Supplementary data). No mineralization was observed, simi-
lar to the electrolysis at Ti/RuO2 although the pattern of
byproducts observed (see Fig. 3F in the Supplementary
data) differed from those produced electrochemically at ei-
ther Si/BDD or Ti/RuO2 (see Fig. 3C and 3E in the Supple-
mentary data). As in the electrochemical experiments,
NPOC suggested that mineralization had occurred, but the
missing material was again traceable to purgeable organic
carbon (POC). The level of POC increased if NaOCl was
added portion-wise (to mimic its electrochemical formation)
rather than in a single aliquot, or if the solution pH was low-
ered from 6 to 5 (see Fig. 9 in the Supplementary data). We
considered whether the purgeable material might be due to
hydrolysis of the acetyl side chain of AP to acetate, but con-
cluded that this was not the explanation because acetic acid
was not purgeable under our analytical conditions.

Because chemical hypochlorination is a common strategy
for waste treatment,42–49 we carried out a series of experi-
ments to explore whether electrochemical oxidation could
be useful for remediation after hypochlorination with FAC.
The efficiency of mineralization was greater when NaClO4
was used as the supporting electrolyte in the post-treatment
rather than NaCl. However, mineralization remained most
effective in the absence of chlorination (Fig. 6).

Amperostatic oxidation of BQ
Previous work has shown that p-benzoquinone (BQ) is an

intermediate in the oxidation of AP. Parallel to the meta-
bolic chemistry of AP, the formation of BQ is believed to
involve a two-electron oxidation of AP to a quinonimine fol-
lowed by hydrolysis (Scheme 1).30,32

Yields of BQ are high when AP is oxidized at active electro-

Fig. 4. AP and NPOC loss during electrolysis at Si/BDD and
Ti/RuO2 anodes in the presence of 100 mmol/L NaCl. Panel A: AP;
panel B: NPOC and TOC. Symbols: &, Si/BDD anode; ^,
Ti/RuO2 anode; TOC: ^, Ti/RuO2 anode; supporting electrolyte.
Initial AP concentration: 1 mmol/L; current: 80 mA.

Fig. 5. Electrolysis of 1 mmol/L AP with a Si/BDD anode at 80
mA in the absence and presence of chloride. D, NPOC in the ab-
sence of chloride (100 mmol/L NaClO4); &, AP; ~, NPOC; ^,
AOX, all in the presence of 100 mmol/L NaCl.
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des, but low to negligible at inactive electrodes such as Si/
BDD.23–25 However, the formation of even low yields of
BQ is less easily explained at an inactive anode such as
Si/BDD, because Yang et al.50 have indicated that addition
to the phenolic ring is the primary reaction between AP and
HO�. The voltammetric data reported above suggest that the
low yield of BQ may arise by competing direct oxidation of
AP. However, BQ is very susceptible to radical addition re-
actions and cannot build up to high concentrations when in-
active anodes are used.

The voltammetric data also indicate that BQ should be
stable to further oxidation at active electrodes, and this was
essentially the case in earlier work carried out in a flow
cell.23,24 However, in the present work, which employed un-
divided batch reactors, BQ was at least as susceptible to re-
action as AP at both Si/BDD and Ti/RuO2 (see Fig. 10 in
the Supplementary data). This phenomenon was traced to
two factors: reduction of BQ at the cathode of the undivided
cell and greater chemical stability at lower pH. Figure 7
demonstrates increased persistence of BQ upon electrolysis
at Ti/RuO2 in the order: undivided cell using NaClO4 sup-
porting electrolyte < undivided cell using H2SO4 supporting
electrolyte( pH 2) < divided cell using H2SO4 supporting
electrolyte (pH 2) .

In many respects, the mineralization of BQ in the undi-
vided batch reactor paralleled that of AP (compare Fig. 8
with Figs. 3 and 4). The rate of disappearance of BQ was
comparable at Ti/RuO2 and Si/BDD in the absence of chlor-
ide. Mineralization closely followed BQ loss at Si/BDD, but

there was almost no mineralization (based on NPOC) at
Ti/RuO2. BQ is highly susceptible to hypochlorination, and
in the presence of chloride, the rate of reaction at Ti/RuO2
was greatly increased but again there was no mineraliza-
tion. At Si/BDD, the presence of chloride increased the
reactivity of BQ but substantially decreased the rate of
mineralization; analysis by HPLC showed the presence of
chlorinated byproducts.

Fig. 6. Comparison of chemically hypochlorinated AP and subse-
quent electrolysis with Si/BDD at 80 mA. Electrolysis of pre-hypo-
chlorinated AP: D, AP with 100 mmol/L NaClO4; ~, AP with
100 mmol/L NaCl; initial AP concentration: 1 mmol/L.

Fig. 7. Electrolysis of 1 mmol/L p-benzoquinone with a Ti/RuO2

anode at 80 mA. Symbols: &, undivided cell (100 mmol/L
NaClO4); ^, undivided cell (H2SO4, pH 2); ~, divided cell (conc.
H2SO4, pH 2).

Fig. 8. NPOC loss during electrolysis of BQ with Si/BDD and
Ti/RuO2 at 80 mA in the absence and presence of chloride in an
undivided cell. Si/BDD: *, 100 mmol/L NaClO4; *, 100 mmol/L
NaCl; Ti/RuO2: D, 100 mmol/L NaClO4; ~, 100 mmol/L NaCl;
initial BQ concentration: 1 mmol/L.

Scheme 1.
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Conclusions
We introduced this work by identifying four distinct path-

ways for the electrochemical oxidation of an organic sub-
strate, namely, (i) direct electron transfer from the substrate
to the anode, (ii) EAOP by reaction of substrate with HO� at
inactive anodes, (iii) non-radical (two electron) oxidation of
substrate by MOn+1 at active anodes, and (iv) EH if Cl– is
present.

Acetaminophen is a valuable substrate for distinguishing
these mechanisms. Its distinct voltammetric oxidation peak
allowed the study of its direct electron transfer in the region
of water stability. This reaction does not lead to mineraliza-
tion in the absence or presence of chloride, even at the inac-
tive anode Si/BDD, because hydroxyl radicals are not
formed. It is inconveniently slow as a prospective remedia-
tion technology and rather inefficient; this mechanism prob-
ably contributes little to the overall chemistry except in the
range of water stability.

Amperostatic oxidation in the region of water decomposi-
tion (O2 evolution at the anode) showed an efficient miner-
alization reaction by the EAOP mechanism at Si/BDD in the
absence of chloride; low yields of BQ at intermediate stages
of the reaction were ascribed to the competing direct elec-
tron-transfer reaction. Comparison between chemical hypo-
chlorination (FAC) and electrochemical oxidation at Ti/RuO2
indicated that the latter process, which does not lead to min-
eralization, principally involves mediated hypochlorination.
Oxidation at Si/BDD in the presence of chloride is the most
complex mechanistically, with competition between EAOP
and EH. Kinetic analysis suggested that chloride ion diverts
the main pathway for initial destruction of AP to hypochlori-
nation in the bulk even at BDD; this was confirmed by
rather similar patterns of chlorinated byproducts at both
electrodes. In contrast, different patterns of chlorinated
byproducts were seen at Si/BDD and Ti/IrO2–Ta2O5 in the
degradation of SMX.22 Even though EH appears to be the
initial reaction for loss of AP, crossover between the EH
and EAOP reaction sequences is evident by the occurrence
of mineralization, albeit more slowly than in the absence of
chloride.

Critically for the use of electrochemical oxidation in
waste management, the presence of chloride ion as a constit-
uent of the waste leads to the formation of persistent by-
products, whose removal significantly increases the energy
requirement for complete mineralization at the inactive
anode BDD (although the initial rate of mineralization is
not retarded by chloride ion at low current). Although elec-
trolysis can be considered as a post-treatment to the com-
mon industrial practice of chemical hypochlorination,
mineralization under those circumstances is more energy-de-
manding.

Supplementary data
Supplementary data for this article are available on the

journal Web site (canjchem.nrc.ca) or may be purchased
from the Depository of Unpublished Data, Document Deliv-
ery, CISTI, National Research Council Canada, Ottawa, ON
K1A 0R6, Canada. DUD 5367. For more information on ob-
taining material, refer to cisti-icist.nrc-cnrc.gc.ca/cms/
unpub_e.shtml.
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5b,7b-Diaza-3b,9b-diborabenzo[ ghi ]perylenes

Michael J.D. Bosdet, Warren E. Piers, Ted S. Sorensen, and Masood Parvez

Abstract: Treatment of a precursor to the chelating Lewis acid 2,2’-diborabiphenyl with 2,6-bisalkynyl-substituted pyrida-
zines, leads to elimination of 2 equiv. of ClSiMe3; subsequent treatment of the mixture with PtCl2 catalyzes the cyclization
of observable intermediates to the title 5b,7b-diaza-3b,9b-diborabenzo[ghi]perylene compounds in low isolated yields. The
compounds were characterized by NMR and UV–vis spectroscopies, and in one case, by X-ray crystallography. NICS(1)
computations indicate that the inner ring is less aromatic than the outer rings.

Key words: polycyclic aromatic hydrocarbons, boron heterocycles, nitrogen heterocycles, X-ray structure.

Résumé : Le traitement d’un précurseur de l’acide de Lewis chélatant 2,2’-diborabiphényle avec des pyridazines substi-
tuées dans les positions 2,6 par des groupes bisalkynyles conduit à l’élimination de deux équivalents de ClSiMe3; le traite-
ment subséquent du mélange avec du PtCl2 catalyse la cyclisation des intermédiaires observables et à la formation des
composés 5b,7b-diaza-3b,9b-diborabenzo[ghi]pérylènes mentionnés dans le titre qui sont isolés avec de faibles rendements.
Les composés ont été caractérisés par spectroscopies RMN et UV–vis et, dans un cas, par diffraction des rayons-X. Des
calculs NICS(1) indiquent que le noyau interne est moins aromatique que les cycles externes.

Mots-clés : hydrocarbures aromatiques polycycliques, hétérocycles du bore, hétérocycles de l’azote, structure par diffrac-
tion des rayons X.

[Traduit par la Rédaction]

Introduction

Transposition of C–C units for isoelectronic B–N modules
in polycyclic aromatic hydrocarbons offers a means of alter-
ing opto-electronic, redox, and chemical properties of these
important organic materials without dramatically affecting
their gross structural features.1–3 One of the most elementary
examples is the BN-biphenyl analog I (Chart 1), the pyri-
dine adduct of borabenzene, which has been known for
many years.4 Unlike biphenyl, I is susceptible to protonation
by Brønsted acids at the carbon alpha to boron,5,6 and facile
Diels–Alder addition with moderately active dienophiles,7

demonstrating the more reactive nature of the BN analog;
indeed, I is quite air- and moisture-sensitive and needs to
be handled accordingly.

We have been interested in this strategy as a means of
producing novel organic electronic materials and have been
developing synthetic methods to novel BxNx hetercyclic ana-
logs of various PAH frameworks. For example, the BN-phe-
nanthrene8 and BN-pyrene9,10 derivatives II and III (Chart
1) can be prepared via formation of borabenzene pyridine
adducts wherein the pyridine unit is functionalized with al-
kynyl groups alpha to nitrogen. This buttressing of the B–N
bond has a stabilizing effect, in that compounds II can be
handled briefly in air, while pyrene analogs III can be
stored under ambient atmosphere indefinitely; indeed, they
are even unperturbed by treatment with aqueous HCl.

The B2N2-triphenylenes IV (Chart 1) are another class of

compounds we have studied extensively.11,12 While they ex-
hibit favorably modified redox and photophysical properties
relative to the all-carbon triphenylenes, they do not have
long-term stability to ambient conditions, limiting the scope
of their utility. We thus sought to implement the buttressing
strategy that was successful in stabilizing the BN-pyrenes
III and protect the bay region of the triphenylenes IV.
Herein, we report the synthesis of two examples of a 5b,7b-
diaza-3b,9b-diborabenzo[ghi]perylene framework, albeit in
low yields. The limitations of the approach will be discussed
along with the characterization of these intriguing com-
pounds.

Results and discussion

Engagement of the buttressing strategy for the stabiliza-
tion of the C2B2N2 heterocyclic core in compounds IV
(Chart 1) required first the synthesis of 3,6-di(alkynyl)pyri-
dazines 1a–1d, which in our hands was best-accomplished
by palladium-catalyzed coupling of 3,6-dichloropyridazine
with alkynylzinc compounds,13 as shown in Scheme 1. Ter-
minal alkynes were first deprotonated with nBuLi at –78 8C,
and subsequently transmetalated with ZnCl2 to generate the
required alkynylzinc reagents. The alkynylzinc compounds
were transferred onto a THF solution of the aryl chloride
and Pd catalyst and stirred for 24 h. After workup, the de-
sired substrates were obtained in low but workable yields
of & 20%–25%. Alternatively, Sonogashira coupling pro-
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tocols could be employed, but dimerization of the terminal
alkynes was a significant side reaction. The unsubstituted
3,6-bis(ethynyl)pyridazine (1a) was formed from the silyl
derivative 1d by desilylation with KOH(aq) in MeOH
(Scheme 1).

With substrates 1 in hand, reactions with the methyl-
substituted chloroboracyclic precursor, 2,7 were attempted
(Scheme 2). In general, these reactions were not as clean as
those previously observed for pyridazine bases without the
acetylenic groups. While elimination of 2 equiv. of Me3SiCl
was observed, the reactions with pyridazines 1 appear to be
prone to more side reactions, particularly for the parent deriv-
ative 1a. Furthermore, the bis-acetylenic B2N2-triphenylene
complexes (i.e., derivatives of IV), depicted in Scheme 2,
were not detected in any of these reactions. Rather, one ace-
tylenic group underwent spontaneous cyclization, and the
major products observed for R = nBu and Ph were the half-
cyclized compounds 3b and 3c, presumably formed via
intermediates IV. These polycyclic intermediates were not
isolated in pure form, but carried forward to the fully
cyclized compounds 4 using PtCl2 catalysis as shown in
Scheme 2.14 While not isolable in pure form, the nature of
compounds 3 was supported by the 1H NMR spectral fea-
tures observed for the butyl-substituted derivative 3b. Two
distinct methyl resonances were observed at 2.81 and
3.07 ppm in C6D6 solution, highlighting the averaged Cs
symmetry in 3b. Further, two pairs of doublets, correspond-
ing to H-6 and H-7 (5.97 and 6.25 ppm) and H-9 and H-10
(6.96 and 7.28 ppm) were observable, in addition to four ar-
omatic singlets, for H-1 (9.16 ppm), H-3 (7.20 ppm), H-5
(6.56 ppm), and H-12 (8.57 ppm) (See Chart 2 for the num-
bering scheme).

Yields for the target heterocycles 4 were very low
(trace–17%), but the compounds were isolated as moderately
air- and moisture-tolerant, red-brown solids after purification
via column chromatography. The majority of material loss
apparently occurred in the catalyzed cycloisomerization
step, since the mass balance in the production of crude 3b
was upwards of 70%. The inefficient synthesis was particu-
larly evident in the attempted formation of 4a; the amount

of product obtained was insufficient for NMR analysis, and
while its presence may be inferred from a qualitative obser-
vation of pink–red fluorescence in solutions of the material
off column, further analysis was precluded due to lack of
material.

Although B2N2-benzo[ghi]perylenes15 4b–4c were avail-
able only in small quantities, we were able to characterize
them reasonably thoroughly. Unlike the 1H NMR spectra
for compounds 3b and 3c, those of 4b and 4c were much
simpler, as expected for C2v symmetric structures; the 1H
NMR spectrum of 4b is illustrated in Fig. 1. Each derivative
gave rise to four aromatic singlets between 8.0 and 9.5 ppm
for the B2N2-benzo[ghi]perylene framework, corresponding
to H-1, H-3, H-5, and H-6, as well as a single methyl reso-
nance at ~3.1 ppm, and the expected resonances for the R
group. The 11B NMR spectrum showed a single resonance
at 21 ppm, in agreement with other enclosed BN aromatic
compounds (~22 ppm).

Slow evaporation of solvent from a diethyl ether solution
of 4b yielded crystals suitable for analysis via X-ray crystal-
lography. The structure of 4b is essentially planar, with a
maximum dihedral angle of 1.58 within the ring system
(C(18)–C(1)–B(1)–C(5)) (Fig. 2 and Table 1). The B–N
bond is short, at 1.452(2) Å, consistent with BN-pyrene III
(1.456(4) Å) and the B2N2-triphenylene IV (1.464(4) Å),12

and indicative of some p-character in this bond. However,
in contrast to unbuttressed IV,12 bond localization is evident
throughout the carbon perimeter in 4b, with alternating long
and short C–C bonds within individual rings. Thus, in the
borabenzene rings, C(1)–C(2) and C(3)–C(4) are short
(1.390(3) Å avg.), whereas C(2)–C(3) and C(4)–C(5) are
longer (1.414(3) Å avg.). The p-electron localization in the
pyridazine ring in 4b also differs from that in compounds
IV, such that the short and long C–C bonds in the latter are
reversed in 4b. Specifically, C(8)–C(9) and C(9’)–C(8’) are
1.406 Å, while C(9)–C(9’) is shortened to 1.346(3) Å; the
corresponding lengths in unbuttressed IV are 1.345(5) Å
and 1.433(6) Å. Additionally, the C–N bonds are short-
ened by ~0.02 Å (to 1.381(2) Å), suggesting better overall
p-electron delocalization about this ring, in contrast to the
cyclohexadiene-type bonding arrangement of heterocycles
IV. The longest C–C bond in 4b is C(1)–C(1)’, at
1.456(3) Å, elongated by 2% relative to the same bond in
B2N2-triphenylene IV but of similar length to the analo-
gous bond in the all-carbon PAH benzo[ghi]perylene, at
1.484 Å.16

Overall then, the solid-state bond-length patterns suggests
that the ring system is best-represented by resonance form A
(Chart 3), in contrast to the dominant resonance form of tri-
phenylene analogues IV, best-described by resonance form
B. This is supported by NICS(1) calculations17 performed
on 4a, which show a low aromaticity for the inner C2B2N2
ring in 4a, but strong aromaticity for the outer rings. This is
the inverse of trends noted for IV, and it thus appears that
the effect of buttressing the system is to lower the aromatic
stabilization of the inner ring relative to the unbuttressed
system. Indeed, the all-carbon PAH benzo[ghi]perylene ex-
hibits this pattern as well, with the inner ring having low ar-
omatic character relative to the outer rings.18

Unlike the all-carbon frameworks, the B2N2 compounds
have molecular dipoles that are significant enough to influence

Chart 1.
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packing in the solid state. The molecular packing of 4b,
shown in Fig. 3, features two molecules stacked with the di-
poles (calculated to be 3.53 D in 4b) aligned such that a

close non-bonding B���N distance of 3.71 Å is observed. Inter-
molecular p-stacking distances of 3.42 Å exist between paral-
lel sheets of 4b molecules, which is very slightly shorter than
the p–p distance in crystalline benzo[ghi]perylene at 3.44 Å.

The unbuttressed B2N2-triphenylene compounds IV ex-
hibit reversible one- and two-electron reduction process,
and indeed the radical anion and dianions are stable and
isolable.12 It was therefore somewhat surprising to find that
cyclic voltammetry on compounds 4a and 4b shows irrever-
sible one-electron reductions, suggesting that the radical
anions are unstable. This may be a reflection of the low ar-
omaticity of the central rings in compounds 4 and a change
in the character of the SOMO in the radical anions.

Scheme 1.

Scheme 2.

Chart 2.
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The absorption and emission spectra are indicative of
lowered HOMO–LUMO gaps in comparison to triphenylene
analogs IV, as may be expected by the extended conjugation
afforded by the buttressing alkenyl groups. As for other
BxNx analogs, both absorption and emission bands (621 and
630 nm for 4a and 4b, respectively) are red-shifted in these
compounds in comparison to the all-carbon compound, but
the emission quantum yields (0.023 and 0.015, respectively,
relative to 9,10-diphenylanthracene in cyclohexane) are sig-
nificantly lower than that of benzo[ghi]perylene (0.26).

Conclusions

We have prepared and characterized two examples of
5b,7b-diaza-3b,9b-diborabenzo[ghi]perylenes with a doubly
buttressed B2N2C2 core. Although in previous work a doubly
buttressed B2N2C2 core added stability to bora-aza analogs
of PAHs, here the added benefit in this regard is minimal.
This may stem from the fact that the core ring is of low ar-
omaticity and therefore more reactive towards, for example,
protic reagents and oxygen. Furthermore, the synthetic route

Fig. 1. 1H NMR (400 MHz) spectrum of 4b in CD2Cl2.

Fig. 2. Top: X-ray structure of 4b. Numbers are bond lengths in Å. Bottom: 4b, viewed along the molecular plane (perpendicular to the
N(1)–N(1)’ bond), with butyl groups removed. Hydrogen atoms have been removed for clarity. Thermal ellipsoids are at the 50% probability
level.
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to these frameworks is inefficient (despite many attempts at
improvements), and the photophysical properties are not
unique enough to warrant further efforts directed towards
discovery of more direct routes to the compounds. Nonethe-
less, the structural features and aromatic properties are of in-
terest to add to the database of BxNx compounds in
comparison to their all-carbon counterparts.

Experimental section
General procedures have been described in detail else-

where.12 Celite 5451 was purchased from Fisher Scientific
and heated at 200 8C under high vacuum for 3 days prior to
use. Neutral alumina (63–200 mm, 70–230 Mesh ASTM))
was purchased from EM Science and heated at 200 8C for
3 days under high vacuum prior to use. Silica-gel column
chromatography was carried out on Geduran Silica 60 silica
gel (particle size 40–63 mm).

Compound 2 was prepared as described previously.12 CuI,
BCl3, LiNMe2, pyridazine, 9,10-diphenylanthracene, and
Pd(PPh3)4 were purchased from Aldrich and used as re-

ceived. 3,6-Dichloropyridazine was purchased from Aldrich
and sublimed prior to use. Phenylacetylene was purchased
from Aldrich and passed through a column of alumina im-
mediately prior to use. 1-Hexyne was purchased from Acros
and used as received. PtCl2 was purchased from Alfa Aesar
and used as received. Trimethylsilylacetylene was purchased
from Petra Research, Inc. and distilled prior to use. 1H NMR
assignments were made by comparison to known chemical
shift patterns.5–9,11,12

Synthesis of 3,6-bis(1-hexynyl)pyridazine, 1b

In a microwavable reaction tube, solid Pd(PPh3)4 (8 mg,
7.1 mmol) and CuI (3 mg, 14.1 mmol) were added to a sol-
ution of 3,6-dichloropyridazine (50 mg, 0.33 mmol) in NEt3
(2 mL). This was immediately followed by the addition of a
solution of 1-hexyne (58 mg, 0.71 mmol) in NEt3 (1 mL),
and the mixture was heated in a microwave reactor (115 W,
150 8C) for 25 min. Once cooled, the crude product was ex-
tracted into Et2O and gravity filtered. The solvent was re-
moved in vacuo, and the orange material was dissolved in
hexanes and loaded onto a column of neutral Al2O3. Gra-
dient elution with hexanes/Et2O ultimately gave the product as
a yellow solid. Yield: 20 mg (25%). 1H NMR (C6D6) d (ppm):
6.62 (s, 2H, H-1), 2.12 (t, 4H, 3JHH = 7 Hz, H-5), 1.31 (m, 2 +
2H, H-6 + H-7), 0.76 (t, 6H, 3JHH = 7 Hz, H–). HR-MS for
C16H20N2 (M+): 240.1626 (calcd.), 240.1624 (found).

Synthesis of 3,6-bis(phenylethynyl)pyridazine, 1c

To a –78 8C solution of phenylacetylene (1.33 g,
13.0 mmol) in THF (50 mL) was added a solution of n-butyl
lithium in hexanes (1.6 mol/L, 8.12 mL, 13.0 mmol). After
stirring at this temperature for 1 h, a solution of ZnCl2
(1.77 g, 13.0 mmol) in THF (50 mL) was transferred in via
canula, and this mixture was stirred for another 45 min with

Table 1. Selected metrical parameters for 4b.

Bond lengths (Å)
B(1)—N(1) 1.452(2)
B(1)—C(1) 1.516(2)
B(1)—C(5) 1.516(3)
C(1)—C(1)’ 1.456(3)
C(1)—C(2) 1.391(2)
C(2)—C(3) 1.415(2)
N(1)—C(8) 1.381(2)
N(1)—N(1)’ 1.422(2)

Bond angles (8)
C(1)–B(1)–N(1) 122.63(14)
N(1)–B(1)–C(5) 117.23(14)
N(1)’–N(1)–B(1) 119.73(9)
B(1)–N(1)–C(8) 120.76(13)
B(1)–C(1)–C(1)’ 117.63(9)
N(1)–C(8)–C(9) 119.80(14)

Torsion angles (8)
C(8)–N(1)–B(1)–C(1) 179.74(14)

Chart 3.
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the temperature maintained at –78 8C. The reaction mixture
was then warmed to 25 8C, and a solution of 3,6-dichloro-
pyridazine (486 mg, 3.3 mmol) and Pd(PPh3)4 (751 mg,
0.65 mmol) in THF (50 mL) was added. The mixture was
stirred for 3 days, then quenched with saturated NaHCO3(aq)
(75 mL), and filtered through Celite. After removing the or-
ganic layer, the aqueous layer was washed with CHCl3 (2 �
20 mL), and the combined organic fractions were dried with
MgSO4. The crude material obtained following gravity fil-
tration and removal of volatiles in vacuo was purified by
column chromatography, giving a white solid. Yield:
111 mg (12%). 1H NMR (CDCl3) d (ppm): 7.65 (m, 4H, H-6),
7.61 (s, 2H, H-1), 7.41 (m, 2 + 1H, H-7 + H-8). 13C{1H}
NMR (CDCl3) d (ppm): 146.00 (s, C-2), 132.38 (s, C-6),
129.92 (s, C-1), 129.01 (s, C-8), 128.72 (s, C-7), 121.59 (s,
C-5), 95.67 (s, C-3/4), 86.10 (C-3/4). HR-MS for C20H12N2
(M+): 280.1000 (calcd.), 280.1001 (found).

Synthesis of 3,6-bis(trimethyl-silylethynyl)pyridazine, 1d

To a –78 8C solution of trimethylsilylacetylene (1.151 g,
11.7 mmol) in THF (50 mL) was added a solution of n-butyl
lithium in hexanes (1.6 mol/L, 7.3 mL, 11.7 mmol). After
stirring at this temperature for 1 h, a solution of ZnCl2
(1.60 g, 11.7 mmol) in THF (50 mL) was transferred in via
canula, and this mixture was stirred for another 45 min with
the temperature maintained at –78 8C. The reaction mixture
was then warmed to 25 8C, and a solution of 3,6-dichloro-
pyridazine (436 mg, 2.9 mmol) and Pd(PPh3)4 (338 mg,
0.29 mmol) in THF (40 mL) was added. The mixture was
stirred for 3 days at 35 8C and was then quenched with satu-
rated NaHCO3(aq) (75 mL) and filtered through Celite. After
removing the organic layer, the aqueous layer was washed
with CHCl3 (2 � 20 mL), and the combined organic frac-
tions were dried with Na2SO4. The crude material obtained
following gravity filtration and removal of volatiles in vacuo
was purified by column chromatography (5% EtOAc in hex-
anes), giving a white solid. Yield: 135 mg (17%). 1H NMR
(CDCl3) d (ppm): 7.44 (s, 2H, H-1), 0.17 (s, 18H, -SiMe3).

13C{1H} NMR (CDCl3) d (ppm): 145.46 (s, C-2), 129.02 (s,
C-1), 102.09 (s, C-3/4), 100.42 (C-3/4), –0.53 (s, SiMe3). HR-MS
for C14H20N2Si2 (M+): 272.1165 (calcd.), 272.1177 (found).

Synthesis of 3,6-bis(ethynyl)pyridazine, 1a

Desilylation of 3,6-bis(trimethyl-silylethynyl)pyridazine
was accomplished by the addition of KOH(aq) (0.99 mol/L,
1.0 mL, 0.98 mmol) to a solution of 1d (134 mg,
0.49 mmol) in MeOH (5 mL). After stirring for 1.5 h, the
mixture was extracted into CHCl3 (20 mL) and washed with
6 mol/L HCl(aq) (2 � 10 mL). The organic layer was dried
over MgSO4, filtered, and the solvent removed in vacuo to
give 1a as white crystals. Yield: 51 mg (81%). 1H NMR
(CDCl3) d (ppm): 7.56 (s, 2H, H-1), 3.52 (s, 2H, H-4).
13C{1H} NMR (CDCl3) d (ppm): 145.50 (s, C-2), 129.45 (s,
C-1), 83.86 (s, C-3/4), 79.72 (C-3/4). HR-MS for C8H4N2
(M+): 128.0374 (calcd.), 128.0376 (found).

Synthesis/characterization of 3b

A solution of 2 (55 mg, 0.14 mmol) in toluene (1 mL)
was added to a solution of 1b (32 mg, 0.13 mmol) in tol-

Fig. 3. Molecular packing of 4b, including intermolecular B���N interactions (red dash). Hydrogen atoms have been removed for clarity.
Thermal ellipsoids are at the 50% probability level.
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uene (5 mL) and stirred at 25 8C for 48 h. Volatiles were
removed in vacuo, and the crude product was determined to
be a mixture including the intermediate 3b via 1H NMR
spectroscopy. 1H NMR (C6D6) d (ppm): 9.16 (s, 1H, H-2),
8.57 (s, 1H, H-15), 7.28 (d, 1H, 3JHH = 8 Hz, H-13), 7.20 (s,
1H, H-4), 6.96 (d, 1H, 3JHH = 8 Hz, H-12), 6.56 (s, 1H, H-7),
6.25 (d, 1H, 3JHH = 8 Hz, H-10), 5.97 (d, 1H, 3JHH = 8 Hz,
H-9), 3.25 (t, 2H, 3JHH = 8 Hz, C-17), 3.07 (s, 3H, C-3-Me),
3.04 (t, 2H, 3JHH = 8 Hz, C-23), 2.81 (s, 3H, C-14-Me), 2.35
(m, 2H, H-18), 2.21 (m, 2H, H-24), ~1.41 (m, H-19), ~1.38
(m, H-25), 0.99 (t, 3H, 3JHH = 8 Hz, C-20), 0.90 (t, 3H, 3JHH =
8 Hz, C-26).

Attempted synthesis of 4a

A solution of 2 (157 mg, 0.40 mmol) in toluene (3 mL)
was added to a solution of 1a (51 mg, 0.40 mmol) in toluene
(10 mL) and stirred at 25 8C for 48 h. Volatiles were re-
moved in vacuo and the crude material was re-dissolved in
toluene and transferred onto PtCl2 (2 mg, 7 mmol). The mix-
ture was stirred at 95 8C for 24 h, after which volatiles were
removed, and the brown material was purified by flash chro-
matography through neutral Al2O3. The Et2O fraction was
observed to fluoresce pink–red upon irradiation at 365 nm,
but an insufficient quantity for NMR characterization was
obtained. Yield: trace.

Synthesis of 4b

The crude material 3b was re-dissolved in toluene and
transferred onto PtCl2 (2 mg, 7 mmol). The mixture was
stirred at 100 8C for 24 h, after which volatiles were re-
moved, and the brown material was purified by flash chro-
matography through neutral Al2O3. Yield: 9 mg (17%).

UV–vis (e (104 L mol–1 cm–1), cyclohexane) lmax (nm):
261, 324, 413, 458, 511. Fluorescence (cyclohexane) lmax
(nm): 621, 667; ff = 0.023, tf = 23 ns. 1H NMR (CD2Cl2) d
(ppm): 9.46 (s, 2H, H-1/12), 8.58 (s, 2H, H-3/10), 8.53 (s,
2H, H-5/8), 8.03 (s, 2H, H-6/7), 3.62 (t, 4H, 3JHH = 8 Hz,
C-13), 3.11 (s, 6H, C-2/11-Me), 2.07 (m, 4H, H-14), 1.64
(m, 4H, H-15), 1.07 (t, 6H, 3JHH = 8 Hz, C-16) ppm.
11B{1H} NMR (C6D6) d (ppm): 21 (br s). HR-MS for
C32H24B2N2 (M+): 418.27516 (calcd.), 418.27679 (found).

Synthesis of 4c

A solution of 2 (74 mg, 0.19 mmol) in toluene (1.5 mL)
was added to a solution of 1c (50 mg, 0.18 mmol) in toluene
(5 mL) and stirred at 45 8C for 48 h. Volatiles were re-
moved in vacuo and the crude product was re-dissolved in
toluene and transferred onto PtCl2 (3 mg, 11 mmol). The
mixture was stirred at 100 8C for 24 h, after which volatiles
were removed, and the brown material was purified by flash
chromatography through neutral Al2O3. Yield: 3 mg (3%).
UV–vis (e (104 L mol–1 cm–1), cyclohexane) lmax (nm):
421, 523, 625. Fluorescence (cyclohexane) lmax (nm): 630,
676; ff = 0.015, tf = 23 ns. 1H NMR (CD2Cl2) d (ppm):
9.54 (s, 2H, H-1/12), 8.64 (s, 2H, H-3/10), 8.48 (s, 2H, H-5/8
or 6/7), 8.19 (s, 2H, H-5/8 or 6/7), 7.92 (d, 4H, 3JHH = 8 Hz,
H-14), (m, 4 + 2H, H-15 + H-16), 3.04 (s, 6H, C-2/11-Me).
Cyclic voltammetry (vs. SCE) E1/2 (THF): –1.57 (rev.) V.
HR-MS for C28H32B2N2 (M+): 458.2126 (calcd.), 458.2109
(found).

X-ray crystallography
A deep-red – brown needle of C28 H32 B2 N2 was coated

with Paratone 8277 oil (Exxon) and mounted on a glass fi-
ber. All measurements were made on a Nonius KappaCCD
diffractometer with graphite monochromated Mo Ka radia-
tion. Details of crystal data and structure refinement have
been provided in Table 2. The data were collected19 using
u and f scans. The data were corrected for Lorentz and po-
larization effects and for absorption using multi-scan
method.20

The structure was solved by the direct methods21 and ex-
panded using Fourier techniques.22 The H atoms were in-
cluded at geometrically idealized positions and were not
allowed to refine. The final cycle of full-matrix least-squares
refinement using SHELXL9723 converged with unweighted
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and weighted agreement factors, R = 0.0531 and wR =
0.1545 (all data), respectively, and goodness of fit, S =
1.040. The weighting scheme was based on counting
statistics and the final difference Fourier map was essen-
tially featureless. The figures were plotted with the aid of
ORTEPII.24

Supplementary data
Supplementary data for this article are available on the

journal Web site (canjchem.nrc.ca) or may be purchased
from the Depository of Unpublished Data, Document Deliv-
ery, CISTI, National Research Council Canada, Ottawa, ON
K1A 0R6, Canada. DUD 5359. For more information on ob-
taining material, refer to cisti-icist.nrc-cnrc.gc.ca/cms/
unpub_e.shtml. CCDC 753114 (4b) contains the X-ray data
in CIF format for this manuscript. These data can be ob-
tained, free of charge, via www.ccdc.cam.ac.uk/conts/
retrieving.html (Or from the Cambridge Crystallographic
Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK;
fax +44 1223 336033; or deposit@ccdc.cam.ac.uk).
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Table 2. Crystal data and structure refinement for C28H32B2N2, 4b.

Empirical formula C28 H32 B2 N2
Formula weight 418.18
Temperature 173(2) K
Wavelength 0.71073 Å
Crystal system Monoclinic
Space group P2/c

Unit cell dimensions a = 12.473(5) Å
b = 10.189(7) Å
c = 9.339(8) Å
b = 108.70(3)8

Volume 1124.2(13) Å3

Z 2
Density (calc.d.) 1.235 Mg/m3

Absorption coefficient 0.070 mm–1

F(000) 448
Crystal size 0.32 � 0.11 � 0.10 mm3

q range for data collection 3.45 to 27.488
Index ranges –16 £ h £ 16, –11 £ k £ 13, –12

£ l £ 12
Reflections collected 7866
Independent reflections 2555 [R(int) = 0.0302]
Completeness to q = 27.488 99.1%
Absorption correction Multi-scan method
Max. and min. transmission 0.9930 and 0.9779, respectively
Refinement method Full-matrix least-squares on F2

Data/restraints/parameters 2555/0/147
Goodness-of-fit on F2 1.040
Final R indices [I > 2s(I)] R1 = 0.0531, wR2 = 0.1288
R indices (all data) R1 = 0.0952, wR2 = 0.1545
Largest diff. peak and hole 0.270 and –0.195 e Å–3
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A DFT study on the electronic and redox
properties of [X8V14O50]n– (X = SiIV, GeIV, PV, and
AsV)

Muhammad Ramzan Saeed Ashraf Janjua, Zhong-Min Su, Wei Guan, Ahmad Irfan,
Shabbir Muhammad, and Mudassir Iqbal

Abstract: The electronic and redox properties of the title polyanions have been calculated by means of density functional
theory (DFT). These were unrestricted open-shell systems with electronic configuration of d1 of V. In this behalf, energies
and compositions of a-LUMO, b-LUMO, a-HOMO, and b-HOMO were also analyzed. First of all, electronic and redox
properties of vanadosilicate [Si8V14O50]12– (system 1) were calculated and then SiIV was substituted with GeIV, PV, and
AsV for further investigations of systems 2, 3, and 4, respectively. The substitution greatly modifies the electronic proper-
ties as a-LUMOs are quite different in all the studied systems. The a-LUMO is mainly composed of V and O in system 1,
V and Ge in system 2, V and O in system 3, and As, O, and V in system 4. The alpha HOMO–LUMO energy gaps are
greatly reduced in systems 2, 3, and 4 as compared with system 1. The system 4 [As8V14O50]4– has minimal value of total
bonding energy, whereas system 2 [Ge8V14O50]12– has maximal, so energetically system 4 is more favourable than the
others. After the first reduction, a-LUMO in [Si8V14O50]14– is made up of V and Si, b-LUMO in [Ge8V14O50]13– is concen-
trated on V and Ge, b-LUMO in [P8V14O50]5– is composed of V only, whereas b-LUMO in [As8V14O50]5– is delocalized
over V, O, and As with almost the same contribution of all three atoms.

Key words: vanadium heteropolyanion, polyoxometalates (POM), electronic properties, redox properties, DFT.

Résumé : Faisant appel à la théorie de la fonctionnelle de la densité (TFD), on a calculé les propriétés électroniques et re-
dox des polyanions mentionnés dans le titre. Ceux-ci correspondent à des systèmes en couches ouvertes sans restrictions
avec une configuration électronique d1 pour le vanadium. À cette fin, on a aussi analysé les énergies et les compositions
des orbitales moléculaires basses vacantes a et b (BV-a et BV-b) ainsi que des orbitales moléculaires hautes occupées a et
b (HO-a et HO-b). Dans une première étape, on a calculé les propriétés électroniques et redox du vanadosilicate
[Si8V14O50]12– (système 1) et on a ensuite procédé à d’autres investigations en procédant à la substitution du SiIV par du
GeIV, du PV et du AsV dans les systèmes respectivement 2, 3 et 4. La substitution modifie grandement les propriétés élec-
troniques des BV-a qui sont très différentes dans chacun des systèmes étudiés. La BV-a est principalement formée de V
et O dans le système 1, de V et Ge dans le système 2, de V et O dans le système 3 et de As, O et V dans le système 4.
Par comparaison avec le système 1, la bande d’énergie entre les orbitales moléculaires OH-a et BV-a sont généralement
réduites dans les systèmes 2, 3 et 4. L’énergie de liaison totale du système [As8V14O50]4– (système 4) est la plus faible
alors que celle du système [Ge8V14O50]12– (système 4) est la plus élevée; d’un point de vue énergétique, le système 4 est
donc plus favorable que les autres. Après une première réduction, l’orbitale OH-a du [Si8V14O50]14– est formée de V et Si,
l’orbitale OH-b du [Ge8V14O50]13– est concentrée sur le V et Ge, l’orbitale OH-b du [P8V14O50]5– est n’est composée que
de V alors que l’orbitale OH-b du [As8V14O50]5– est délocalisée sur le V, O et As avec des contributions pratiquement éga-
les pour chacun des trois atomes.

Mots-clés : hétéropolyanion du vanadium, polyoxométalates, propriétés électroniques, propriétés redox, théorie de la fonc-
tionnelle de la densité (TFD).

[Traduit par la Rédaction]

Introduction
Polyoxometalates (POM) are a class of inorganic com-

pounds with a remarkable degree of molecular and elec-
tronic tunabilities that have impact on disciplines as diverse

as catalysis,1 medicine,2 and materials science.3 These com-
pounds are molecular metal oxides mainly based on V, Mo,
and W ions in their highest oxidation states. POMs are espe-
cially useful as model systems for the studies of magnetic

Received 6 December 2009. Accepted 9 February 2010. Published on the NRC Research Press Web site at canjchem.nrc.ca on 26 March
2010.
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and electronic interactions owing to their cluster structures.
Indeed, many of these structures allow the inclusion of
well-isolated clusters of paramagnetic ions with various nu-
clearities and definite topologies and geometries.4 On the
other hand, they permit the controlled injection of electrons,
giving rise to mixed-valence species in which delocalized
electrons may coexist and interact with localized magnetic
moments. Some typical structural types are the Lindqvist5

(M6O19
2–, M = Mo, W), Keggin6 (XM12O40

m–, X = P, Si,
Co, Ni, and so forth), and Dawson-Wells7 (P2M18O62

n–).
Polyoxometalates8,9 and their transition-metal substituted de-
rivatives are a large group of transformable anionic clusters
that have multiple applications, many of which are related to
their redox properties.10 POMs are structures that contain ar-
rays of corner and edge-sharing pseudo-octahedrally coordi-
nated MO6 units, packed to form an ionic core, where the
electronic configuration of the metal is usually d0 or d1 and
is commonly called addenda or peripheral element. In this
context, POMs provide unique systems for the development
of new theories in the mixed valence area. One of the im-
portant applications of POMs is based on their potential to
act as electron acceptors, which leads to the possibility of
the formation of charge-transfer electron donor–acceptor
materials with interesting electronic and magnetic proper-
ties.11,12

In this work, for the first time, polyoxovanadosilicate
[Si8V14O50]12– has been studied theoretically and SiIV was
substituted with GeIV, PV, and AsV in system 1 leading to
systems 2, 3, and 4, respectively. Vanadosilicate has D2d
symmetry, which was reported by Tripathi et al.13 However,
several queries are considered to be answered. First, how
does the germanium, phosphorous, and arsenic affect the
structural and electronic properties? Second, where would
be the first reduction of polyoxovanadates modified by
GeIV, PV, and AsV? Third, what would be the composition
of a-LUMO, b-LUMO, a-HOMO, and b-HOMO of the
aforementioned polyoxovanadates? Following our investiga-
tions of the electronic properties, bonding nature, stabilities,
and nonlinear optical properties of POMs,14–18 density func-
tional theory (DFT), which has been proven to be a conse-
quential tool for understanding and rationalizing the
electronic and magnetic properties of polyanions,19–28 was
employed to pursue the questions mentioned above. Our
main objective was to investigate the effect of substitution
of GeIV, PV, and AsV with SiIV in system 1 on the electronic
and redox properties of POMs, which may open up possibil-
ities for the experimentalists to synthesize other templated
vanadosilicates as well as their heteropolyanions.

Computational details
All calculations reported in this work were carried out

with the ADF2006.01 program.29 The local density approxi-
mation (LDA) characterized by the Vosko–Wilk–Nusair
(VWN)30 parameterization for correlation were used.
Becke31 and Perdew32 gradient corrections were added for
the exchange and correlation energy, respectively. Triple-z
plus polarization Slater basis sets were employed to describe
the electrons of elements. The cores (O: 1s; Si, P, V: 2P;

Ge, As: 3P) were kept frozen, and they were described by
single Slater functions. The relativistic effects were taken
into account by means of the zero-order regular approxima-
tion (ZORA).33 We made spin-unrestricted calculations as
our studied systems have open-shell configuration. All the
polyanions reported here were optimized under the con-
straints of the D2d point symmetry group. The functional
and basis set choices for our studied systems were based on
the research work that has already been published.34–38 The
structural and atom-labeling schemes for the studied polyan-
ions are presented in Fig. 1. Fourteen V atoms and eight Si
atoms in each structure have been denoted with green and
yellow colors. The SiIV was substituted with GeIV, PV, and
AsV in system 1, resulting in systems 2, 3, and 4, respec-
tively.

Results and discussion

Structural parameters
The optimized bond lengths and the experimental crystal

structure’s bond lengths13 are shown in Table 1. The agree-
ment between experimental and calculated metrical parame-
ters of system 1 gives us confidence that the present study is
consequential for this research work. However, bond lengths
were shortened compared with the experimental values
when there was phosphorous owing to its smaller atomic ra-
dius, which is 1.23 Å but bond lengths were increased with
arsenic having an atomic radius of 1.33 Å, germanium and
silicon have atomic radii 1.52 Å and 1.46 Å, respectively.

Fig. 1. The calculated model of [Si8V14O50]12–.
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So, the bond lengths were increased compared with the ex-
perimental values. Furthermore, bond lengths of the poly-
anions of germanium were greater than silicon because of
their higher atomic radii as illustrated in Table 1.

Electronic properties of systems 1–4
The Fig. 1 shows the calculation model for systems 1–4,

which are all open-shell systems. These systems are having
14 a electrons in their fully oxidized state. The a-HOMOs
are not affected by the substitution of GeIV, PV, and AsV be-
cause a-HOMOs of systems 1–4 are mainly concentrated on
V as depicted in Table 2 and Fig. 2. However, these substi-

tutions affect the composition of a- and b-LUMOs of sys-
tems 2–4 (see Fig. 2).

The a-LUMO of system 1 ([Si8V14O50]12–) is composed of
65.89% of V, 21.18% of O, and 2.2% of Si, and the
a-LUMO of system 2 ([Ge8V14O50]12–) consists of 78.18%
of V and 13.59% of Ge. Moreover, a HOMO–LUMO en-
ergy gap is also significantly decreased from 1.112 eV to
0.871 eV (see Table 2). In system 3, ([P8V14O50]4–)
a-LUMO is composed of 65.86% of V and 25.97% of O,
whereas in system 4 ([As8V14O50]4–) a-LUMO is made up
of 37.4% of As, 32.29% of O, and 28.55% of V. The values
of a HOMO–LUMO energy gaps are 1.052 eV and

Table 1. Bond lengths (Å) of heteropolyanions calculated by LDA/TZP for systems 1–4.

Metrical parameters 1 2 3 4
Si1—O1 1.601 (1.553)a 1.733 1.476 1.635
Si1—O3 1.684 (1.657) 1.827 1.641 1.815
Si1—O4 1.716 (1.615) 1.858 1.590 1.769
Si2—O2 1.601 (1.609) 1.733 1.476 1.635
Si2—O3 1.684 (1.606) 1.827 1.641 1.815
Si2—O5 1.716 (1.654) 1.858 1.590 1.769
Si3—O6 1.716 (1.654) 1.858 1.590 1.769
Si3—O14 1.684 (1.606) 1.827 1.641 1.815
Si4—O7 1.716 (1.615) 1.858 1.590 1.769
Si4—O14 1.684 (1.657) 1.827 1.641 1.815
Si5—O8 1.735 (1.648) 1.883 1.618 1.797
Si6—O9 1.735 (1.674) 1.883 1.618 1.797
Si7—O10 1.735 (1.674) 1.883 1.618 1.797
Si7—O12 1.601 (1.553) 1.733 1.476 1.635
Si8—O11 1.735 (1.648) 1.883 1.618 1.797
Si8—O13 1.601 (1.608) 1.733 1.476 1.635

Note: Si = Ge, P, and As for systems 2, 3, and 4, respectively.
aThe experimental values in parentheses are from ref. 13.

Table 2. Energies (eV), symmetry (S), and major composition of alpha frontier molecular orbitals of
polyanions.

Polyanions
a-HOMO
(energy) S

Composition
(%)

a-LUMO
(energy) S

Composition
(%) DEa

[Si8V14O50]12– 21.932 a1 V = 90.75 23.044 e V = 65.89 1.112
O = 3.27 O = 21.18

Si = 2.2
[Ge8V14O50]12– 21.528 a1 V = 90.13 22.399 a1 V = 78.18 0.871

O = 4.62 Ge = 13.59
[P8V14O50]4– 3.344 a1 V = 87.86 4.396 e V = 65.86 1.052

O = 7.21 O = 25.97
[As8V14O50]4– 3.306 a1 V = 85.51 4.074 a1 As = 37.4 0.786

O = 8.59 O = 32.29
As = 1.07 V = 28.55

[Si8V14O50]14– 26.866 b2 V = 72.78 26.923 e1 V = 65.94 0.057
Si = 25.25 Si = 21.15

O = 5.26
[Ge8V14O50]13– 23.547 a1 V = 89.99 24.190 a1 V = 77.84 0.643

O = 4.63 Ge = 17.21
[P8V14O50]5– 5.887 a1 V = 90.16 7.297 a2 V = 70.84 1.41

O = 5.22 O = 24.32
[As8V14O50]5– 5.705 a1 V = 87.58 6.412 a1 V = 33.19 0.707

O = 6.12 O = 32.59
As = 32.48
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0.786 eV for systems 3 and 4, respectively, as shown in
Table 2. However, SiIV is participating while PV has no con-
tribution in the formation of a-LUMO. Thus, it might be the
reason that the a HOMO–LUMO energy gap of system 1 is
larger than that of system 3 in the following order: 1 > 3 >
2 > 4. On the contrary, in the formation of b -LUMO, SiIV

has no contribution while PV is participating, so it might be
one reason due to which the beta HOMO–LUMO energy
gap of system 3 is the largest, as 3 > 1 > 2 > 4. The partic-
ipation in the form of % of composition has also been men-
tioned in Tables 2 and 3. Moreover, on reduction of systems
1–4, we found a clue that the b-LUMO is favourable in sys-
tems 2–4 while b-LUMO is not suitable for system 1, so the
above mentioned b HOMO–LUMO energy gap sequence of
oxidized species 3 > 1 > 2 > 4 can be written as 3 > 2 > 4,

which is in accordance with the sequence of a HOMO–LUMO
energy gap of systems 2–4 (see Figs. 3 and 4). As far as the
total bonding energy is concerned for systems 1–4, it is in
the following order: 2 > 1 > 3 > 4 (see Table 4 and Fig. 5).
The total steric interaction and Pauli repulsion along with
total orbital interaction and electrostatic interaction of the
studied systems (1–4) have been depicted in Figs. 5 and 6.

First reduction of systems 1–4
As far as the redox properties are concerned, it is well-

known that the redox properties depend on the energy and
composition of the LUMO. While the LUMO formally
delocalizes over the metal atoms, which determines the
redox properties of POMs.21 In the first reduction of
[Si8V14O50]12–, the a-LUMO with symmetry e is available

Fig. 2. Frontier molecular orbitals of systems 1–4.
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with a minimum energy of 23.04 eV. The question arises
whether a-LUMO or b-LUMO would accept an electron, it
is obvious that the energy of b-LUMO is greater than that
of a-LUMO (see Tables 2 and 3), it means a-LUMO is
more favourable than b-LUMO, so 1 e will prefer to go to
a-LUMO. If 1 e goes to b-LUMO, then spin polarization be-
comes 13, and if an electron goes to a-LUMO, the spin po-
larization becomes 15. We calculated both possibilities of
[Si8V14O50]13– and found the total bonding energies, which
were –445.81 eV and –445.93 eV for spin polarization 13
and 15, respectively. It was concluded that [Si8V14O50]13–

with spin polarization 15 is more favourable, so the first
electron goes to a-LUMO of symmetry e of [Si8V14O50]12–

with 0.5 contribution to e1 and e2. On second electron reduc-

Table 3. Energies (eV), symmetry (S), and major composition of beta frontier molecular orbitals of the poly-
anions.

Polyanions
b-HOMO
(energy) S

Composition
(%)

b-LUMO
(energy) S

Composition
(%) DEb

[Si8V14O50]12– 20.087 b1 O = 90.58 23.246 a1 V = 86.19 3.159
Si = 2.36

[Ge8V14O50]12– 19.509 a2 O = 91.62 22.400 a1 V = 73.55 2.891
Ge = 4.48 Ge = 19.73

O = 1.18
[P8V14O50]4– 0.839 a2 O = 96.43 4.144 b2 V = 88.58 3.305

O = 3.08
P = 1.29

[As8V14O50]4– 0.798 a2 O = 98.33 3.688 a1 V = 35.54 2.89
O = 32.95
As = 32.63

[Si8V14O50]14– 24.067 b1 O = 95.66 27.139 a1 V = 84.27 3.072
Si = 12.5

[Ge8V14O50]13– 24.040 a1 V = 73.29 24.075 b2 V = 54.14 0.035
Ge = 23.57 Ge = 42.29

O = 2.08
[P8V14O50]5– 6.852 b2 V = 88.07 6.874 a1 V = 88.92 0.022

P = 1.47
O = 1.43 O = 1.07

[As8V14O50]5– 5.957 a1 As = 36.14 5.996 b2 As = 32.39 0.039
O = 35.49 O = 32.76
V = 27.67 V = 34.95

Fig. 3. Molecular orbital diagram and arrow indicates HOMO–LUMO
energy gap of systems 1 and 2.

Fig. 4. Molecular orbital diagram and arrow indicates HOMO–LUMO
energy gap of systems 3 and 4.

Table 4. Total bonding energies (eV) of systems 1– 4.

Systems Total bonding energy (eV)
1 –470.0956
2 –440.0773
3 –559.2619
4 –562.5542
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tion a-LUMO of symmetry e will be completed with two
electrons resulting into [Si8V14O50]14– (see Fig. 7).

In one-electron reduction of [Ge8V14O50]12–, we have
a-LUMO and b-LUMO with very slight difference in energy
(see Tables 2 and 3), i.e., the energy of b-LUMO is a little
higher than that of a-LUMO, and it seems that 1 e reduc-
tion will occurr in a-LUMO. The total bonding energies
of [Ge8V14O50]13– have been observed as –417.02 eV
and –417.01 eV for spin polarization 13 and 15, respec-
tively. The total bonding energy with spin polarization 13 is
less, so it is favourable, which means that 1 e will go to
b-LUMO. Now, the question arises why is 1 e reduction fav-
oured by b-LUMO? The answer of this question is that in
a-LUMO of [Ge8V14O50]12–, the contribution of V is
78.18%; on the contrary, b-LUMO is composed of 73.55%
of V. So, it might be possible that 1 e goes to b-LUMO of
[Ge8V14O50]12– to give it more electronic density. In 1 e

reduction of [P8V14O50]4–, an electron goes to b-LUMO
due to its lower energy, as we also calculated total bond-
ing energies of [P8V14O50]5–, which were –553.75 eV
and –553.43 eV for spin polarization 13 and 15, respec-
tively. [P8V14O50]5– with spin polarization 13 is more suit-
able, which means that the electron goes to b-LUMO of
[P8V14O50]4–.

In the first reduction of [As8V14O50]4–, an electron goes to
b-LUMO due to its low energy, which was further confirmed
by the calculations of total bonding energies, –521.69 eV
and –521.32 eV for spin polarization 13 and 15, respec-
tively. [As8V14O50]5– with spin polarization 13 has less
energy, which shows that 1 e goes to b-LUMO of
[As8V14O50]4–. As far as energy gaps are concerned, the
HOMO–LUMO energy gaps are significantly decreased
after the first reduction of systems 1–4 as demonstrated in
Scheme 1. The a-LUMO in oxidized [Si8V14O50]12– is basi-
cally concentrated on V and O by 65.89% and 21.18%, re-
spectively, whereas in reduced [Si8V14O50]14–, it is
composed of V (65.94%) and Si (21.15%). The a-LUMO in
oxidized [Ge8V14O50]12– is delocalized over V (78.18%) and
Ge (13.59%) while b-LUMO of [Ge8V14O50]13– is made up
of V (54.14%) and Ge (42.29%). The a-LUMO in oxidized
[P8V14O50]4– is composed of 65.86% of V and 25.97% of O,
whereas b-LUMO of [P8V14O50]5– is made up of 88.92% of
V only (see Tables 2 and 3 with Figs. 2 and 7).

Conclusions
In the present work, DFT calculations were carried out on

vanadosilicate [Si8V14O50]12– and other related anions. The
effect of substitution of GeIV, PV, and AsV with SiIV on the
electronic and redox properties was investigated. The above
results can be summarized in following principal conclu-
sions:

(i) The substitution of SiIV with GeIV, PV, and AsV has
opened up possibilities for the experimentalists to synthe-
size other mimicked vanadosilicates, vanadogermenates,
vandophosphates, and vandoarsenates as well as their het-
eropolyanions, respectively.
(ii) The a-LUMO is mainly concentrated on V and O
in system 1, V and Ge in system 2, V and O in system
3, and As, O, and V in system 4.
(iii) The substitution of GeIV, PV, AsV with SiIV in

system 1 leads to decrease in the energy of LUMO
and HOMO–LUMO energy gaps as well in systems 2,
3, and 4.
(iv) The a HOMO–LUMO energy gaps decrease in the
following order: system 1 > 3 > 2 > 4.
(v) The system 4 has a minimal value of the total bond-
ing energy, whereas system 2 has a maximal value, so
energetically system 4 is more favourable than the
others. On the basis of total bonding energy, the forma-
tion of energetically favourable polyoxovanadates is in
the following order: system 4 > 3 > 1 > 2.
(vi) The bond lengths were shortened and lengthened
because of the variable atomic radii of SiIV, GeIV, PV,
and AsV.
(vii) Phosphorous has the smallest atomic radius of
1.23 Å and germanium has the largest atomic radius of
1.52 Å among the afore mentioned polyoxovanadates,

Fig. 5. Total bonding energy, electrostatic interaction, and total or-
bital interaction of systems 1–4.

Fig. 6. Total Pauli repulsion and total steric interaction of systems
1–4.
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and that is why bond lengths were maximum with the
substitution of germanium while minimum with phos-
phorous.
(viii) Moreover, the bond lengths with GeIV were
longer than with SiIV due to the atomic radii of 1.52 Å
and 1.46 Å, respectively, while the bond lengths with
AsV were longer than with PV due to atomic radii of
1.33 Å and 1.23 Å, respectively.
(ix) The first reduction would occurr in the a-LUMO of
[Si8V14O50]12–, b-LUMO of [Ge8V14O50]12–, b-LUMO
of [P8V14O50]4–, and b-LUMO of [P8V14O50]4– giving
rise to reduced heteropolyanions of [Si8V14O50]14–,
[Ge8V14O50]13–, [P8V14O50]5–, and [As8V14O50]5–, re-
spectively.

Fig. 7. Frontier molecular orbitals of systems 1–4 after first reduction.

Scheme 1. HOMO–LUMO energy gaps are significantly decreased
after the first reduction of systems 1–4.
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(x) After the first reduction, a-LUMO in [Si8V14O50]14–

is composed of V and Si, b-LUMO in [Ge8V14O50]13– is
concentrated on V and Ge, b-LUMO in [P8V14O50]5– is
composed of V only, whereas b-LUMO in [As8V14O50]5–

is made up of V, O, and As.
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Imino Diels–Alder reaction — An efficient
synthetic protocol for 2-methyl-4-substituted
tetrahydroquinolines catalyzed by copper
dipyridine dichloride

C.S. Kavitha, K.M. Hosamani, and R.S. Harisha

Abstract: For the first time, copper dipyridine dichloride (CuPy2Cl2) is used as an efficient and reusable catalyst for the
imino Diels–Alder reaction of para-substituted anilines with N-vinylpyrrolidinone, N-vinylcarbazole, and N-vinylcaprolac-
tam in acetonitrile to afford the corresponding 2-methyl-4-substituted-1,2,3,4-tetrahydroquinoline derivatives in excellent
yields with good purity. The products were characterized by FTIR, 1H NMR, 13C NMR, MS, and elemental analysis.

Key words: CuPy2Cl2, reusable catalyst, aromatic amines, imino Diels–Alder reaction, 2-methyl-4-substituted tetrahydro-
quinolines.

Résumé : Le dichlorure de dipyridine cuivre (CuPy2Cl2) a été utilisé pour la première fois comme catalyseur efficace et
réutilisable pour la imino de Diels–Alder d’anilines para-substituées avec de la N-vinylpyrrolidone, du N-vinylcarbazole et
du N-vinylcaprolactame, dans l’acétonitrile, pour conduire avec d’excellents rendements et un bonne pureté à la formation
de dérivés correspondants, 2-méthyl-1,2,3,4-tétrahydroquinoléines substituées en position 4, qui ont été caractérisés par
analyse élémentaire et par spectroscopies RMN du 1H et du 13C, par spectroscopie infrarouge à transformée de Fourier et
par spectroscopie de masse.

Mots-clés : CuPy2Cl2, catalyseur réutilisable, amines aromatiques, réaction imino de Diels–Alder, 2-méthyl-1,2,3,4-tétrahydro-
quinoléines substituées en position 4.

[Traduit par la Rédaction]

Introduction
One of the most challenging tasks in modern organic

chemistry is the synthesis of natural products containing het-
erocyclic ring. Despite the considerable exploration to date
within this field, there is still a need for further development
of alternative methods for the synthesis of heterocyclic com-
pounds. Among numerous families of natural products, tetra-
hydroquinolines seem to attract considerable attention
because of their abundant presence in plants1 along with
their promising biological activities.2–8 Therefore, their syn-
thesis via newer and atom economical9 approaches has been
the subject of current research.10,11 Since the pioneering
work of Povarov,12 this reaction has been extensively
studied with use of different Lewis acids, such as
BF3�OEt2,13 GbCl3,14 InCl3,15 LiClO4,16,17 ZrCl4,18 BiCl3,19

and SbCl3,20 and protic acids, such as TFA,21 TsOH,22 and
(COOH)2.23 Although the imino Diels–Alder reaction pro-
moted by Lewis acid is known, many of these methods suf-
fer from some limitations, such as more than stoichiometric
amounts of the Lewis acid are required because of the coor-
dination of the Lewis acid to the imine nitrogen. Further,
most of these acids are moisture-sensitive and easily decom-

pose or become deactivated in the presence of water and are
thus difficult to handle. Moreover, these reactions have some
drawbacks like drastic reaction conditions, prolonged reac-
tion time, tedious work-up procedures, and co-occurrence of
side reactions, low yields, and expensive reagents/catalysts.
Some of the catalysts are destroyed in the work-up proce-
dure and cannot be recovered or reused. Furthermore, the
disposal of these acids leads to environmental pollution.
Therefore, the search continues for a better catalyst for the
synthesis of tetrahydroquinolines in terms of operational
simplicity, reusability of catalyst, low cost, and greater se-
lectivity.

In continuation of our research work on imino Diels–Alder
reaction by use of new catalysts,24,25 we test copper dipyri-
dine dichloride (CuPy2Cl2)26 as an efficient Lewis acid cata-
lyst. It is water-tolerant, reusable, and can effectively
promote some of the organic reactions.27–29 CuPy2Cl2 is eas-
ier to handle than metal halides, such as ZrCl4, BiCl3, and
SbCl3, and protic acids, such as TFA or TsOH. In the quest
for developing a less toxic, potentially green catalyst, we
thought of using CuPy2Cl2 as a catalyst to synthesize the
2-methyl-4-substituted tetrahydroquinoline derivatives.

Received 19 August 2009. Accepted 25 January 2010. Published on the NRC Research Press Web site at canjchem.nrc.ca on 26 March
2010.
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Results and discussion

In view of the current trends in catalytic processes, there
is merit in developing a truly catalytic method for the for-
mation of 2-methyl-4-substituted tetrahydroquinolines. Now,
we have found that an imino Diels–Alder reaction can be
conveniently performed under neutral and mild conditions
in the presence of a catalytic amount of CuPy2Cl2. Because
of the presence of two pyridine rings, the electron deficiency
increases on the nitrogen so it acts efficiently as a Lewis
acid.26

Preliminary studies were carried out to study the effect of
solvents and temperature on the model reaction of p-chloro-
aniline (5 mmol), and N-vinylpyrrolidinone (NVP) (12 mmol)
in the presence of 0.01 mmol of CuPy2Cl2, and the results

are summarized (Table 1). Though the reaction proceeds at
room temperature, the isolated yields are low and the reac-
tion was sluggish. At 50 8C, the reaction proceeded
smoothly and gave the desired products in excellent yields
by using acetonitrile as solvent.

When the reaction was performed in different solvents
such as dichloromethane, methanol, ethanol, THF and tol-
uene, the observed yield was low (Table 1). However, when
acetonitrile was used as solvent, the tetrahydroquinoline de-
rivative was obtained in good yield with purity. However,
the acetonitrile was found to be the best for the catalytic re-
action in terms of yield and reaction time. In a control ex-
periment, it was observed that in the absence of the
catalyst, the reaction did not proceed neither at room tem-
perature nor at higher temperatures.

Scheme 1. Synthesis of tetrahydroquinoline derivatives (3a–-3d) catalyzed by CuPy2Cl2.

Scheme 2. Synthesis of tetrahydroquinoline derivatives (5a–5d) catalyzed by CuPy2Cl2.

Table 1. Effect of solvents on the synthesis of 2-methyl-4-substituted tetrahydroquinoline derivatives.

Entry p-Chloroaniline(mmol) NVP (mmol) Solvent Catalysta Temperature (8C) Time (h) Yield b (%)
1 5 12 CH2Cl2 CuPy2Cl2 25 15 55
2 5 12 CH3CN CuPy2Cl2 25 10 60
3 5 12 CH3CN CuPy2Cl2 50 3 90
4 5 12 Toluene CuPy2Cl2 50 13 50
5 5 12 THF CuPy2Cl2 50 18 60
6 5 12 MeOH CuPy2Cl2 50 12 60
7 5 12 EtOH CuPy2Cl2 50 12 60

a0.01 mmol CuPy2Cl2 catalyst loaded.
bIsolated yields.
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Thus, in the presence of 0.01 mmol of CuPy2Cl2, p-chloro-
aniline1 was treated with NVP2 in acetonitrile at 50 8C.
After 2 h, the 1-(2-methyl-1,2,3,4-tetrahydroquinolin-4-yl)-
pyrrolidin-2-one was obtained in good yield (Scheme 1).
These compounds were established by IR, 1H NMR, 13C
NMR, and mass spectral analysis.

Similarly, para-substituted anilines reacted smoothly with
N-vinylpyrrolidinone, N-vinylcarbazole, and N-vinylcapro-
lactam (Scheme 1, Scheme 2, and Scheme 3, respectively)
to give the corresponding tetrahydroquinolines (3a–3d, 5a–5d,
and 7a–7d) in 80%–95% yields (Table 2) in the presence of
0.01 mmol of CuPy2Cl2 in acetonitrile at 45–50 8C. In the
IR spectra, the NH in all derivatives was observed at 3320–
3360 cm–1, and C=O was observed from 1670.0 to 1678.3
cm–1. In 1H NMR spectra, the NH peak was observed
around 3–5 ppm, and NH proton disappeared on D2O addi-
tion and all the remaining protons were observed in the ex-
pected regions.

On the basis of previous reports30–32 and the NMR data, all
the substituted tetrahydroquinoline exist as cis-diastereomers.
Their structural elucidation was based on 1H NMR. The J
values of H2 and H4 were found to be 7.88 and 6.80 Hz, re-
spectively.

From these results, we propose the following possible
mechanism to account for the reaction.24,25 In a first step,
the reaction must proceed by N-vinyl tautomerization to the
iminium species and nucleophilic substitution at vinyl car-
bon, favoring the intermolecular proton transformation lead-
ing to the N–C bond formation. In a second step, the
reaction of a second equivalent of the vinyl substrate leading
to the Ar–C–C bond formation (Schemes 4–6).

Conclusion

In conclusion, we are reporting that CuPy2Cl2 is an effi-
cient and reusable catalyst for the synthesis of 2-methyl-4-
substituted tetrahydroquinoline derivatives. The present proto-
col provides easy work-up procedure, cost efficiency, provid-
ing reusability of the catalyst with excellent yields, which
makes this method a valid contribution to the existing meth-
odologies of tetrahydroquinolines.

Experimental
The melting points of the products were determined by

open capillaries on a Buchi apparatus and are uncorrected.
The IR spectra were recorded on a Nicolet Impact-5700
FTIR Spectrophotometer using KBr pellets. 1H NMR and 13C
NMR spectra were recorded on a BRUKER AVANCE-300F
300 MHz spectrometer in CDCl3 using TMS as an internal
standard with 1H resonance frequency of 300 MHz and 13C
resonance frequency of 75 MHz. D2O exchange was applied
to confirm the assignment of the signals of NH protons. The
Mass spectra were recorded on a Shimadzu GC-2010. The el-
emental analysis was carried out by using HERAUS CHN
rapid analyzer. The homogeneity of the compounds was de-
scribed by TLC detected by UV light and iodine vapors. All
chemical reagents were obtained from Fluka, sd fine, and
Merck chemical companies and were used without purification.

General procedure for the synthesis of 2-
methyl-4-substituted tetrahydroquinoline
derivatives in the presence of copper
dipyridine dichloride catalyst

A mixture of the para-substituted anilines (1) (5 mmol),
N-vinylpyrrolidin-2-one (2) (12 mmol), N-vinylcarbazole
(4) (12 mmol), N-vinylcaprolactam (6) (12 mmol), and
CuPy2Cl2 (0.01 mmol) in acetonitrile (5 mL) was stirred
at 45–50 8C for the appropriate time (Table 2). After com-
pletion of reaction as indicated by TLC, the reaction mixture
was quenched with saturated aqueous NaHCO3 solution
(20 mL) and extracted with ethyl acetate (2 � 15 mL). The
combined organic layer was dried over anhydrous Na2SO4
and concentrated under reduced pressure. After extraction,
the water layer containing the catalyst could be evaporated
under reduced pressure to give a catalyst back with blue col-
ored sol id. The recovered catalyst was washed with ether
and dried at 85 8C for 2 h under high pressure prior to fur-
ther use in another reaction. The residue thus obtained was
purified by column chromatography using silica gel (60–120
mesh) and eluted with petroleum ether:ethyl acetate (8:2) to
afford tetrahydroquinoline derivatives (3a–3d, 5a–5d, and
7a–7d).

Scheme 3. Synthesis of tetrahydroquinoline derivatives (7a–7d) catalyzed by CuPy2Cl2.
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Spectral data of the synthesized compounds

1-(2-Methyl-1,2,3,4-tetrahydroquinolin-4-yl)pyrrolidin-2-
one (3a)

Colorless crystalline solid. Yield: 90%, mp 72–74 8C (re-
crystallization solvent: chloroform). 1H NMR (300 MHz,
CDCl3) d (ppm): 1.28 (d, 3H, J = 6.1 Hz), 1.67 (ddd, 1H,
J = 12.2, 5.8, 1.9 Hz), 1.98 (ddd, 1H, J = 12.0, 6.0,

2.4 Hz), 1.99–2.16 (m, 2H), 2.44–2.68 (m, 2H), 2.98–3.13
(m, 2H), 3.43–3.54 (m, 1H), 4.5 (brs, 1H, NH), 5.65 (dd,
1H, J = 11.5, 6.0 Hz), 6.67 (td, 1H, J = 8.0 1.1 Hz), 6.8 (t,
1H, J = 7.5 Hz), 6.99 (m, 2H). 13C NMR (300 MHz, CDCl3)
d (ppm):18.3, 22.1, 31.0, 33.6, 42.1, 47.3, 47.9, 114.1, 117.5,
122.6, 127.4, 128.8, 145.4, 175.6. IR (KBr) n (cm–1): 3346.
MS m/z: 230. Anal. calcd. for C14H18N2O: C, 73.01; H,
7.88; N, 12.16. Found: C, 72.95; H, 7.81; N, 12.01.

Scheme 4. Proposed plausible mechanistic pathway of the synthesis of tetrahydroquinoline derivatives (3a–3d) catalyzed by CuPy2Cl2

(Scheme 1).

446 Can. J. Chem. Vol. 88, 2010

Published by NRC Research Press

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

U
ni

ve
rs

ity
 o

f 
E

le
ct

ro
ni

c 
an

d 
Sc

ie
nc

e 
T

ec
ho

no
lo

gy
 o

f 
C

hi
na

 o
n 

09
/1

7/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



1-(6-Chloro-2-methyl-1,2,3,4-tetrahydroquinolin-4-
yl)pyrrolidin-2-one (3b)

Colorless crystalline solid. Yield: 93%, mp 151–153 8C
(recrystallization solvent: chloroform). 1H NMR (300 MHz,
CDCl3) d (ppm): 1.26 (d, 3H, J = 6.0 Hz), 1.78 (ddd,
1H, J = 12.6, 5.3, 2.5 Hz), 1.93 (ddd, 1H, J = 11.7,

5.8, 26.4 Hz), 1.95–2.18 (m, 2H), 2.40–2.55 (m, 2H),
3.10–3.35 (m, 2H), 3.45–3.66 (m, 1H), 4.8 (brs, 1H, NH),
5.7 (dd, 1H, J = 12.0, 6.0 Hz), 6.43 (d, 1H, J = 8.6 Hz),
6.73 (s, 1H), 6.92 (dd, 1H, J = 8.8 Hz, 2.4 Hz). 13C NMR
(300 MHz, CDCl3) d (ppm): 18.0, 22.2, 31.8, 33.4, 42.8,
47.6, 47.3, 116.3, 120.3, 122.2, 126.0, 129.6, 144.1, 175.4.

Scheme 5. Proposed plausible mechanistic pathway of the synthesis of tetrahydroquinoline derivatives (5a–5d) catalyzed by CuPy2Cl2

(Scheme 2).
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Scheme 6. Proposed plausible mechanistic pathway of the synthesis of tetrahydroquinoline derivatives (7a–7d) catalyzed by CuPy2Cl2

(Scheme 3).
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IR (KBr) n (cm–1): 3389. MS m/z: 264. Anal. calcd. for
C14H17ClN2O: C, 63.51; H, 6.47; N, 10.58. Found: C,
63.47; H, 6.42; N, 10.52.

1-(6-Fluoro-2-methyl-1,2,3,4-tetrahydroquinolin-4-
yl)pyrrolidin-2-one (3c)

Colorless crystalline solid. Yield: 90%, mp 137–139 8C

Table 2. CuPy2Cl2-catalyzed synthesis of 2-methyl-4-substituted tetrahydroquinoline.
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(recrystallization solvent: chloroform). 1H NMR (300 MHz,
CDCl3) d (ppm): 1.26 (d, 3H, J = 6.0 Hz), 1.76 (m, 1H),
1.95 (ddd, 1H, J = 12.2, 5.7, 2.6 Hz), 2.10–2.3 (m, 2H),
2.47–2.60 (m, 2H), 3.1–3.19 (m, 2H), 3.44–3.56 (m, 1H),
4.2 (brs, 1H, NH), 5.50 (dd, 1H, J = 11.7, 5.9 Hz), 6.65 (m,
2H), 6.8 (d, 1H, J = 8.7, 2.8 Hz). 13C NMR (300 MHz,
CDCl3) d (ppm): 17.8, 18.7, 21.8, 30.4, 33.0, 41.3, 46.6,
47.8, 116.2, 120.9, 122.6, 125.3, 128.9, 143.2, 175.3. IR
(KBr) n (cm–1): 3255. MS m/z: 248. Anal. calcd. for
C14H17FN2O: C, 67.72; H, 6.90; N, 11.28. Found: C, 67.68;
H, 6.82; N, 11.22.

1-(2,6-Dimethyl-1,2,3,4-tetrahydroquinolin-4-
yl)pyrrolidin-2-one (3d)

Pale yellow crystalline solid. Yield: 92%, mp 96–98 8C
(recrystallization solvent: chloroform). 1H NMR (300 MHz,
CDCl3) d (ppm): 1.2 (d, 3H, J = 5.6 Hz), 1.66 (q, 1H,
J = 11.8 Hz), 1.74 (ddd, 1H, J = 12.1, 5.8, 2.5 Hz), 1.93–
2.10 (m, 2H), 2.24 (s, 3H), 2.25–2.45 (m, 2H), 2.95–3.21
(m, 2H), 3.39–3.58 (m, 1H), 5.25 (dd, 1H, J = 11.8,
5.9 Hz), 5.46 (brs, 1H, NH), 6.42 (m, 2H), 6.70 (d, 1H,
J = 8.1 Hz). 13C NMR (300 MHz, CDCl3) d (ppm): 17.70,
18.8, 20.2, 21.72, 30.64, 32.98, 41.2, 46.4, 47.4, 112.1,
125.2, 126.8, 127.8, 128.3, 143.9, 173.9. IR (KBr) n (cm–1):
3328. MS m/z: 244. Anal. calcd. for C15H20N2O: C, 73.74;
H, 8.25; N, 11.47. Found: C, 73.68; H, 8.19; N, 11.39.

9-(2-Methyl-1,2,3,4-tetrahydroquinolin-4-yl)-9H-
carbazole (5a)

Colorless crystalline solid. Yield: 90%, mp 124–126 8C
(recrystallization solvent: chloroform). 1H NMR (300 MHz,
CDCl3) d (ppm): 1.35 (d, 3H, J = 6.3 Hz), 2.25 (dd, 2H,
J = 11.7, 6.1, 2.0 Hz), 3.15 (m, 1H), 4.97 (dd, 1H, J = 11.8,
6.2 Hz), 4.4 (s,1H, NH), 6.90 (d, 1H, J = 8.5 Hz), 6.38 (d,
1H, J = 8.4 Hz), 6.86 (d, 1H, J = 8.6 Hz), 7.19–8.11 (m,
8H). 13C NMR (75 MHz, CDCl3) d (ppm): 22.59, 35.16,
47.99, 52.08, 108.45, 110.90, 112.95, 114.93, 118.65,
119.25, 119.83, 120.78, 123.53, 123.76, 125.61, 126.06,
126.21, 128.12, 128.78, 139.89, 141.75, 145.66. IR (KBr)
n (cm–1): 3417. MS m/z: 313. Anal. calcd. for C22H20N2: C,
84.58; H, 6.45; N, 8.97. Found: C, 84.10; H, 6.40; N, 8.93.

9-(6-Chloro-2-methyl-1,2,3,4-tetrahydroquinolin-4-yl)-
9H-carbazole (5b)

Colorless crystalline solid. Yield: 91%, mp 128–130 8C
(recrystallization solvent: chloroform). 1H NMR (300 MHz,
CDCl3) d (ppm): 1.58 (d, 3H, J = 6.1 Hz), 1.95 (dd, 2H,
J = 11.4, 6.0, 2.6 Hz), 3.45 (m, 1H), 5.5 (dd, 1H, J = 11.6,
6.0 Hz), 4.1 (s,1H, NH), 6.75 (s, 1H), 6.49 (d, 1H, J = 8.5
Hz), 6.97 (d, 1H, J = 8.6 Hz), 7.19–8.11(m, 8H). 13C NMR
(75 MHz, CDCl3) d (ppm): 21.39, 37.0, 51.0, 55.1, 108.45,
110.90, 111.0, 112.1, 112.95, 115.1, 119.6, 119.83, 120.78,
121.7, 123.2, 126.05, 128.78, 129.55, 133.4, 141.75, 143.3,
145.66. IR (KBr) n (cm–1): 3417. MS m/z: 346. Anal. calcd.
for C22H19ClN2: C, 76.18; H, 5.52; N, 8.08. Found: C,
76.15; H, 5.48; N, 8.05.

9-(6-Fluoro-2-methyl-1,2,3,4-tetrahydroquinolin-4-yl)-9H-
carbazole (5c)

Colorless crystalline solid. Yield: 91%, mp 131–133 8C
(recrystallization solvent: chloroform). 1H NMR (300 MHz,

CDCl3) d (ppm): 1.49 (d, 3H, J = 6.5 Hz), 1.84 (dd, 2H,
J = 11.2, 6.3, 2.8 Hz), 3.43 (m, 1H), 5.3 (dd, 1H, J = 11.4,
6.5 Hz), 4.5 (s,1H, NH), 6.71 (s, 1H), 6.46 (d, 1H, J = 8.9
Hz), 6.93(d, 1H, J = 8.9 Hz), 7.14–8.16 (m, 8H). 13C NMR
(75 MHz, CDCl3) d (ppm): 22.61, 35.22, 48.12, 52.26,
108.64, 111.02, 112.76, 114.76, 118.61, 119.29, 119.68,
121.74, 123.29, 124.74, 125.89, 126.41, 127.18, 128.09,
128.76, 139.86, 141.72, 145.69. IR (KBr) n (cm–1): 3420.
MS m/z: 330. Anal. calcd. for C22H19FN2: C, 79.97; H,
5.80; N, 8.48. Found: C, 79.94; H, 5.75; N, 8.45.

9-(2,6-Dimethyl-1,2,3,4-tetrahydroquinolin-4-yl)-9H-
carbazole (5d)

Colorless crystalline solid. Yield: 92%, mp 124–126 8C
(recrystallization solvent: chloroform). 1H NMR (300 MHz,
CDCl3) d (ppm): 1.42 (d, 3H, J = 6.2 Hz), 1.89 (dd, 2H,
J = 11.6, 6.4, 2.6 Hz), 2.35 (s, 3H), 3.21 (m, 1H), 4.95 (dd,
1H, J = 11.1, 6.0 Hz), 4.5 (s,1H, NH), 6.70 (s, 1H), 6.26 (d,
1H, J = 8.5 Hz), 6.66 (d, 1H, J = 8.8 Hz), 7.14–8.16 (m,
8H). 13C NMR (75 MHz, CDCl3) d (ppm): 21.1, 21.3,
47.02, 51.0, 55.22, 108.64, 111.0, 111.02, 112.28, 112.76,
114.76, 115.1, 118.61, 119.6, 120.5, 121.74, 123.29, 125.89,
127.18, 128.09, 133.1, 140.3, 141.69. IR (KBr) n (cm–1):
3426. MS m/z: 326. Anal. calcd. for C23H22N2: C, 84.63; H,
6.79; N, 8.58. Found: C, 84.58; H, 6.75; N, 8.55.

1-(2-Methyl-1,2,3,4-tetrahydroquinolin-4-yl)azepan-2-one
(7a)

Light yellow crystalline solid. Yield: 92%, mp 118–120 8C
(recrystallization solvent: chloroform). 1H NMR (300 MHz,
CDCl3) d (ppm): 1.23 (d, 3H, J = 6.3 Hz), 2.09 (dd, 2H,
J = 11.2, 6.3, 2.4 Hz), 2.79 (m, 1H), 4.87 (dd, 1H, J = 11.5,
6.3 Hz), 1.29(t, 2H), 1.55 (m, 2H), 1.57 (m, 2H), 2.18 (t,
2H), 3.2 (t, 2H), 4.5 (s,1H, NH), 6.49–6.91 (m, 4H). 13C
NMR (75 MHz, CDCl3) d (ppm): 21.3, 25.7, 31.8, 32.0,
32.2, 44.5, 46.6, 47.3, 50.7, 112.1, 116.7, 123.2, 126.5,
129.1, 143.3, 172.3. IR (KBr) n (cm–1): 3368, 1658. MS m/z:
258. Anal. calcd. for C16H22N2O: C, 74.38; H, 8.58; N,
10.84. Found: C, 74.35; H, 8.50; N, 10.85.

1-(6-Chloro-2-methyl-1,2,3,4-tetrahydroquinolin-4-
yl)azepan-2-one (7b)

Light yellow crystalline solid. Yield: 93%, mp 122–124
8C (recrystallization solvent: chloroform). 1H NMR
(300 MHz, CDCl3) d (ppm): 1.26 (d, 3H, J = 6.1 Hz), 2.08
(dd, 2H, J = 11.1, 6.4, 2.8 Hz), 2.79 (m, 1H), 4.87 (dd, 1H,
J = 11.5, 6.3 Hz), 1.29 (t, 2H), 1.55 (m, 2H), 1.57 (m, 2H),
2.18 (t, 2H), 3.2 (t, 2H), 4.5 (s,1H, NH), 6.49–6.91 (m, 4H).
13C NMR (75 MHz, CDCl3) d (ppm): 21.5, 25.7, 31.8, 32.0,
32.2, 44.0, 46.6, 47.3, 50.7, 113.5, 122.0, 126.9, 129.5,
129.6, 141.4, 172.0. IR (KBr) n (cm–1): 3362, 1654. MS m/z:
292. Anal. calcd. for C16H21ClN2O: C, 65.63; H, 7.23; N,
9.57. Found: C, 65.59; H, 7.18; N, 9.52.

1-(6-Fluoro-2-methyl-1,2,3,4-tetrahydroquinolin-4-
yl)azepan-2-one (7c)

Light yellow crystalline solid. Yield: 90%, mp 128–
130 8C (recrystallization solvent: chloroform). 1H NMR
(300 MHz, CDCl3) d (ppm): 1.23 (d, 3H, J = 6.6 Hz), 2.03
(dd, 2H, J = 11.0, 6.6, 2.4 Hz), 2.79 (m, 1H), 4.85 (dd, 1H,
J = 11.0, 6.6 Hz), 1.27 (t, 2H), 1.53 (m, 2H), 1.58 (m, 2H),
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2.20 (t, 2H), 3.5 (t, 2H), 4.2 (s,1H, NH), 6.61 (s, 1H), 6.36
(d, 1H, J = 8.6 Hz), 6.57 (d, 1H, J = 6.8 Hz). 13C NMR
(75 MHz, CDCl3) d (ppm): 22.1, 25.6, 31.8, 32.6, 44.5,
44.6, 46.6, 47.3, 50.7, 113.5, 113.7, 116.1, 124.8, 138.9,
150.3, 172.9. IR (KBr) n (cm–1): 3366, 1657. MS m/z: 276.
Anal. calcd. for C16H21FN2O: C, 69.54; H, 7.66; N, 10.14.
Found: C, 69.51; H, 7.62; N, 10.10.

1-(2,6-Dimethyl-1,2,3,4-tetrahydroquinolin-4-yl)azepan-2-
one (7d)

Light yellow crystalline solid. Yield: 91%, mp 125–127
8C (Recrystallization solvent: chloroform). 1H NMR
(300 MHz, CDCl3) d (ppm): 1.28 (d, 3H, J = 6.0 Hz), 2.35
(s, 2H, J = 11.1, 6.4, 2.8 Hz), 2.79 (m, 1H), 4.87 (dd, 1H,
J = 11.5, 6.3 Hz), 1.29 (t, 2H), 1.55 (m, 2H), 1.57 (m, 2H),
2.18 (t, 2H), 3.2 (t, 2H), 4.5 (s,1H, NH), 6.49–6.91 (m, 4H).
13C NMR (75 MHz, CDCl3) d (ppm): 21.5, 25.7, 31.8, 32.0,
32.2, 44.0, 46.6, 47.3, 50.7, 113.5, 122.0, 126.9, 129.5,
129.6, 141.4, 172.0. IR (KBr) n (cm–1): 3368, 1651. MS m/z:
272. Anal. calcd. for C17H24N2O: C, 74.96; H, 8.88; N,
10.28. Found: C, 74.90; H, 8.85; N, 10.23.
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Effect of collision energy on cross sections and
product alignments for the C(1D) + H2 (v = 0, j = 0)
insertion reactions

Lihua Kang and Bin Dai

Abstract: Quasi-classical trajectory (QCT) calculations of total reaction probabilities and vibrationally state-resolved reac-
tion probabilities at total angular momentum J = 0 as a function of collision energy for the C(1D) + H2 (v = 0, j = 0) reac-
tions have been performed on an ab initio potential-energy surface [J. Chem. Phys. 2001, 115, 10701]. In addition, the
integral cross sections as a function of collision energy have been carried out for the same reaction. The product rotational
alignments have also been calculated, which are almost invariant with respect to collision energies.

Key words: cross sections, product alignments, insertion reactions, quasi-classical trajectory.

Résumé : On a effectué des calculs théoriques de trajectoire quasi-classique (TQC) sur une surface d’énergie potentielle
ab initio [J. Chem. Phys. 2001, 115, 10701] pour évaluer les probabilités totales de réaction et les probabilités de réaction
résolues en fonction de l’état vibrationnel, à un moment angulaire J = 0 et en fonction de l’énergie de collision, des réac-
tions C(1D) + H2 (v = 0, j = 0). De plus, pour la même réaction, on a aussi évalué les sections droites intégrales en fonc-
tion de l’énergie de collision. On a aussi calculé les alignements rotationnels qui sont pratiquement invariables avec les
énergies de collision.

Mots-clés : sections droites, alignements du produit, réactions d’insertion, trajectoire quasi-classique.

Introduction

In the past decades, a great deal of attention has been paid
to the atom–diatom insertion reactions in which the potential
energy surfaces are often dominated by deep wells rather
than barriers.1 The reaction between atomic carbon and mo-
lecular hydrogen belongs to this class of insertion reaction.
Other thoroughly studied insertion reactions between elec-
tronically excited atoms and hydrogen molecules are
O(1D) + H2,2–7 N(2D) + H2,8–10 and S(1D) + H2.11–14 Unlike
other members of the insertion reaction family, however,
C(1D) + H2 is considered to be a clean insertion reac-
tion,15,16 without involvement of abstraction pathways. The
reaction between atomic carbon and molecular hydrogen
C(1D) + H2, and its isotopic variants C(1D) + HD and
C(1D) + D2, play a central role in atmospheric and combus-
tion chemistry. Because of its remarkable features, it has at-
tracted much experimental15–19 and theoretical attention.20,21

In crossed molecular-beam (CMB) experiments, Bergeat
et al.15 measured the product angular and time-of-flight
(TOF) distributions for the C(1D) + H2 reaction, . and Balu-
cani et al.19 measured the product angular and velocity dis-
tributions.

Motivated by the crossed molecular-beam experiments,15

Launay and co-workers21 developed a global potential-energy
surface (PES) for the first single state of 1A’ symmetry for
the CH2 system. The ab inito calculations were carried out
over 1748 geometries and the resulting energies were fitted

to a many-body expansion. The potential energy surface has
a well depth of 417.1 kJ/mol relative to the C(1D) + H2
asymptote.

Theoretical studies of the title reaction have been stimu-
lated by the availability of the high-quality potential-energy
surface.21 Launay and co-workers20,21 performed QCT and
QM calculations of reaction probabilities and cross sections.
Since QM calculations are prohibitively expensive, the
quantum integral cross section was calculated at a single
collision energy (Ec), Ec = 7.8 kJ/mol (0.08 eV), and was
found to be 30.49 Å2. At this Ec, previous QCT calculations
were repeated and found to underestimate the value (22.48 Å2).
For comparison, we also calculated the integral cross section
at this Ec and found a value of 25.75 Å2.

Not only the scalar properties (such as integral cross sec-
tion and product-branching ratios) but also the vector prop-
erties (such as velocities and angular momentum) can be
obtained from QCT calculations, .22 For example, product
alignments and orientations can be determined by QCT
calculations.22–24 And many experimental techniques, such
as polarization-resolved chemiluminescence,25,26 polarized
laser-induced fluorescence,27 and electric deflection meth-
ods,28 can be used under molecular-beam and bulb condi-
tions to determine the product alignments.29 In the present
work, we have performed QCT calculations of reaction
probabilities and integral cross sections as well as product
alignment for the title reaction. The calculated results have
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been compared with the available QM and previous QCT re-
sults.

Theoretical methods
All the QCT calculations have been carried out on the 1A’

CH2 ab initio PES of ref. 21. The general method for the
calculation of QCT is the same as the one used in refs. 22,
and 30–34, and the classical Hamilton’s equations are inte-
grated numerically for motion in three dimensions with the
sixth-order symplectic integration.33 The collision-energy
dependence of the reaction probability at total angular mo-
mentum J = 0, PJ =0(Ec), for the C(1D) + H2 (v = 0, j = 0)
reaction has been obtained by running batches of 100 000
trajectories randomly. The integration step size in the trajec-
tories was chosen to be 10–17 s, which guarantees the con-
servation of the total energy and total angular momentum.
The trajectories were started at a distance of 1.0 nm between
the incoming atom and the center of mass of the diatom.
The maximum value of the impact parameter, bmax, was
computed by calculating 100 000 trajectories at fixed values
of the impact parameter b systematically increasing the
value of b until no reactive trajectories were obtained. The
reaction probability Nr/N is the ratio of the number of reac-
tive trajectories to the total number of trajectories, and the
reactive cross section is defined as sr ¼ pb2

max � ðNr=NÞ.
The product rotational-alignment calculations have been

well studied by Han and co-workers.22 Therefore, in addition
to the scalar properties stated above, the average rotational
alignment of the product CH has also been calculated using
the method in ref. 22.

Results and discussion

Reaction probabilities
Figure 1 presents the QM21 and QCT total and vibrationally

state-resolved reaction probabilities of the final product H +
CH (v’ = 0, 1) at total angular momentum J = 0, PJ=0(Ec),
as a function of collision energy Ec, for the C(1D) + H2 (v =
0, j = 0) reaction. From Fig. 1, it can be seen that the results
from the QCT and QM methods21 agree with each other
very well in the whole collision-energy range for the total
and v’ state-resolved reaction probabilities. This confirms
that QCT and QM results are in good agreement for most
reactions, as predicted in ref. 35. The QM and QCT total re-
action probabilities for the reaction have no energy threshold
as expected for a barrierless reaction with a deep well
(417.1 kJ/mol).21,36 Like the QM probabilities, the QCT re-
action probabilities do not show any sharp peak structures. .
Instead, they follow the approximately average QM reaction
probabilities. The v’ = 0 reaction probability dominates those
for v’ = 1 and v’ = 2 over all the collision energy range. As
shown in Fig. 1b, the v’ = 0 reaction probability decreases
with increasing collision energy, whereas for the v’ = 1 and
v’ = 2 reactions a smooth increasing probability is observed.

Integral cross sections
Table 1 summarizes the trajectory details (maximum im-

pact parameter, number of computed reactive trajectories)
and the resulting cross sections of the reaction C(1D) + H2
(v = 0, j = 0). The QCT integral cross sections for the reac-

tion C(1D) + H2 (v = 0, j = 0) are shown in Fig. 2 along with
the QM results by Balucani et al.37 As can be seen in Fig. 2,
the QCT calculations yield cross sections somewhat lower
than the QM at collision energy Ec = 7.8 kJ/mol (0.08 eV).
It seems reasonable that the QCT results are slightly smaller

Fig. 1. QM (thin solid line) (see ref. 21) and QCT (thick solid line)
total reaction probabilities (top panel) and vibrationally state-re-
solved reaction probabilities (bottom panel) as a function of colli-
sion energy, for total angular momentum J = 0 calculated for the
C(1D) + H2 (v = 0, j = 0) reaction.

Table 1. Reactive cross section for the reaction C(1D) + H2 (v =
0, j = 0).

Ec (eV) N bmax (Å) Nr sr ± ssr (Å2)
0.05 100 000 3.70 63 060 27.091±0.003
0.08 100 000 3.51 66 558 25.698±0.002
0.10 100 000 3.40 64 442 23.391±0.002
0.15 100 000 3.00 67 939 19.200±0.002
0.20 100 000 2.80 71 041 17.489±0.002
0.25 100 000 2.63 72 584 15.765±0.002
0.30 100 000 2.55 72 465 14.796±0.002
0.35 100 000 2.45 72 972 13.754±0.002
0.40 100 000 2.40 72 100 13.040±0.002
0.45 100 000 2.37 71 006 12.523±0.002
0.50 100 000 2.30 72 841 12.099±0.002
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than the accurate QM ones owing to the tunneling effect.
The QCT method has a serious drawback in that it cannot
handle the quantum mechanical questions of the system. As
a result, the cross sections of the title reactions of the QM
method are greater than those of the QCT method. As
shown in Fig. 2, although the same PES was used in both
calculations, the results of our work are greater than the re-
sults of Bañares et al.20 at 7.8 kJ/mol collision energy. This
may be ascribed to the fact that we chose 10–17 s as the in-
tegration step size in the trajectories, whereas Bañares et
al.20 chose 5 � 10–17 s. The integral cross sections first de-
crease sharply at low collision energies and then level off at
high energies. Similar observations have been found in theo-
retical studies of other insertion reactions.38–40

To understand the dynamics of the insertion reaction
fully, the state-resolved quantities were obtained. In Fig. 3a,
the product vibrational state as a function of collision energy
is plotted for the C(1D) + H2 (v = 0, j = 0)? CH (v’ = 0, 1,
j’ = 0) + H reaction. From Fig. 3a, we can see that the CH
product is dominated by the ground vibrational states (v’ =
0). The v’ = 0 integral cross section decreases when the col-
lision energy increases, whereas it increases for the v’ = 1
integral cross section.

In Fig. 3b, the resolved cross sections for the product ro-
tational state are plotted against the collision energy for the
C(1D) + H2 (v = 0, j = 0) ? CH (v’ = 0, j’ = 0, 5, 10, 15) +
H reaction. In Fig. 3b, for j’ = 0, 5, and 10, the integral cross
section decreases with the increasing collision energy,
whereas the trend is opposite for j’ = 15.

Rotational alignment parameter
In a reactive encounter, the total angular momentum is

conserved

½1� jþ l ¼ j0 þ l0

where l and l’ are the reagent and product orbital momenta,
respectively. When the reagent angular momentum j is
small, the product rotation can only result from l. The distri-

bution of the angular momentum j’ of the product molecule
is described by a function f(q), where q is the angle between
j’ and k (the reagent relative velocity vector). f(q) can be re-
presented by the legendre polynomial22

½2� f ðqÞ ¼
X

anPnðcos qÞ

where n = 2 indicates the product rotational alignment

½3� <P2ðj0 � kÞ>¼ 1=2 <cos 2q � 1>

where P2 is the second Legendre moment and the brackets
indicate the average over the distribution of j’ about k. In
the present work, we calculate only the rotational alignment
parameter of the product, since it alone has been measured
in most of the experiments until now.

Fig. 2. A comparison between the QCT-computed cross sections in
this work and other theoretical cross sections for the C(1D) + H2

(v = 0, j = 0) reaction. The QM and QCT (HB,GB) results are taken
from refs. 37 and 20, respectively.

Fig. 3. Product vibrational state distributions (CH(v’ = 0, 1, j’ =
0) + H) (a) and rotational state distributions (CH(v’ = 0, j’ = 0, 5,
10, 15) + H) (b) as a function of collision energy for the C(1D) +
H2 (v = 0, j = 0) reaction.
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The dependence of the product rotational alignment on
collision energies is shown in Fig. 4. It can be seen that
the <P2(j’�k)> values are almost invariant with respect to
collision energies. Generally, the higher the collision ener-
gies, the stronger the rotational alignment of the products.
However, in the present work, the <P2(j’�k)> values calcu-
lated on the PES for the C(1D) + H2 reaction are almost in-
variant as the collision energy increases. The reason is that
the product orbital angular momentum is large, and the reac-
tant orbital angular momentum has less influence on the mo-
lecular product rotational alignment. This is consistent with
previous calculations.22,23

Conclusion

In this paper, we have reported the QCT calculation of to-
tal and vibrationally state-resolved reaction probabilities at
total angular momentum J = 0 (zero-impact parameter) for
reactions C(1D) + H2 (v = 0, j = 0) based on the ground 1A’
state PES. The total reaction probability for the reaction
was found to have no threshold. For the vibrational state-
resolved reaction probabilities, the v’ = 0 reaction probabil-
ities dominate those for v’ = 1 and v’ = 2 over the full colli-
sion energy range. The total integral cross sections as a
function of collision energy have also been carried out for
the same reaction. The total integral cross sections are decay
functions of the collision energy, consistent with the barrier-
less insertion reaction. Comparing our QCT results with the
quantum methods show that our QCT results are in reason-
ably good agreement with the QM results. In addition, the
rotational alignment of the product is calculated,
and <P2(j’�k)> values are almost invariant with respect to
collision energies. We look forward to more experimental
studies of reaction probabilities, integral cross sections, and
product rotational alignment effect on th C (1D) + H2 reac-
tion, so that a comparison of theory and experiment can be
implemented.

Acknowledgements
This work was supported by the National Natural Science

Foundation of China under Grant No. 20363003.

References
(1) Rackham, E. J.; Gonzalez-Lezana, T.; Manolopoulos, D. E.

J. Chem. Phys. 2003, 119 (24), 12895. doi:10.1063/1.
1628218.

(2) Chu, T. S.; Zhang, X.; Han, K. L. J. Chem. Phys. 2005, 122
(21),o. 214301. doi:10.1063/1.1924507. PMID:15974732.

(3) Chu, T. S.; Zhang, Y.; Han, K. L. Int. Rev. Phys. Chem.
2006, 25 (1-2), 201. doi:10.1080/01442350600677929.

(4) Gray, S. K.; Balint-Kurti, G. G.; Schatz, G. C.; Lin, J. J.;
Liu, X.; Harich, S.; Yang, X. J. Chem. Phys. 2000, 113
(17), 7330. doi:10.1063/1.1313785.

(5) Chu, T. S.; Han, K. L. Phys. Chem. Chem. Phys. 2008, 10
(18), 2431. doi:10.1039/b715180b. PMID:18446243.
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(20) Bañares, L.; Aoiz, F. J.; Honvault, P.; Bussery-Honvault, B.;
Launay, J. M. J. Chem. Phys. 2003, 118 (2), 565. doi:10.
1063/1.1527014.

(21) Bussery-Honvault, B.; Honvault, P.; Launay, J. M. J. Chem.
Phys. 2001, 115 (23), 10701. doi:10.1063/1.1417501.

(22) Han, K. L.; He, G. Z.; Lou, N. Q. J. Chem. Phys. 1996, 105
(19), 8699. doi:10.1063/1.472651.

(23) Wang, M. L.; Han, K. L.; He, G. Z. J. Chem. Phys. 1998,
109 (13), 5446. doi:10.1063/1.476522.

(24) Wang, M. L.; Han, K. L.; He, G. Z. J. Phys. Chem. A 1998,
102 (50), 10204. doi:10.1021/jp981738u.

Fig. 4. CH product rotational alignment <P2(j’�k)> for the reaction
C(1D) + H2 (v = 0, j = 0) as a function of collision energy.

456 Can. J. Chem. Vol. 88, 2010

Published by NRC Research Press

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

U
ni

ve
rs

ity
 o

f 
E

le
ct

ro
ni

c 
an

d 
Sc

ie
nc

e 
T

ec
ho

no
lo

gy
 o

f 
C

hi
na

 o
n 

09
/1

7/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



(25) Jonah, C. D.; Zare, R. N.; Ottinger, C. J. Chem. Phys. 1972,
56 (1), 263. doi:10.1063/1.1676857.

(26) Han, K. L.; Zhang, L.; Xu, D. L.; He, G. Z.; Lou, N. Q. J.
Phys. Chem. A 2001, 105 (13), 2956. doi:10.1021/
jp002181x.

(27) Li, R. J.; Han, K. L.; Li, F. E.; Lu, R. C.; He, G. Z.; Lou, N.
Q. Chem. Phys. Lett. 1994, 220 (3-5), 281. doi:10.1016/
0009-2614(94)00174-X.

(28) Case, D. A.; Herschbach, D. R. Mol. Phys. 1975, 30 (5),
1537. doi:10.1080/00268977500103061.

(29) Balucani, N.; Capozza, G.; Segoloni, E.; Russo, A.; Bobben-
kamp, R.; Casavecchia, P.; Gonzalez-Lezana, T.; Rackham,
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Medium-sized cyclophanes — Part 85: Benzylation
by 8-(bromomethyl)[2.2]metacyclophanes.
Through-space electronic interactions of
[2.2]metacyclophane benzyl cations

Tomoe Shimizu, Kan Tanaka, Arjun Paudel, and Takehiko Yamato

Abstract: TiCl4-mediated Friedel–Crafts benzylation of benzene with 8-(bromomethyl)[2.2]metacyclophanes to afford
8-benzyl[2.2]metacyclophanes is described. Substituent effect through space on the rate of the benzylation of benzene with
a bromomethyl group attached on the opposite aromatic ring was first found in this investigation. Interestingly, the intro-
duction of the substituents at the internal position 16 tends to promote the present benzylation reaction rate 1.8–3.8 times.
It was found that the benzyl cation intermediate was stabilized by the the direct through-space cation–p interaction among
the opposite benzene ring in the benzylation of [2.2]metacyclophane systems.

Key words: cyclophanes, Friedel–Crafts benzylation, benzyl cation intermediate, through-space electronic interaction.

Résumé : On décrit la réaction de benzylation du benzène par le 8-bromométhyl)[2,2]métacyclophanes par la méthode de
Friedel–Crafts catalysée par le TiCl4. Dans ce travail, on a mis en évidence pour la première fois, un effet de substituant
qui se fait sentir à travers l’espace sur la vitesse de benzylation du benzène en raison d’un groupe bromométhyle attachée
sur le noyau aromatique opposé. Il est intéressant de noter que l’introduction de substituants à la position interne 16 ten-
dent à accélérer les vitesses de réaction de benzylation par des facteurs allant de 1,8 à 3,8. On a trouvé que le cation ben-
zylique intermédiaire est stabilisé par une interaction cation-p directe à travers l’espace du noyau benzénique opposé dans
la benzylation de systèmes [2,2]métacyclophanes.

Mots-clés : cyclophanes, benzylation suivant Friedel–Crafts, cation benzylique intermédiaire, interaction électronique à tra-
vers l’espace.

Introduction

The geometry of the [2.2]metacyclophane ([2.2]MCP)
skeleton is known in detail from an X-ray structural analy-
sis.2,3 The crystal consists of discrete molecules, each of
which has a center of symmetry. The two halves of the mol-
ecule form a stepped system. It is interesting to note that the
benzene rings are not planar, but have a boat conformation,
with the result that the molecule evidently avoids the steric
interaction of the central carbon atoms C(8) and C(16) and
of the attached hydrogen atoms. The X-ray structural analy-
sis of 8,16-dimethyl[2.2]MCP (2) confirms the increased
strain in molecule 2 as compared with that in the parent hydro-
carbon 1 (Fig.1).4–16

Although substituents at positions 8 and 16 in the
[2.2]MCP system seem to have interesting chemical natures
since they are covered by the opposite aromatic ring, there
are few investigations concerning these problems.17,18 Ow-
ing to electronic interaction between two benzene rings, the
proximity of 8- and 16-positions, and the considerable strain

energy, [2.2]MCP is prone to giving transannular reaction
products.19–21 These are mostly explained by the initial for-
mation of a cyclodehydrogenation reaction product, 4,5,9,10-
tetrahydropyrene. It has been isolated under the electro-
philic,22–25 radical,26 and photolytic reaction conditions,27 to-
gether with other transformation products derived from
tetrahydropyrene. Sato and co-workers28,29 reported another
type of iodine-induced reaction of [2.2]MCP, which gives
1,2,3,3a,4,5-hexahydropyrene. On the other hand, we have
reported30,31 the iodine-induced transannular cyclization of 8-
methoxy[2.2]MCPs to give 4,5,9,10-tetrahydropyrenes with
remarkable ease and with high selectivity. This novel transan-
nular reaction might be attributed to the presence of the me-
thoxy group at the 8-position, which increases the p-electron
density of the benzene ring. Thus, these transannular reac-
tions were ascribed to the through-space electronic interac-
tion through the intra-annular 8,16-positions. As mentioned
above, although two through-space electronic interactions,
(i) interaction through the intra-annular 8- and 16-positions
and (ii) direct through-space cation–p interaction, are possi-
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2010.
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ble in the [2.2]MCP systems, the more favored interaction is
not clear so far. Therefore, it is quite interesting to investi-
gate the through-space electronic interaction on the rate of
the benzylation of bromomethyl groups attached on the op-
posite aromatic ring in the [2.2]MCP systems. We wish to
report the benzylation of benzene using cations derived
from 8-(bromomethyl)[2.2]MCPs.

Results and discussion
The preparative route of 8-(bromomethyl)[2.2]MCPs (2a–2c)

is shown in Scheme 1. Bromination of 1a and 1c32–34 with
N-bromosucccinimide (NBS) in the presence of benzoyl per-
oxide under CCl4 reflux for 3 h afforded the desired 8-(bromo-
methyl)[2.2]MCPs (2a and 2c) in good yield. However, in
the case of 1b, 8,16-bis(bromomethyl)[2.2]MCP (3) was
also obtained in 30% yield along with the recovery of the
starting compound 1b in 20% yield in spite of 1.2 equiv of
NBS used. Isolation of the desired pure 2b was unsuccess-
ful. We have instead prepared 8-(bromomethyl)-16-meth-
yl[2.2]MCP (2b) following our previously reported
procedure.35,36

The TiCl4-mediated benzylation of benzene with 8-(bromo-
methyl)-5,13-di-tert-butyl[2.2]MCPs (2) was carried out
under various conditions of Scheme 2. The results are com-
piled in Table 1.

The TiCl4-mediated benzylation of benzene with com-
pound 2a at room temperature (25 8C) for 2 h led to benzy-
lation reaction affording the desired 8-benzyl[2.2]MCP (4a)

in 29% yield along with the recovery of the starting com-
pound 2a in 71% yield. The present benzylation reaction
was carried out at 50 8C under the same reaction conditions
as above to increase the yield of 8-benzyl[2.2]MCP (4a) to
36%. Interestingly, in similar benzylation of benzene with
16-methyl and 16-methoxy derivatives, much higher yields
of the benzylation products 4b and 4c resulted in 52% and
85% yields, respectively. The data in Table 1 clearly show
that the substituents at the 16-position affected the yield of
the benzylation product of the 8-bromomethyl group in the
opposite aromatic ring and that electron-donating groups,
such as methyl and methoxy functions, increased the yield of
the benzylation product because of its high electron-donating
ability like normal aromatic benzylation.37 Thus, such sub-

Scheme 1.

Table 1. TiCl4-mediated benzylation of benzene with 2.

Run
Reaction
temperature (8C)

Product yield
(%)a Recovery

1 25 4a (29) 2a (71)
2 50 4a (36) [25] 2a (64)
3 50 4b (52) [40] 2b (48)
4 25 4c (62) [51] 2c (28)
5 50 4c (85) [76] 2c (15)

Note: [Benzene]/2 = 30 (mol/mol), [TiCl4]/2 = 1.5 (mol/mol).
aThe yields were determined by GLC analysis. Isolated yields

are shown in square brackets.

Fig. 1. Structure and numbering of [2.2]MCPs. Scheme 2.
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stituent effect through space on the rate of the benzylation
of bromomethyl group attached on the opposite aromatic
ring was first found in this investigation.

The structures of 4a–4c were determined on the basis of
their elemental analyses and spectral data. The 1H NMR
spectrum of 4a in CDCl3 shows a singlet at d 2.15 ppm for
the methylene protons of the benzyl group at 8-position,
which is in a strongly shielded region of the opposite meta-
bridged benzene ring, and d 3.71 ppm for the internal aro-
matic proton at 16-position. Similar findings were observed
in compounds 4b and 4c.

To study the present through-space electronic interactions
in more detail, we have attempted to evaluate the rate of the
benzylation of benzene with 8-(bromomethyl)[2.2]MCP (2)
in the presence of TiCl4. Pseudo-first-order plots on benzy-
lation of benzene with 2a–2c are shown in Fig. 2.

The TiCl4-mediated benzylation rate constant of 8-(bromo-
methyl)[2.2]MCP 2a with benzene is 6.21 � 105 s–1 (Table
2). It was also found that the introduction of substituents at
the internal position 16 tends to promote the present benzy-
lation reaction rate 1.8–3.8 times. Thus, the rate of benzyla-
tion of internally substituted 8-(bromomethyl)[2.2]MCPs 2b
and 2c are much larger than that of internally unsubstituted
8-(bromomethyl)[2.2]MCP 2a, which is attributable to the
electron-donating nature of 16-substituents, such as methyl
and methoxy group. Although similar findings were also re-
ported in the TiCl4-catalyzed benzylation of benzene with 4-
substituted benzyl bromide,38 much smaller substituents ef-
fects on the benzylation were observed in the present
[2.2]MCP systems than those of the reported benzylations
of benzene with 4-substituted benzyl bromide (Scheme 3).
This is ascribed to the smaller influence of the nature of a
substituent on the remote aromatic ring by a direct through-
space cation–p interaction than that in 4-substituted benzyl
bromide.

Considering the molecular model, it is concluded that the
conformation of the benzyl cation intermediates in
[2.2]MCPs should also be strongly affected by the size of
the substituents at position 16.

As shown in Fig. 3, the interaction between the benzyl
cation and the opposite benzene ring might be much more
favorable for the 16-substituted [2.2]MCP A than the unsub-
stituted one B. Thus, the steric repulsion of 16-substituents,

such as methyl and methoxy groups for the opposite ben-
zene ring could shorten the distance between the benzyl cat-
ion and the opposite benzene ring, whereas the H–p
interaction could make this distance longer. The stabilization
by the direct through-space cation–p interaction is possible
in the benzyl cations derived from 8-(bromome-
thyl)[2.2]MCPs. This result strongly suggests that the benzyl
cation intermediate could be stabilized by the through-space
electronic interaction among the opposite benzene ring as
shown in Fig. 3. As previously mentioned, although two
through-space electronic interactions, (i) interaction through
the intraannular 8,16-posisions and (ii) direct through-space
cation–p interaction, are possible in the [2.2]MCP systems,
the latter interaction might be more favorable in the present
systems.

Conclusions
We have demonstrated the TiCl4-mediated Friedel–Crafts

benzylation of benzene with 8-(bromomethyl)[2.2]MCPs 2
to afford the corresponding 8-benzyl[2.2]MCPs 4. The ben-
zyl cation intermediate stabilized by the through-space elec-
tronic interaction from the opposite benzene ring was first
demonstrated in the benzylation of [2.2]MCP systems. Fur-
ther studies on the chemical properties of the benzylation
products are now in progress.

Experimental
All melting points were uncorrected. 1H NMR spectra

were recorded on a Nippon Denshi JEOL FT-300 spectrom-
eter. Chemical shifts are reported as d values (ppm) relative

Fig. 2. Pseudo-first-order plots on benzylation of benzene with 2a–2c.

Fig. 3. Proposed through-space electronic interactions of [2.2]MCP
benzyl cation.

Scheme 3.

Table 2. Pseudo-first-order plots and rate constants on ben-
zylation of benzene with 2.

Compounds R k � 105 (sec–1) Relative rate

2a H 6.21 (±0.21) 1.0
2b Me 10.99 (±1.65) 1.8
2c OMe 23.72 (±1.14) 3.8
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to internal Me4Si. Mass spectra were obtained on a Nippon
Denshi JIR-AQ2OM mass spectrometer at an ionization en-
ergy of 70 eV using a direct-inlet system through GLC; m/z
values reported include the parent ion peak. Infrared (IR)
spectra were obtained on a Nippon Denshi JIR-AQ2OM
spectrophotometer as KBr disks. Elemental analyses were
performed by Yanaco MT-5. GLC analyses were performed
by Shimadzu gas chromatograph, GC-14A; silicone OV-1,
2 m; programmed temperature rise, 12 8C min–1; carrier gas
nitrogen, 25 mL min–1.

Materials
Preparation of 5,13-di-tert-butyl-8-substituted 16-meth-

yl[2.2]metacyclophane (1a–1c)32–34 and 5,13-di-tert-butyl-8-
(bromomethyl)-16-methyl[2.2]metacyclophane (2b)35,36 were
previously described.

Bromination of 8-methyl[2.2]metacyclophanes (1) with N-
bromosuccinimide

Typical procedure
After a mixture of 5,13-di-tert-butyl-8-methoxy-16-meth-

yl[2.2]metacyclophane (1c; 500 mg, 1.4 mmol), N-bromo-
succinimide (300 mg, 1.7 mmol), and benzoyl peroxide
(50 mg, 0.21 mmol) in carbon tetrachloride (150 mL) had
been refluxed for 3 h, the formed precipitates were filtered
off. The filtrate was washed with 10% sodium hydroxide
and water. The organic layer was dried over sodium sulfate
and evaporated in vacuo to leave a colourless solid, which
was recrystallized from n-hexane to give 5,13-di-tert-butyl-8-
(bromomethyl)-16-methoxy[2.2]metacyclophane (2c; 435 mg,
70%) as colorless prisms, mp 239–240 8C. IR (KBr, cm–1)
nmax: 3040, 2960, 1600, 1475, 1450, 1220, 1200, 1100, 1020,
880, 805, 780, 750. 1H NMR (CDCl3) d: 1.26 (s, 18H, t-Bu),
2.85 (s, 3H, OMe), 2.68–3.02 (m, 8H, CH2), 3.08 (s, 2H,
CH2), 7.04 (s, 2H, Ar-H), 7.06 (s, 2H, Ar-H). MS m/z (%):
442, 444 (M+). Anal. calcd. for C26H35BrO (443.47): C
70.42, H 7.96; found: C 70.13, H 7.84.

Bromination of 1a and 1b with N-bromosuccinimide was
carried out using the same procedure as described above to
afford 2a and 2b in 80% and 20% yields, respectively. How-
ever, in the case of 1b, 8,16-bis(bromomethyl)[2.2]MCP (3)
was also obtained in 30% yield along with the recovery of
the starting compound 1b in 20% yield in spite of 1.2 equiv
of N-bromosuccinimide used.

8-(Bromomethyl)-5,13-di-tert-butyl[2.2]metacyclophane
(2a)

Colorless prisms (from n-hexane), mp 132–133 8C. IR
(KBr, cm–1) nmax: 3100, 2900, 1600, 1485, 1400, 1370,
1230, 1190, 1100, 1010, 950, 920, 890, 860, 820, 760, 730,
720, 660. 1H NMR (CDCl3) d: 1.29 (s, 9H, t-Bu), 1.34 (s,
9H, t-Bu), 2.40–3.16 (m, 8H, CH2), 2.83 (s, 2H, CH2), 3.68
(broad s, 1H, Ar-H), 6.92–7.20 (m, 4H, Ar-H). MS m/z (%):
412, 414 (M+). Anal. calcd. for C25H33Br (413.45): C 72.63,
H 8.05; found: C 72.41, H 7.76.

5,13-Di-tert-butyl-8-(bromomethyl)-16-
methyl[2.2]metacyclophane (2b)

Colorless prisms (from n-hexane), mp 272–275 8C. IR
(KBr, cm–1) nmax: 3020, 2940, 1580, 1445, 1350, 1270,

1215, 1180, 990, 730. 1H NMR (CDCl3) d: 0.58 (s, 3H,
Me), 1.28 (s, 18H, t-Bu), 2.76–3.02 (m, 8H, CH2), 3.07 (s,
2H, CH2), 7.06 (s, 2H, Ar-H), 7.12 (s, 2H, Ar-H). MS m/z
(%): 426, 428 (M+). Anal. calcd. for C26H35Br (427.47): C
73.05, H 8.25; found: C 72.93, H 8.21.

5,13-Di-tert-butyl-8,16-
bis(bromomethyl)[2.2]metacyclophane (3)

Colorless prisms (from benzene), mp > 300 8C. IR (KBr,
cm–1) nmax: 3040, 2960, 1585, 1475, 1360, 1225, 1220,
1190, 890, 760, 665. 1H NMR (CDCl3) d: 1.33 (18H, s,
t-Bu), 2.75–3.11 (m, 8H, CH2), 3.04 (s, 4H, CH2), 7.16 (s,
4H, Ar-H). MS m/z (%): 504, 506, 508 (M+). Anal. calcd.
for C26H34Br2 (506.37): C 61.67, H 6.77; found: C 61.52, H
6.72.

Benzylation of benzene with 8-(bromomethyl)-5,13-di-
tert-butyl-16-substituted [2.2]metacyclophane (2)

Typical procedure
To a solution of 5,13-di-tert-butyl-8-(bromomethyl)-16-

methyl[2.2]metacyclophane (2b; 428 mg, 1.0 mmol) in ben-
zene (2.67 mL, 30 mmol) was added TiCl4 (0.16 mL,
1.5 mmol) at 0 8C. The reaction temperature was raised to
room temperature by removing the ice bath. After the reac-
tion mixture had been stirred at 50 8C for 2 h, it was poured
into ice water and extracted with benzene. The extract was
dried over anhydrous sodium sulfate and concentrated. The
residue was subjected to silica-gel (Wako, C-300; 100 g)
column chromatography using as eluent n-hexane–benzene
(1:1) to give 8-benzyl-5,13-di-tert-butyl-16-methyl[2.2]me-
tacyclophane (4b; 170 mg, 40%) as colorless prisms (from
n-hexane), mp 167–168 8C. 1H NMR (CDCl3) d: 0.62 (s,
3H, Me), 1.27 (s, 9H, t-Bu), 1.35 (s, 9H, t-Bu), 2.39 (s, 2H,
CH2), 2.68–3.00 (m, 8H, CH2), 6.36–6.52 (m, 2H, Ar-H),
6.88–7.04 (m, 3H, Ar-H), 7.13 (s, 2H, Ar-H), 7.18 (s, 2H,
Ar-H). MS m/z (%): 424 (M+). Anal. calcd. for C32H40
(424.68): C 90.51, H 9.49; found: C 90.31, H 9.58.

Benzylation of benzene with 2a and 2c was carried out
using the same procedure as described above and product
yields are compiled in Table 1.

8-Benzyl-5,13-di-tert-butyl[2.2]metacyclophane (4a)
Colorless prisms (from n-hexane), mp 195 8C. IR (KBr,

cm–1) nmax: 2964, 2864, 1594, 1478, 1477, 1454, 1359,
1275, 731. 1H NMR (CDCl3) d: 1.36 (s, 18H, t-Bu), 2.15 (s,
2H, CH2), 2.17–3.07 (m, 8H, CH2), 3.71 (s, 1H, Ar-H16),
6.60–7.09 (m, 5H, Ar-H), 7.07 (s, 2H, Ar-H), 7.19 (s, 2H,
Ar-H). MS m/z (%): 410 (M+). Anal. calcd. for C31H38
(410.65): C 90.67, H 9.33; found: C 90.57, H 9.35.

8-Benzyl-5,13-di-tert-butyl-16-
methoxy[2.2]metacyclophane (4c)

Colorless prisms (from n-hexane), mp 132 8C. IR (KBr,
cm–1) nmax: 2960, 2864, 1600, 1478, 1459, 1361, 1208,
1024, 727. 1H NMR (CDCl3) d: 1.32 (s, 9H, t-Bu), 1.37 (s,
9H, t-Bu), 2.35 (s, 2H, CH2), 2.69–2.84 (m, 8H, CH2), 2.90
(s, 3H, OMe), 6.52–7.03 (m, 5H, Ar-H), 7.06 (s, 2H, Ar-H),
7.17 (s, 2H, Ar-H). MS m/z (%): 440 (M+). Anal. calcd. for
C32H40O (440.68): C 87.22, H 9.15; found: C 87.33, H 9.74.
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The reaction rate determination for the benzylation of
benzene with 2 in the presence of TiCl4

Typical procedure
To a solution of 5,13-di-tert-butyl-8-bromomethyl-16-meth-

yl[2.2]metacyclophane (2b; 100 mg, 0.2 mmol) in benzene
(4.2 g, 54 mmol) was added a solution of TiCl4 in CS2
(0.10 mL, 0.14 mmol), which was prepared by dissolving
TiCl4 (2.4 mL, 21.08 mmol) in CS2 (12.6 mL), by syringe
at 25 8C. The reaction was monitored by 1H NMR. The re-
action rate was determined by the following equations:

½1� MCP�CH2Brþ benzene�!TiCl4 MCP�CH2C6H5

½2� d½MCP�CH2Br�
dt

¼ k½MCP�CH2C6H5�

½3� ln
½MCP�CH2Br�0

½MCP�CH2Br� � ½MCP�CH2C6H5�
¼ kt
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On the efficiency of phenol and cyclohexanone
electrocatalytic hydrogenation — Effect of
conditioning and working pH in acetic acid
solution on palladium/fluorine-doped tin dioxide
supported catalyst

Dihourahouni Tountian, Anne Brisach-Wittmeyer, Paul Nkeng, Gérard Poillerat,
and Hugues Ménard

Abstract: The electrocatalytic hydrogenation (ECH) of phenol and cyclohexanone was performed on a conductive
Pd/SnO2:F catalyst. The catalyst was obtained by the impregnation method. We studied the influence of the pH of the sup-
porting electrolyte, the conditioning pH, and the quantity of the conditioning charge passed before hydrogenation. Fourier
transform infrared spectroscopy analysis showed that the functionalization of the catalyst surface by the acetic acid electro-
lyte depends on the pH. A direct correlation was observed between the efficiency of the hydrogenation, the pH of the elec-
trolyte, and the electrode conditioning charge. Phenol hydrogenation was favored in acidic media, whereas cyclohexanone
hydrogenation needed an acidic medium for conditioning and a basic medium for hydrogenation. The ECH rate appeared
to depend on the functionalization of the catalyst surface, the adsorption of the target organic molecule on the catalyst,
and its structural modification with the pH.

Key words: electrocatalytic hydrogenation (ECH), functionalization, phenol, cyclohexanone, tin dioxide catalyst.

Résumé : L’hydrogénation électrocatalytique (HEC) du phénol et de la cyclohexanone a été réalisée avec un catalyseur de
Pd sur SnO2:F conducteur obtenu par imprégnation. Les effets du pH de l’électrolyte support, du pH de conditionnement
et de la quantité de charge utilisée pour le conditionnement ont été examinés. La spectroscopie infra rouge par transformée
de Fourier a montré que la fonctionnalisation de la surface du catalyseur avec l’acide acétique dépend du pH de l’élec-
trolyte. Une corrélation directe entre l’efficacité d’hydrogénation, le pH de l’électrolyte et la charge de conditionnement a
été démontrée. L’hydrogénation du phénol est favorisée en milieu acide tandis que celle de la cyclohexanone nécessite un
conditionnement en milieu acide et une HEC en milieu basique. Le taux d’HEC dépend ainsi de la fonctionnalisation de
surface du catalyseur, de l’adsorption de la molécule cible sur la surface fonctionnalisée et de la structure de cette molé-
cule en solution dépendamment du pH.

Mots-clés : hydrogénation électrocatalytique (HEC), fonctionnalisation, phénol, cyclohexanone, catalyseur de dioxyde
d’étain.

Introduction
Electrocatalytic hydrogenation (ECH) of organic com-

pounds is industrially exploited to produce molecules that
have applications as chemical intermediates.1,2 This hydro-
genation method is gradually replacing the catalytic hydro-
genation (CH) process because of its easy implementation.
Indeed, the reactions are carried out at ambient temperatures
and pressures by producing chemisorbed hydrogen at a cath-

ode and by electrolyzing water. This method is applicable to
hydrogenation of all kinds of unsaturated molecules, includ-
ing aromatic rings, carbonyl, nitro, and nitrile compounds.3

The efficiency of the ECH is dependent on numerous pa-
rameters, such as the unsaturated molecule to be hydrogen-
ated, the catalytic metal, the support of the metal, the
supporting electrolyte and its pH, the presence of organic
cosolvent or surfactant, and the current density.4 Each of
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these parameters has an influence on the mechanism of the
ECH described below.

½1a� H3Oþ þ e� þM! MHads þ H2O Volmer reaction

½1b� H2Oþ e� þM! MHads þ OH�

½2� Y¼Z þ AÐ
Kdes

Kads

ðY¼ZÞads A Adsorption

½3� ðY¼ZÞads Aþ 2MHads ! ðYH�ZHÞads A þ 2M

Hydrogenation reaction

½4� ðYH�ZHÞads AÐ
Kads

Kdes

YH�ZHþ A Desorption

½5a� H2OþMHads þ e� ! Mþ H2 þ OH�

Heyrovsky reaction

½5b� H3Oþ þMHads þ e� ! Mþ H2 þ H2O

Heyrovsky reaction

½6� 2MHads ! 2Mþ H2 Tafel reaction

In this mechanism, three groups of reactions can be ob-
served. The first one (reactions 1a and 1b) is relative to the

production of the chemisorbed hydrogen (MHads) on the
metallic surface (M) by the electroreduction of water (acidic
or basic medium); the second (reactions 2–4) concerns the
hydrogenation reaction, which starts with the adsorption of
the unsaturated molecule (Y=Z) on the support (A), which
further reacts with the chemisorbed hydrogen; the last group
of reactions (reactions 5 and 6), which concerns the hydro-
gen evolution reaction, is a competition reaction with hydro-
genation. Depending on the parameters cited above, either
the hydrogenation process or the hydrogen evolution will be
predominant.

The behavior of a supported metal is different from the
bulk metal, and the synergy effect of a metal supported on
a matrix has been recently studied.5 The adsorption of the
unsaturated organic molecule is a key step. For the sup-
ported catalysts, this adsorption takes place on the support,6
thus the efficiency of the ECH is relative to the nature of the
catalyst matrix. To control both the adsorption of the unsatu-
rated compound and the desorption of the hydrogenated
product, recent studies have introduced new concepts: ex
situ7 and in situ functionalized8 materials. They consisted of
a modification of the catalyst matrix with organic functional
molecules before and during the ECH process, respectively.
These modifications controlled the adsorption of the target
molecule as in reverse chromatography. It was demonstrated
that the in situ modification of alumina surface depended on
the pH of the electrolyte when acetic acid was used.9

Before the introduction of these new concepts, several
studies had focused on phenol and cyclohexanone. On RaNi
electrode, in alkaline media (pH > 13), ECH of cyclohexa-
none led to excellent chemical yields and current efficien-
cies, the best results being obtained with NaOH 0.14 mol/L.
However, when an acetate buffer was used, no hydrogena-
tion took place.10 The studies of Dubé et al.11 in a phosphate
buffer (KH2PO4 + NaOH), pH 7, showed that Pd dispersed
on both alumina and activated carbon presented a bad elec-
trocatalytic activity compared with the other metals of the Pt
group. They also demonstrated that the yield of cyclohexa-
none electrohydrogenation was strongly dependent on the
nature of the non-conductive matrix used to disperse Ni
nanoparticles. Santana et al.12 found that the pH had no in-
fluence on the hydrogenation of 2-cyclohexen-1-one when a
nickel sacrificial anode was used. This study concluded that
the ECH of conjugated olefins or carbonyl groups is effi-
cient, whereas for non-conjugated substrates (the case of cy-
clohexanone), it is not.

Fichter and al.13 reported a poor yield for the reduction of
phenol to cyclohexanol in 2 N H2SO4 at a platinized Pt elec-
trode. On the contrary, Misra et al.14 showed that phenol
was reduced electrochemically in a divided cell at a Pt cath-
ode in 2 N HClO4, in the presence of tetraethylammonium,
with a 82.7% yield. More recently, the effect of pH on the
kinetics of phenol ECH was investigated with BaSO4 as the
adsorbent. The rate of reaction was considerably lower at
pH 14, and remained unchanged between acidic and neutral
media.15 In acidic media (H2SO4), Martel et al.4 found that
the phenol ECH depended on the catalyst material, whereas
in neutral media the results were linked to the supporting
electrolyte, i.e., the nature of ions in solution.

Current density also influences the hydrogenation product
yield. This parameter acts as a balance between the two

Fig. 1. X-ray diffraction patterns of Pd/SnO2:F catalyst (a) before
and after ECH process at (b) pH 3 and (c) pH 12. (^) SnO2:F,
cassiterite structure; (^) tetragonal PdO peaks at 2q = 33.89,
46.66, 54.76, and 71.48 in diffractogram (a) are superposed to the
SnO2:F peaks; (*) metallic Pd.

Scheme 1. Conversion of phenol into cyclohexanol via cyclohexa-
none.
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competitive reactions (3 and 5a, 5b). A high current density
favors the hydrogen evolution reaction, whereas a low cur-
rent density improves the hydrogenation efficiency.16

This paper reports the results of a study on the effect of
the pH (3 to 12) on the efficiency of phenol and cyclohexa-
none ECH in acetic acid as electrolyte using Pd deposited
on conductive fluorine-doped tin dioxide (SnO2:F) as cata-
lyst. Effectively, the ECH process implied a pH variation
during its proceeding as stated by the mechanism (reactions
1 and 5), and also the functionalization of the catalyst is a
pH-depending phenomenon.9

As shown by the ECH mechanism, the efficiency of hy-
drogenation is linked to the production of chemisorbed hy-
drogen (reactions 1a and 1b) by electroreduction of water.
Here, we present a study of the effect of quantity of charge
used for the conditioning of the catalyst, before the ECH
process, which determines the available quantity of chemi-
sorbed hydrogen. We show that the ECH efficiency depends
on the pH and the conditioning charge.

Experimental

Chemicals
Conductive fluorine-doped tin dioxide (SnO2:F) of (r < 5

Ucm, SBET = 6–10 m2 g–1) was purchased from Keeling &
Walker Limited. Also, Pd(OOCCH3)2 as Pd precursor was
purchased from Aldrich.

Phenol, cyclohexanone, cyclohexanone-oxime, cyclohexa-
nol, and 3-methylcyclohexanol (Aldrich) were of +99%
grade of purity and were used as received. High-purity water
(from a Milli-Q unit) was used to prepare the solutions, and
chloroform (Fisher, spectrophotometry-grade) was used for
the solubilization of Pd(OOCCH3)2 and the liquid–liquid ex-
traction. Reticulated vitreous carbon (RVC, with 100 pores
per inch) was purchased from Electrolytica Inc. and used as
cathode. The electrolyte was prepared using glacial acetic
acid from Aldrich.

Catalyst preparation
Pd/SnO2:F catalyst was prepared by impregnating com-

Fig. 4. ECH of cyclohexanone on Pd/SnO2:F in aqueous solution of
acetic acid (0.5 mol/L) as a function of the total charge, at different
starting pH values without controlling the pH during the reaction:
(&) pH 5, (^) pH 6, (*) pH 8, and (~) pH 12; I = 20 mA.

Fig. 2. ECH of phenol on Pd/SnO2:F in aqueous solution of acetic
acid (0.5 mol/L) as a function of the electrolyte pH and total
charge: (~) pH 12, (&) pH 6, (*) pH 5, and (^) pH 3; I = 20 mA.

Fig. 3. FTIR spectra of SnO2:F powder subjected to aqueous solu-
tions of acetic acid at (a) pH 3, (b) pH 6, and (c) pH 12.
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mercially available SnO2:F. Pd(OOCCH3)2 was first solubi-
lized in chloroform and poured in a flask containing
SnO2:F. After 1 h of stirring, the chloroform was evaporated
at low temperature. Water was added to the flask and it was
maintained at 80 8C until the complete evaporation of water.
The prepared catalyst with a nominal concentration of 10%
of Pd was dried overnight at 90 8C in a stove.

Catalyst characterization
Previous MEB characterization of the catalyst has been

described elsewhere.17 X-ray measurements were performed
using an X’pert Pro MRD of Panalytical diffractometer with
Cu Ka (wavelength = 1.5406 Å) radiation. Diffractograms
of powders were recorded in 2q scan configuration, in the
10–80 8 2q range, at a fixed incident angle of 0.02 8. Fourier
transform infrared spectroscopy (FTIR) of the SnO2:F pow-

ders was recorded on a Bruker IFS 25 with a resolution of
4 cm–1. The powders were immersed in the aqueous support-
ing electrolyte solutions containing acetic acid at pH 3, 6,
and 12. These pHs were adjusted with a NaOH (10 N) solu-
tion. The suspensions were filtered, and the powders were
washed with water. After drying at 50 8C for 15 h, the pow-
ders were probed by FTIR using powder not exposed to the
supporting electrolyte as a reference. The samples were dis-
persed in a KBr matrix and pressed in self-supporting disks.

Measurements of adsorption isotherms were carried out as
described below. Cylindrical vials (25 mL) were thoroughly
cleansed, rinsed with high purity water (from a Milli-Q
unit), and dried. SnO2:F powder (1 g) was added to each
vial, except to the vials serving as blanks, 10 mL of acetic
acid solutions (0.5 mol/L) adjusted to pH 5 and 12 was
added to each vial. After 1 h of stirring in the presence of
SnO2:F powders, some of the vials at pH 5 were adjusted to
pH 12. To each of these vials, cyclohexanone solution was
added to obtain the desired concentrations. The total volume
in each vial was 15 mL. The SnO2:F powders – cyclohexa-
none suspensions were then stirred with an orbital shaker at
320 trs/min and at ambient temperature (23 ± 2 8C). Adsorp-
tion isotherms were measured after 3 h (time required for
one ECH experiment). A 0.5 mL aliquot was withdrawn
from each vial, filtered, and analyzed by GC chromatogra-
phy to determine cyclohexanone concentration.

Electrocatalytic hydrogenation procedure
All electrocatalytic experiments were carried out in a two-

compartment dynamic cell18 under galvanostatic conditions
at ambient temperature. The cathode compartment was filled
with 29 mL of 0.5 mol/L solution of acetic acid in water at
the desired pH. The anodic compartment was filled with the
same solution. Prior to the ECH process, 200 mg of the cat-

Fig. 5. ECH of cyclohexanone on Pd/SnO2:F in aqueous solution of
acetic acid (0.5 mol/L) as a function of the total charge, at different
starting pHs with pH control during the reaction: (&) pH 5, (^)
pH 6, (*) pH 8, and (~) pH 12; I = 20 mA.

Fig. 6. ECH of cyclohexanone on Pd/SnO2:F in aqueous solution of
acetic acid (0.5 mol/L) as a function of the total charge at two dif-
ferent conditioning pHs: (^) pH 5, and (~) pH 12; working pH = 12;
I = 20 mA.

Table 1. Evolution of the pH as a function of the starting pH and
the quantity of charge passed.

Charge passed (C)

Starting pH

3 5 6 8 12
Conditioning 7 3.0 5.0 6.1 10.0 12.0

50 3.0 5.1 6.7 12.0 12.0
HEC process 20 3.1 5.1 11.2 12.1 12.0

50 3.1 5.2 12.1 12.3 12.0
100 3.1 5.2 11.9 12.0 12.1
150 3.1 5.4 11.9 12.1 12.1
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alyst was suspended in the catholic solution and dynamically
circulated (&1 L/min) through the reticulated vitrous carbon
cathode. The catalyst was then conditioned by passing a
known quantity of charge. This quantity of charge served to
reduce Pd(II) in the catalyst after preparation into metallic
Pd and to saturate the cathode material with chemisorbed
hydrogen. For our catalysts, containing theoretically 10% of
Pd, 31 8C was normally necessary to reduce the oxidized Pd,
assuming that Pd is totally in its oxidized form in the cata-
lyst before conditioning. The reduction of oxidized Pd is ki-
netically faster than the formation of chemisorbed
hydrogen.19

For phenol electrohydrogenation, the quantity of condi-
tioning charge was fixed to 50 C for all the pH values,
whereas for cyclohexanone this quantity varied from 5 C to
75 C.

After conditioning, the coulometer was reset to zero; a
volume of 1 mL of an aqueous unsaturated organic com-
pound solution (25.2 mg/mL of phenol or 26.3 mg/mL of
cyclohexanone) was then added to the cathodic compart-
ment, giving a total volume of 30 mL and an unsaturated
compound concentration of 8.94 � 10–3 mol/L. During the
ECH process, the constant current applied was 20 mA for
phenol hydrogenation, 20 and 5 mA for cyclohexanone hy-
drogenation.

After passing different quantities of charge, 0.5 mL ali-
quots were withdrawn from the catholyte and added to
1 mL of chloroform, saturated with NaCl, and shaken to-
gether for the extraction of the organic compounds. The or-
ganic phase was removed and dried on Na2SO4. Finally, an
internal standard chloroform solution was added to 0.4 mL
of the organic phase, mixed, and 1mL of this solution was
injected in the gas chromatograph. The GC analyses were
carried out using an Agilent 6890 series chromatograph
equipped with an MS detector and 5HS capillary column
(30 m � 0.250 mm � 0.25 mm). Since hydroxide ions are
produced (reaction 1) during the electrolysis, the pH can
change depending on the quantity of charge, so we followed
this pH in situ, or maintained its value using a concentrated
acetic acid solution.

Chemisorbed hydrogen quenching procedure
The quantity of chemisorbed hydrogen produced during

the conditioning was estimated using cyclohexanone-oxime
as a quencher. Open-circuit hydrogenation (catalytic hydro-
genation)3 of cyclohexanone oxime was done to determine
the quantity of active atomic hydrogen in solution or ad-
sorbed. After conditioning, the current was switched off,
and 1 mL of cyclohexanone-oxime solution (30 mg/mL in
50/50 (v/v) water/methanol) was added to the cell. An ali-
quot was withdrawn from the cell at each hour, extracted
with diethyl ether, and injected to GC chromatograph to

measure the quantity of cyclohexanone-oxime that disap-
peared from the solution in the cell.

Results and discussion

As we study the influence of the pH on the ECH effi-
ciency of phenol and cyclohexanone, we have to ensure that
the properties of our catalysts are not modified by changing
pH values. Indeed, XRD measurements carried out on the
Pd/SnO2:F catalyst after the ECH process at pH 3 and
pH 12 (Fig. 1) showed no change in the catalyst support
(SnO2:F) structure, demonstrating that the catalyst support
remained stable in acidic and basic media. The only change
in the XRD peaks is linked to the electrochemical reduction
of Pd(II) to metallic Pd during the process. As a result,
SnO2:F is a good matrix, which allows the study of the pH
effect in a large range, contrary to alumina for example,
which is deteriorated in basic medium.15

Conversion of phenol can lead to cyclohexanone forma-
tion and eventually to cyclohexanol (Scheme 1), depending
on the reaction conditions.

The ECH of phenol conducted on Pd/SnO2:F in acetic
acid solution mainly led to the formation of cyclohexanone
and presented different behaviors depending on the working
pH (Fig. 2). Two observations can be made. First, at pH 12,
the process was inefficient. Second, at pH 6 and below, the
more acidic the pH, the more efficient the ECH process be-
came. Considering the functionalization of the SnO2:F sur-
face as a function of pH, the IR spectra were recorded. If
functionalization of the catalyst by the acetic acid had oc-
curred, three bands at 1654, 1563, and 1466 cm–1 would ap-
pear. Figure 3 shows that this was not the case at pH 12.
Therefore, it can be concluded that there was no acetic acid
on the catalyst surface. That absence of functionalization at
pH 12 is due to the competitive adsorption of the hydroxyl
anions,20,21 whereas at pH 3 and 6 (no excess of hydroxyl
ions in solution), SnO2:F surface is well-functionalized. As
shown by Cirtiu et al.,8 the functionalization phenomenon
enhances the hydrogenation process by improving the ad-
sorption of the unsaturated molecule. That means that at
pH 12, the catalyst surface is unable to adsorb phenol mole-
culesbecause of the absence of functionalization. As shown
in the ECH mechanism, the adsorption is an important step
that will be the limiting reaction at this pH.

However, one also must take into account that the struc-
ture of phenol is pH-dependent, as its pKa is 9.96. Thus, at
pH 12, phenol exists as phenolate in solution. As ECH is to-
tally inefficient at this pH, we suppose that this form (phe-
nolate) does not adsorb onto the non-functionalized SnO2:F
at all. Such a strong decrease in hydrogenation rate at high
pH was pointed out by Wismeijer et al.22 in the catalytic hy-
drogenation (CH) process when Pd/C was used. They attrib-
uted this effect to the absence of adsorption of the phenolate

Scheme 2. Reaction scheme for the hydrogenation of cyclohexanone-oxime to cyclohexanone.
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on the catalyst. Phenolate molecules are preferably found in
the aqueous phase because of the electrostatic repulsion with
the negatively charged carbon surface due to the OH– ions.
At pH < 10, we observed that the ECH process of phenol
becomes efficient. Moreover, we showed that the more
acidic the solution, the more efficient the hydrogenation. As
there is a significant difference between conversion of phe-
nol at pH 6 and at pH 3, we suggest the most acidic medium
is favorable for phenol electrohydrogenation. Indeed, it is
well-known that in a strong acid solution, the hydrogenation
of phenol is facilitated by some decrease in its resonance
stabilization energy.23 Also, the rate of enhancement of aro-
matics hydrogenation in superacidic solutions was attributed
to the removal of the aromatic resonance stabilization en-
ergy by Feiring24 and Mador.25

Therefore, the ECH process of phenol on Pd/SnO2:F in an
acetic solution will work, provided that the catalyst has been
previously functionalized at a pH £ 6, and it will be more
optimal in a more acidic medium. The pH values affected
the catalyst/solution interface that has a great influence on
the adsorption/desorption steps of the ECH process.

Cyclohexanone is the intermediate product in the com-
plete ECH of phenol into cyclohexanol (Scheme 1), and it
is interesting to study its reactivity as a function of pH
when it is the starting product to see the influence of its ad-
sorption and reactivity on the ECH efficiency. If we con-
sider the ECH conducted at several pHs without controlling
the pH (Fig. 4), we observe that the maximal efficiency is
obtained for a starting pH equal to 6. Nevertheless, it is im-
portant to notice that, apart from the starting pH 5 and 12,
which remained stable during the process, the other starting
pH 6 and 8 change during the experiment for a final pH
equal to 12 (Table 1). Maintaining the pH is especially im-
portant for values higher than 5.5 due to the loss of the buf-
fer capacity of acetic acid, which has a pKa of 4.76. The
speed of pH change increases when the starting pH increases
(Table 1).

As observed for phenol hydrogenation, pH 12 is ineffi-
cient, owing to the non-functionalization of the catalyst sur-
face. Surprisingly, pH 5 is the less efficient medium,
although the surface is functionalized. In fact, Breitner et
al.26 had made the same observation in the CH process for
rhodium and ruthenium catalysts, which hydrogenated car-
bonyl compounds rapidly in neutral and basic solutions and
slowly in acid solutions. They also noted that palladium was
ineffective to hydrogenate aliphatic ketones, but this be-
comes possible in our case by the ECH process.

A starting pH of 6 with final pH equal to 12 seemed to be
the best condition for ECH of cyclohexanone. Indeed, for a
starting pH of 6, it remained slightly acidic at the end of the
conditioning and went up to basic pH after a few quantity of
charge (20 C) was passed for the ECH. When starting with a
pH 8, only 7 C was sufficient to bring the pH to the basic
range during the conditioning (Table 1).

Then, we decided to control the pH of the solution to
know exactly the best working pH for cyclohexanone hydro-
genation. We realized ECH of cyclohexanone at these dif-
ferent pHs with in situ control of the pH (Fig. 5), and we
observed that the maximal efficiency was obtained for pH 8
and that it was near 50%. As a result, a starting pH of 6 was
not the only reason for the ECH efficiency without pH con-
trol (Fig. 4) because this process was kinetically limited
when the electrolyte was constantly maintained at pH 5 and
6. Even if the catalyst surface was functionalized at these
pHs (Fig. 3), the process remained inefficient, which means
that the functionalization is not the only sufficient condition.

Comparing Fig. 4 and Fig. 5, we can suppose that the
starting pH must be acidic, whereas the working pH must
be basic to get the best efficiency. This is the reason why
the process is divided into two steps: the conditioning and
the working parts. We verified the impact of the condition-
ing pH by conducting ECH of cyclohexanone with two dif-
ferent procedures (Fig. 6): First, we conditioned the catalyst
at pH 5 during 50 C, and then adjusted the working pH to
12 before adding cyclohexanone. Second, we used pH 12
both in conditioning and working conditions. Figure 6 per-
fectly shows that catalyst must be conditioned at pH 5 to be
able to convert cyclohexanone into cyclohexanol.

Then, it is important to know if there is a difference in the
quantity of chemisorbed hydrogen produced in acidic and
basic media. We know that the chemisorbed hydrogen’s pro-
duction kinetics depends upon the metal27 and also the me-
dium (acidic or basic).19 To quantify the number of moles of
Hads produced by the conditioning in acidic versus basic me-
dium we used an H� quencher, which completely reacts with
all the H� available. Before that, one must take into account
that during the conditioning, some electrons are used to re-
duce the oxidized Pd and some to produce chemisorbed hy-
drogen (reaction 1). To determine the quantity of
chemisorbed hydrogen produced during the conditioning,
we made an open-circuit hydrogenation of cyclohexanone-
oxime, which was added to the catholyte after switching off
the current at the end of the conditioning. After a total time

Table 2. Quantity of H� available (mol) as a function of the charge passed for the conditioning.

Experimental
conditions pH Entries

Theoretical H�

quantity formed
(mol) N = Q/nF

Cyclohexanone-oxime
starting quantity (mol)

Cyclohexanone formed
after 3 h (mol)

H� quantity
available (mol)

With catalyst +
50 C charge

5 1 5.18 � 10–4 2.27 � 10–4 2.20 � 10–4 4.40 � 10–4

12 2 5.18 � 10–4 2.27 � 10–4 1.50 � 10–4 3.10 � 10–4

Without cata-
lyst, without
charge

5 3 0 2.27 � 10–4 0.45 � 10–4 0.90 � 10–4

12 4 0 2.27 � 10–4 0 0
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of 4 h, the cyclohexanone-oxime CH ended, i.e., its reaction
with active chemisorbed was total.

We calculated the theoretical quantity of H� formed dur-
ing conditioning according to Scheme 2. Then, experiments
were conducted in the presence and absence of a catalyst,
and we determined the available quantities of active hydro-
gen (Table 2). This was done at a charge of 50 C during
conditioning. Table 2 shows that the maximum quantity of
H� produced is 4.4 � 10–4 mol (Table 2, entry 1) at pH 5
and 50 C conditioning of the electrocatalysis. We observed
that at pH 12 (Table 2, entry 2), the available quantity of
H� was less important. However, it is interesting to remark
that without either a catalyst or a charge, little reactivity of
cyclohexanone was observed at pH 5 (Table 2, entry 3),
whereas no reaction at all took place at pH 12 (Table 2, en-
try 4). Consequently, we assume that only 3.5 � 10–4 mol of
H� (corresponding to 33.7 C) are really produced at pH 5 on
the catalyst over 50 C. In these conditions, the quantity of
active hydrogen available at pH 5 or pH 12 is in the same
range and the observed differences are in the experimental
error range. Then, experimentally, a maximum of 20 C is
used for the reduction of Pd(II) into Pd(0), which means
that all the Pd is not in Pd(II) form in the catalyst before
conditioning. We can assume that this quantity is always
the same whatever the quantity of charge passed for condi-
tioning.

From these observations, we can conclude that the differ-
ence in the efficiency of the ECH process due to the condi-
tioning pH is not linked to the available quantity of Hads
because this quantity is the same in acidic and basic media.
We can suppose that basic pH allows cyclohexanone to be
activated and this activated form of cyclohexanone may
have affinity with functionalized catalyst after conditioning
in acidic medium (no functionnalization in basic medium).
Indeed, adsorption of cyclohexanone on SnO2:F in presence
of acetic acid (Fig. 7) is more favored at pH 5 than at

pH 12. Above that, its adsorption is maximal when the cata-
lyst is conditioned at pH 5 (functionalization) and when cy-
clohexanone is introduced at pH 12. Hence, the activated
cyclohexanone has a good adsorption onto the functional-
ized catalyst. This activation of cyclohexanone may be due
to the solvation, which differs in acidic and basic environ-
ments. The keto–enol equilibrium is also more favorable in
alkaline medium. Indeed, it was demonstrated that the al-
kene group is more reactive than the carbonyl group in the
ECH process.12,26 The increase in the rate of hydrogenation
of cyclohexanone in KOH solution in the CH process was
also observed by Wismeijer et al.22 It was assumed that the
promoted effect came from the reactive enolate anions or
ionized hydrated cyclohexanone species formed in the pres-
ence of OH–. In our case, the FTIR spectrum (not presented)
of cyclohexanone at pH 12 shows an additional band com-
pared with that of cyclohexanone at pH 5, that band was at-
tributed to the enolate ion.

As pointed out by Dubé et al.,11 the efficiency also de-
pends on the kinetics of the transfer of a monoatomic hydro-
gen (Hads) from the metal site to the p-bond of the adsorbed
organic molecule. This transfer can differ from acidic to ba-
sic medium depending on the configuration of the substrate
in solution.

Because the quantity of the available Hads can influence
the hydrogenation, we were interested in studying its role in
the ECH of cyclohexanone on the same catalyst in acetic
acid electrolyte. For this study, the conditioning pH was 5
and the working pH was 12. To improve the efficiency of
the reaction, the constant current applied after conditioning
was 5 mA. As seen in the quenching of Hads, the experimen-
tal quantity of charge necessary to reduce all the Pd(II) to
Pd(0) was around 20 C. Then, we can estimate the approxi-
mate quantity of Hads as a function of conditioning charge
(Table 3). This table shows that if the quantity of charge
for the conditioning increases, the quantity of Hads available

Fig. 7. Adsorption isotherm for cyclohexanone after 3 h in contact with F-doped SnO2 powders in aqueous solution of acetic acid (0.5 mol/
L) as a function of the initial pH: (~) pH 12, (^) pH 5, (&) 1 h of electrolyte–SnO2:F suspension stirring at pH 5 before adding cyclo-
hexanone at pH 12.
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increases. Indeed, the more the charge passed before the be-
ginning of ECH, the faster the reaction (Fig. 8), which
shows that the kinetics of cyclohexanone hydrogenation is
affected. This observation can explain why a difference is
noticed in the ECH process according to the nature of the
metal used27 or the conductivity of the matrix supporting
the metallic nanoaggregates.17 Indeed, the quantity of Hads
generated is linked to these parameters.

To study only the influence of the conditioning charge di-
rectly on cyclohexanone hydrogenation, CH of cyclohexa-
none was conducted at the end of each conditioning
(Fig. 9). Cyclohexanone was added to the catholyte after
the conditioning, i.e., in the presence of chemisorbed Hads
(demonstrated by the quenching), and then we verified
whether or not it was hydrogenated after 100 min. Surpris-
ingly, Fig. 9 shows that cyclohexanone hydrogenation took
place and the quantity of H� (Table 3) produced during con-
ditioning played an important role on the CH process. This
result demonstrated that when chemisorbed hydrogen is pro-
duced (by the electroreduction of water), cyclohexanone
could catalytically be hydrogenated on Pd catalyst. Never-

theless, the catalytic hydrogenation of cyclohexanone, and
most of aliphatic ketones, was impossible on palladium cat-
alyst when hydrogen gas was used as source of chemisorbed
hydrogen.12,26 This is explained by the kinetic barrier (re-
lated to the low solubility and low dissociation of molecular
hydrogen (H2)) that is too high.28 So, it can be said that the
production of chemisorbed hydrogen is not systematic in CH
conditions. The ECH offers soft conditions of work11 in
which the production of chemisorbed hydrogen is obvious
as it was shown by the quenching. Additionally, in the ECH
process, the polarization of the catalyst29 and the cyclohexa-
none C=O bond takes place.9

Conclusion

The in situ functionalization of the catalyst support affects
the electrocatalytic hydrogenation of phenol and cyclohexa-
none. This functionalization takes place in an acidic medium
(pH £ 6) with acetic acid as electrolyte. The effect of the pH
on the ECH process is explained by the catalyst functionali-
zation, which affects the catalyst/solution interface also by
the structural changes of the target molecule.

Hydrogenation of phenol to cyclohexanone increases as
the medium becomes more acidic. When the support surface
is functionalized, cyclohexanone is hydrogenated only in a
basic medium. For a complete hydrogenation of phenol

Fig. 8. ECH of cyclohexanone on Pd/SnO2:F in aqueous solution of
acetic acid (0.5 mol/L) as a function of the total charge for different
quantities of conditioning charge: (&) 5 C, (~) 25 C, (*) 50 C,
and (^) 75 C; I = 5 mA; conditioning pH = 5 and working pH = 12.

Fig. 9. CH of cyclohexanone on Pd/SnO2:F in aqueous solution of
acetic acid (0.5 mol/L) as a function of the total charge for different
quantities of conditioning charge: (~) 25 C, (*) 50 C, and (^)
75 C; I = 5 mA; conditioning pH = 5 and working pH = 12.

Table 3. Theoretical quantity of H� formed and available (mol) as a function of the conditioning charge.

Charge Q passed for
conditioning (C)

Experimental quantity of
charge QPd necessary to
reduce Pd(II) into Pd(0) (C)

Experimental quantity of charge
QHads for chemisorbed hydrogen
production with QHads = Q – QPd

Theoretical H� quantity N formed and
available (mol) with N = QHads/(nF)
and n = 1

5 20 0 None
25 20 5 5.18 � 10–5

50 20 30 3.11 � 10–4

75 20 55 5.70 � 10–4
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with good kinetics, it would be interesting to conduct the
first step of hydrogenation, i.e., the formation of cyclohexa-
none in an acidic medium and then increase the pH to basic
values to facilitate the formation of cyclohexanol. The con-
ditioning charge influences the amount of chemisorbed hy-
drogen available for the hydrogenation of the organic
compound. This work has identified yet another advantage
of ECH versus CH, owing to the fact that the production of
chemisorbed hydrogen is systematic in the ECH process.
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Synthesis and structures of isopropyl-b-
diketiminato copper(I) complexes

Paul O. Oguadinma and Frank Schaper

Abstract: The reaction of N,N’-diisopropyl-2-amino-4-iminopent-2-ene (nacnaci-PrH, 1) either with CuOt-Bu or with a mix-
ture of mesityl copper and 10% CuOt-Bu afforded, in the presence of PPh3, CN(C6Me2H3), or MeCN, the Lewis base co-
ordinated complexes nacnaci-PrCuPPh3�0.5 C6H14 (2), nacnaci-PrCuCN(C6Me2H3) (3), and nacnaci-PrCu(NCMe) (4).
Compounds 2, 3, and 4 were characterized by single-crystal X-ray diffraction studies. Compound 4 afforded two species
in deuterated benzene in a 2:1 ratio, which were assigned to {nacnaci-PrCu}2(m-NCMe) and nacnaci-PrCuNCMe (4). Upon
addition of 5 equiv. of MeCN, the two sets collapsed into that of 4. No copper complexes were formed in the presence of
styrene, stilbene, or diphenylacetylene.

Key words: diketiminate, copper, coordination chemistry.

Résumé : La réaction du N,N’-diisopropyl-2-amino-4-iminopent-2-ène (nacnaci-PrH, 1) avec le CuOt-Bu ou un mélange du
mésityl-cuivre et du CuOt-Bu à 10 % a donné, en présence de PPh3, de CN(C6Me2H3) ou de MeCN, les complexes
nacnaci-PrCuPPh3�0,5 C6H14 (2), nacnaci-PrCuCN(C6Me2H3) (3), et nacnaci-PrCu(NCMe) (4). Les composés 2, 3 et 4 ont été
caractérisés par diffraction des rayons-X sur monocristaux. Le spectre RMN de 4 dans C6D6 comporte deux séries de si-
gnaux selon un rapport 2:1, assignés à {nacnaci-PrCu}2(m-NCMe) et à nacnaci-PrCuNCMe (4). Après l’addition de 5 equiv.
de MeCN, seuls les signaux de 4 ont été observés. Aucun complexe de cuivre n’a été obtenu en présence de styrène, de
stilbène ou de diphenylacétylène.

Mots-clés : dikétiminate, cuivre, chimie de coordination.

Introduction
Brookhart’s demonstration in the mid 1990s that late tran-

sition-metal a-diimine complexes of Pd and Ni were effec-
tive as catalysts in olefin polymerization1 paved the way for
the synthesis of the corresponding anionic diketiminate ver-
sions of these ligand systems.2 Since then, interest in diketi-
minates has continued unabatedly, and today b-diketiminates
represent one of the most extensively employed nitrogen-
based, bidentate ligands in coordination chemistry.3 The
acronym ‘‘nacnac’’ is often used to describe 2-amino-4-imi-
nopent-2-ene, which is the N-analogue of the ubiquitous
acetylacetonate (acac). The nacnac ligands are monoanionic
spectator ligands, which have assisted in the isolation of
metal complexes in unusual oxidation states and (or) coordi-
nation numbers.4 For copper in particular, Tolman and co-
workers used diketiminate complexes to model the active
site of metalloproteins.5 Warren and co-workers isolated a
nacnac copper carbene complex, which they employed in
catalytic cyclopropanation, and used copper diketiminates
for amination reactions.6–8 While most applications of dike-
timinate ligands revolve around N-aryl substituents, their N-
alkyl derivatives have not been well-exploited. For cop-
per(I), they are limited to applications in atomic layer
deposition9 or analyses of copper–ligand bonding.10 In con-
tinuation of previous work on diketiminate copper com-
plexes with N-alkyl substituents,11,12 we report here the

syntheses and characterization of N,N’-diisopropyl nacnac
CuI complexes. Just prior to submission of this manuscript,
Arii et al. reported nacnaci-PrCu germylene complexes, using
the same ligand.13

Results and discussion

Ligand and complex synthesis
Ligand 1 has been obtained previously by a multi-step

protocol, which is generally used to prepare N-alkyl diketi-
minates, either by employing Meerwein salt (32%–60%
yield)14 or dimethylsulfate (74% yield, from the aminoke-
tone)15 as O-alkylating agents. We employed a one-step pro-
cedure for condensation of acetylacetone with isopropylamine
in the presence of equimolar amounts of para-toluenesulfonic
acid,16 which afforded 1 directly, albeit in a relatively low
yield of 23% after 5 days of reflux (Scheme 1). The analo-
gous ligands nacnacBnH and nacnaci-BuH, bearing primary
alkyl groups, have been obtained in 1–2 days using the same
procedure,12,17 while the preparation of nacnacCH(Me)PhH
required 5 days.11 Longer reaction times thus seem to be nec-
essary for secondary amines. Complexes 2–4 were obtained
as yellow air- and moisture-sensitive powders or crystals in
26%–84% yield by reaction of 1 in the presence of PPh3,
xylyl isocyanide, or acetonitrile either with CuOt-Bu, a proce-
dure employed by Dai and Warren for preparing N-aryl
nacnacCuI complexes,6 or with mesityl copper and catalytic

Received 15 October 2009. Accepted 6 January 2010. Published on the NRC Research Press Web site at canjchem.nrc.ca on 10 April
2010.
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amounts of CuOt-Bu (Scheme 1). Mesityl copper in the ab-
sence of CuOt-Bu has been shown to be unreactive.11

Though no major differences in terms of yields were ob-
served between the use of CuOt-Bu or MesCu/CuOt-Bu, the
complexes crystallized easier when MesCu/CuOt-Bu was
used, probably due to the smaller amounts of tert-butanol
present.

Compound 1 did not react with CuOt-Bu in the presence of
styrene, stilbene, or diphenylacetylene. Identical observations
were made with copper complexes carrying the chiral nac-
nacCH(Me)Ph ligand.11 On the other hand, Cu–styrene complexes
are readily obtained with nacnacMes (Mes = 2,4,6-Me3C6H3)18

or nacnacdipp (dipp = 2,6-i-Pr2C6H3, see Experimental sec-
tion), one of the most sterically encumbered N-aryl diketimi-
nates, as well as with nacnacBn or nacnaci-Bu.12,17 In-plane
coordination of the two carbon atoms of an olefin is thus
possible for diketiminate ligands with aryl or primary alkyl
substituents, but not if secondary alkyls are present on the ni-
trogen. The implied increased steric demand of nacnaci-Pr

compared with nacnacdipp has to be set into contrast to obser-
vations for other systems. When compared with nacnacdipp,
diketiminate ligands with secondary alkyl substituents on the
nitrogen allow additional intramolecular p-coordination in Ti
complexes19 or coordination of a second nacnac to Zr.20

When considering steric congestion imposed by diketiminate
ligands, it is thus important to differentiate between the first
coordination sphere around the metal centre, where nacnaci-Pr

imposes a congested environment, and general steric demand
in the (outer) coordination sphere, where it does not.

Crystal structure studies
All three compounds are monomeric and crystallize in the

P21/c space group with copper in a distorted trigonal-planar
geometry. Complex 2 (Fig. 1) co-crystallizes with half a
molecule of hexane. The methine hydrogen atoms of the i-Pr
substituent point towards the methyl groups in the ligand
backbone, even in the sterically encumbered 2. C–N and
C–C bond lengths of the diketiminate ligand are in agree-
ment with complete delocalization of the double bonds
(Table 1). Cu–N bond distances in 3 and 4 are close to the
average generally observed in nacnacCu complexes (1.94 ±
0.06 Å),21 and the copper centre is found in the mean plan
of the ligand. With the bulkier phosphine ligand in 2, longer
Cu–N distances and a displacement of C3 and the copper atom

by 0.1 and 0.4 Å, respectively, out of the ligand mean plane are
observed (plane defined by N1, N2, C2, and C4). While Cu–P
and Cu–N bond distances (2.191(1) Å; 1.978(1) and 1.983(1)
Å) are comparable to those in nacnacCH(Me)PhCuPPh3 (2.195(1)
Å; 1.972(1) and 1.983(1) Å),11 they are longer than in nac-
nacArCu(PPh3) complexes (2.16–2.18 Å and 1.94–1.97
Å)7,22–24 in agreement with increased steric bulk introduced
by a secondary alkyl substituent on the nitrogen atoms.

Spectroscopic properties
The PPh3 resonance in the 31P NMR spectrum of compound

2 in C6D6 was observed at d 4.0. This value is intermediate
between those of nacnacArCuPPh3 complexes (Ar = Me3C6H2:
5.2 ppm,7 Ar = Me2C6H3: 5.4 ppm,23 and Ar = i-Pr2C6H3:
3.6 ppm22) and nacnacRCuPPh3 complexes (R = Bn:
3.5 ppm12 and R = CH(Me)C6H5: 3.9 ppm11). While N-
aryl-substituted diketiminate ligands tend to show 31P reso-
nances at lower field, differences are too small to be corre-
lated to the ligand properties. Similar to the behaviour
observed for nacnacCH(Me)PhCu(NCMe),11 which also carries
a secondary alkyl substituent on N, pure crystals of 4 dis-
solved in C6D6 gave two sets of nacnac resonances in a ratio
of 2:1 in its 1H NMR spectrum; the resonances of the major
species being slightly broadened. Only one resonance was
observed for MeCN. Fast exchange of coordinated and free
Lewis base was observed before in nacnacCuL com-
plexes,11,12,25 and the amount of coordinated MeCN in the
two species thus cannot be derived from NMR. Only one
peak for nCN was observed at 2259 cm–1 in the IR spectrum
of 4 in toluene solution, 5 cm–1 higher than that of free
MeCN.26 Addition of excess MeCN (5 equiv.) caused the
peaks to collapse to one set of resonances in its 1H and 13C
spectra, belonging to the previously minor component.
Changes in the overall concentration, on the other hand, did
not affect the observed ratio, which rules out equilibrium [1]
in Scheme 2. Complete MeCN redistribution (equilibrium [2]
in Scheme 2) also seems unlikely, since bis(acetonitrile)
complexes have not been reported for diketiminate copper
complexes and nacnaci-PrCu complexes could not be ob-
tained in the absence of ancillary ligands. We thus assign
the species favoured at higher acetonitrile concentrations to
the MeCN complex nacnaci-PrCuNCMe (4), observed in the
crystal structure, and the broadened peaks of the major spe-
cies to the bridged complex {nacnaci-PrCu}2(m-NCMe) (4b)
(equilibrium [3] in Scheme 2). While bridging coordination
of acetonitrile is rare, it is not unknown.27 Monomer–dimer
equilibria similar to equilibrium [3] in Scheme 2 have been
observed for nacnacBnCu, which forms a diphenylacetylene-
bridged dimer in the solid state and a monomeric complex
in solution when excess diphenylacetylene is present,12 and
for nacnacArCu complexes, which display an equilibrium be-
tween a monomeric and a dimeric benzene-coordinated
complex in solution.7,25 While single-crystal diffraction stud-
ies confirmed the formation of 4, we were unable to obtain
satisfactory elemental analyses, even from the crystalline
material. Synthesis of 4 was reported at the time of submis-
sion of this article by Arii et al. from the reaction of
[Cu(NCMe)4][CF3SO3] with nacnaci-PrLi.13 Although not
discussed therein, they also observed a variable ratio of two
products in NMR spectra of 4.28

The stretching frequency nCN = 2105 cm–1 of the isocyanide

Scheme 1.
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ligand in 3 is the lowest frequency observed in 2,6-xylyl iso-
cyanide copper complexes with either N-alkyl-substituted
(nCN = 2111–2117 cm–1)11,12,17 or N-aryl-substituted diketi-
minate ligands (nCN = 2121–2126 cm–1),7,25,29 indicating an
increased, but still weak p back-donation (free isocyanide:
nCN = 2119 cm–1).

In the course of preparing compound 3, a minor side

product, 5, was obtained. 1H and 13C NMR spectra of 5
showed resonances of the diketiminate ligand and isocya-
nide in a ratio of 1:2, which would suggest the formation of
nacnaci-PrCu(CNC6Me2H3)2. Satisfactory elemental analysis
of 5, however, could not be obtained and, more importantly,
addition of 1 equiv. xylyl isocyanide did not transform 3
into 5. Complex 5 showed the same stretching frequency in
its IR spectrum as 3. Taking also the low solubility of 5 in
toluene into account, assignment as a bisisocyanide adduct
seems improbable and the structure of 5 remains unclear.

Conclusions
Copper complexes of nacnaci-Pr were readily prepared if

additional Lewis base was present to stabilize the complex.
In agreement with observations made for nacnacCH(Me)Ph,11

diketiminate ligands with secondary alkyl substituents are
slightly more Lewis-basic, but sterically more demanding in
the first coordination sphere than diketiminates with aryl or
primary alkyl substituents.

Experimental section
All reactions, except ligand synthesis, were carried out

under nitrogen atmosphere using Schlenk or glovebox tech-
niques. Solvents were dried by passage through activated
aluminum oxide (MBraun SPS) and de-oxygenated by
repeated extraction with nitrogen. C6D6 was distilled from
Na and de-oxygenated by three freeze-pump-thaw cycles.
CuOt-Bu30 and mesitylcopper31 were synthesized as re-
ported. All other chemicals were obtained from commercial
suppliers and used as received. Elemental analyses were per-
formed at the Laboratoire d’Analyse Elémentaire (Université
de Montréal). NMR spectra were recorded on a Bruker ARX
400 MHz spectrometer and referenced to residual solvent
(C6D5H: d 7.15, C6D6: d 128.02) or external reference (31P,
75% H3PO4).

nacnaci-PrH (1)14,15

Acetylacetone (4.0 mL, 38 mmol), para-toluenesulfonic

Fig. 1. Crystal structures of 2–4. Hydrogen atoms and solvent are omitted for clarity. Thermal ellipsoids are drawn at the 50% probability
level.

Table 1. Selected bond distances (Å) and bond angles (8) for 2, 3,
and 4.

2 3 4

Bond distances (Å)
Cu1—N1 1.978(1) 1.939(2) 1.940(1)
Cu1—N2 1.987(1) 1.935(2) 1.961(2)
Cu1—Xa 2.191(1) 1.822(2) 1.893(2)
N1—C2 1.323(2) 1.332(2) 1.326(3)
N2—C4 1.321(2) 1.331(2) 1.314(3)
C2—C3 1.408(2) 1.407(3) 1.413(3)
C3—C4 1.411(2) 1.407(3) 1.416(2)
X—Yb 1.839(2) 1.161(2) 1.148(3)
Bond angles (8)
N1–Cu1–N2 97.7(1) 100.2(1) 100.6(1)
N1–Cu1–Xc 132.6(1) 130.9(1) 134.7(1)
N2–Cu1–Xc 129.4(1) 128.9(1) 124.8(1)

aCu1—P1 (2), Cu1—C20 (3), and Cu1—N3 (4).
bAverage of P1—C12, P1—C18, and P1—C24 (2), N3—C20 (3),

N3—C12 (4).
cN1,2–Cu1–P1 (2), N1,2–Cu1–C20 (3), N1,2–Cu1–N3 (4).

Scheme 2.
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acid monohydrate (7.2 g, 38 mmol), and isopropylamine
(6.1 mL, 76 mmol) were added to toluene (200 mL) and re-
fluxed with the help of a Dean–Stark apparatus for 5 days,
during which the yellow suspension turned brown. After
cooling to room temperature, the brown precipitate formed
was filtered. The precipitate was washed with toluene
(100 mL) and transferred to a K2CO3 solution (5 g in
100 mL of water). After stirring for 30 min, the aqueous
phase was extracted with toluene (3 � 100 mL). The com-
bined organic phases were dried over MgSO4 and then fil-
tered. The filtrate was evaporated to obtain brown oil
(1.6 g, 23%), which was employed without further purifica-
tion in subsequent synthesis.

1H NMR (CDCl3, 400 MHz) d: 11.44 (bs, 1H, NH), 4.38
(s, 1H, HC(C=N)2), 3.64 (sp, J = 6 Hz, 2H, CH(CH3)2), 1.89
(s, 6H, Me(C=N)2), 1.16 (d, J = 6 Hz, 12H, CH(CH3)2). 13C
NMR (CDCl3, 101 MHz) d: 158.5 (C=N), 93.5 (HC(C=N)2),
46.7 (CH(CH3)2), 24.7 (CH(CH3)2), 18.7 (Me(C=N)2). 1H
NMR (C6D6, 400 MHz) d: 11.63 (bs, 1H, NH), 4.46 (s, 1H,
HC(C=N)2), 3.46 (sp, J = 6 Hz, 2H, CH(CH3)2), 1.71 (s, 6H,
Me(C=N)2), 1.11 (d, J = 6 Hz, 12H, CH(CH3)2). 13C NMR
(C6D6, 101 MHz) d: 158.0 (C=N), 94.6 (HC(C=N)2), 47.0
(CH(CH3)2), 25.1 (CH(CH3)2), 18.8 (Me(C=N)2).

nacnaci-PrCuPPh3�0.5 C6H14 (2)
nacnaci-PrH (300 mg, 1.65 mmol), mesitylcopper (301 mg,

1.65 mmol), CuOt-Bu (22 mg, 0.165 mmol), and PPh3
(437 mg, 1.65 mmol) were dissolved in toluene (12 mL) to
give a yellow-brown solution. After stirring for 1 h, the sol-
ution was filtered, concentrated to 1/5 of its volume and lay-
ered with hexane (5 mL). It was then kept at –35 8C. Yellow
crystals together with powder formed after 3 day (700 mg,
84%).

1H NMR (C6D6, 400 MHz) d: 7.66–7.02 (m, 15H, PPh3),
4.67 (s, 1H, HC(C=N)2), 3.86 (sp, J = 6 Hz, 2H CH(CH3)2),
2.10 (s, 6H, Me(C=N)2), 0.98 (d, J = 6 Hz, 12H, CH(CH3)2).
13C NMR (C6D6, 101 MHz) d: 161.3 (C=N), 135.1 (d, J =
30 Hz, ipso PPh3), 134.7 (d, J = 14 Hz, ortho PPh3), 129.7
(para PPh3), 128.6 (d, J = 9 Hz, ortho PPh3), 95.4

(HC(C=N)2), 51.4 (CH(CH3)2), 26.7 (CH(CH3)2), 23.1
(Me(C=N)2). 31P NMR (C6D6, 75 MHz) d: 4.0. Anal. Calcd.
for C29H36N2PCu: C, 68.68; H, 7.15; N, 5.52. Found: C,
67.85; H, 7.48; N, 4.97.

nacnaci-PrCuCN(C6Me2H3) (3)
nacnaci-PrH (200 mg, 1.10 mmol), mesitylcopper (201 mg,

1.10 mmol), CuOt-Bu (15 mg, 0.11 mmol), and xylyl iso-
cyanide (151 mg, 1.15 mmol) were dissolved in toluene
(4 mL). The yellow-brown solution was stirred for 1 h and
then concentrated to half its volume to afford a yellow-
brown suspension. The suspension was filtered, and the fil-
trate was layered with 4 mL of hexanes and kept at –35 8C.
Yellow crystals of 3 formed after 1 day (190 mg, 46%).

IR (toluene) nCN: 2114 cm–1.1H NMR (C6D6, 400 MHz)
d: 6.75 (t, J = 8 Hz, 2H, p-CN(C6Me2H3)), 6.59 (d, J =
8 Hz, m-CN(C6Me2H3), 2H) 4.60 (s, 1H, HC(C=N)2), 4.01
(septet, J = 6 Hz, CH(CH3)2, 2H), 2.11 (s, 6H, Me(C=N)2),
2.08 (s, 6H, CN(C6Me2H3), 1.42 (d, 12H, J = 6 Hz
CH(CH3)2). 13C NMR (C6D6, 101 MHz) d: 160.7 (C=N),
134.8, 94.8 (HC(C=N)2), 50.9 (CH(CH3)2). 27.5
(CH(CH3)2), 22.3 (Me(C=N)2), 18.8 (CN(C6Me2H3)).
(CN(C6Me2H3) and three aromatic resonances were not de-
tected). Anal. Calcd. for C20H30N3Cu: C, 63.88; H, 8.04; N,
11.17. Found: C, 63.83; H, 8.11; N, 11.12.

The solid obtained after filtration, 5, gave the following
data: IR (toluene) nCN: 2114 cm–1. 1H NMR (C6D6,
400 MHz) d: 6.69 (t, J = 8 Hz, p-CN(C6Me2H3), 2H), 6.52
(d, J = 8 Hz, m-CN(C6Me2H3), 4H), 4.61 (s, 1H,
HC(C=N)2), 4.02 (septet, J = 6 Hz, CH(CH3)2, 2H), 2.14 (s,
12H, CN(C6Me2H3), 2.08 (s, 6H, Me(C=N)2), 1.43 (d, 12H,
J = 6 Hz, CH(CH3)2). 13C NMR (C6D6, 101 MHz) d: 160.7
(C=N), 135.4, 128.6, 128.1, 127.8, 94.8 (HC(C=N)2), 50.8
(CH(CH3)2), 27.5 (CH(CH3)2), 22.4 (Me(C=N)2), 18.8.
(CN(C6Me2H3)). (CN(C6Me2H3) elusive).

nacnaci-PrCuNCMe (4)
nacnaci-PrH (75 mg, 0.41 mmol) and MeCN (41 mg,

Table 2. Details of X-ray diffraction studies.

Complex 2 3 4
CCDC No. 764335 764336 764337
Formula C29H36CuN2P�(C6H14)0.5 C20H30CuN3 C13H24CuN3

Mr (g/mol); dcalcd.(g/cm3) 550.19; 1.247 376.01; 1.239 285.89; 1.277
T (K); F(000) 150 ; 1172 150; 800 150; 608
Crystal system Monoclinic Monoclinic Monoclinic
Space group P21/c P21/c P21/c
Unit cell

a (Å) 13.9417(4) 8.9807(3) 6.8103(1)
b (Å) 12.4813(4) 13.3632(4) 11.4563(3)
c (Å) 17.8496(6) 16.9799(5) 19.1252(3)
b (8) 109.348(1) 98.320(1) 94.780(1)

V (Å3); Z 2930.60(16); 4 2016.33(11); 4 1486.97(5); 4
q range (8); completeness 3.36–73.61; 0.99 4.23–71.45; 0.99 4.50–67.82; 0.93
Reflections: collec./indep.; Rint 41989/5843; 0.037 24118/3879; 0.038 23408/2512; 0.034
m (mm–1); abs. corr. 1.72; SADABS 1.55; SADABS 1.93; SADABS
R1(F); wR(F2); GoF(F2)a 0.0348; 0.0959; 1.052 0.0413; 0.1128; 1.00 0.0308; 0.0906; 1.067
Residual electron density 0.68; –0.38 0.32; –0.36 0.32; –0.51

aR1(F) based on observed reflections with I > 2s(I), wR(F2) and GoF(F2) based on all data.
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0.82 mmol) were mixed and transferred to a vial containing
a yellow solution of CuOt-Bu (69 mg, 0.41 mmol) in tol-
uene (2 mL). The resulting yellow-brown solution was kept
at –30 8C. Colourless crystals formed after 1 h together with
a brown precipitate (mirror) indicative of decomposition.
Decantation of the brown suspension gave, after drying,
31 mg (26%) of yellow crystals, 4.

Two species were observed in C6D6 solutions of 4 (see
text). IR (toluene) nNC: 2259 cm–1. 4: 1H NMR (C6D6,
400 MHz) d: 4.52 (s, 1H, HC(C=N)2), 4.03 (septet, J =
6 Hz, CH(CH3)2, 2H), 2.11 (s, 6H, Me(C=N)2), 1.38–1.52
(m, 12H, CH(CH3)2), 0.57 (NCMe). 13C NMR (C6D6,
101 MHz) d: 160.6 (C=N), 116.5 (NCMe), 65.9
(HC(C=N)2), 50.7 (CH(CH3)2), 26.9 (CH(CH3)2), 22.3
(Me(C=N)2) and 0.3 (NCMe). 4b: 1H NMR (C6D6,
400 MHz) d: 5.29 (bs, 1H, HC(C=N)2), 3.92–3.99 (feature-
less septet, CH(CH3)2, 2H), 2.56 (bs, 6H, Me(C=N)2), 2.08
(s, 6H, CN(C6Me2H3) and 1.38–1.52 (m, 12H, CH(CH3)2)
overlapping with that of 4. Elemental analysis was unsatisfac-
tory with varying results (DC = 2%–3%), which might be re-
lated to acetonitrile dissociation and complex decomposition.

NMR-scale preparation of nacnacdippCu(styrene)
A vial was charged with nacnacdippH (dipp = 2,6-i-Pr2C6H3)

(10 mg, 24 mmol), CuOt-Bu (4 mg, 30 mmol), and styrene
(3 mL, 25 mmol). C6D6 (0.6–0.7 mL) was added. After shak-
ing thoroughly to obtain a homogeneous solution, the con-
tent was transferred to a J. Young tube and heated at 60 8C
for 24 h.

1H NMR (C6D6, 400 MHz) d: 6.35–7.21 (m, 11H, 2,6-i-Pr2C6H3
and styrene), 5.08 (dd, J = 9 Hz and 14 Hz, 1H, PhHC=),
4.97 (s, 1H, HC(C=N)2), 3.48–3.56 (m, 3H, CH(CH3)2 and
cis H2C=), 3.34 (d, J = 9 Hz, 1H, trans H2C=), 3.07 (sp, J =
7 Hz, 2H, CH(CH3)2, 1.75 (s, 6H, Me(C=N)), 1.33 (d, J =
7 Hz, 6H, CH(CH3)2), 1.15 (d, J = 7 Hz, 12H, CH(CH3)2),
1.09 (d, J = 7 Hz, 6H, CH(CH3)2).

X-ray diffraction studies
Compounds were crystallized by layering a toluene solu-

tion with hexane at –30 8C, except for compound 4, which
crystallized directly from the toluene solution of the reaction
at –30 8C. Data sets for 2 and 3 were recorded on a Bruker
SMART 6000 with Montel 200 monochromator, while that
of compound 4 was collected on a Bruker Microstar-Proteum
with Helios optics, both equipped with a rotating anode
source for Cu Ka radiation (l = 1.54178 Å). Cell refinement
and data reduction were performed using APEX2.32 Absorp-
tion corrections were applied using SADABS.33 Structures
were solved by direct methods using SHELXS97 and refined
on F2 by full-matrix least squares using SHELXL97.34 All
non-hydrogen atoms were refined anisotropically. Hydrogen
atoms were refined on calculated positions using a riding
model. Further details can be found in Table 2.

Supplementary data
Supplementary data for this article are available on the

journal Web site (canjchem.nrc.ca) or may be purchased
from the Depository of Unpublished Data, Document Deliv-
ery, CISTI, National Research Council Canada, Ottawa, ON
K1A 0R6, Canada. DUD 5390. For more information on ob-

taining material, refer to cisti-icist.nrc-cnrc.gc.ca/cms/
unpub_e.shtml. CCDCs 764335–764337 contain the X-ray
data in CIF format for this manuscript. These data can be
obtained, free of charge, via www.ccdc.cam.ac.uk/conts/
retrieving.html (Or from the Cambridge Crystallographic
Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK;
fax +44 1223 336033; or deposit@ccdc.cam.ac.uk).
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A novel approach towards the synthesis of
tricyclic systems based on pyridine, pyran,
thiopyran, azepine, oxepin, thiepin, and pyrimidine
rings under different solvent conditions

Anand Sachar, Poonam Gupta, Shallu Gupta, and R.L. Sharma

Abstract: Synthesis of some oxygen, nitrogen, and sulfur based condensed heterocycles by the condensation of dimedone
with aromatic monoaldehyde under different solvent conditions has been achieved.

Key words: dimedone, heterocyclization, dimerization.

Résumé : On a réalisé la synthèse de dérivés hétérocycliques à base d’oxygène, d’azote et de soufre par condensation de
la dimédone avec un monoaldéhyde aromatique dans divers solvants.

Mots-clés : dimédone, hétérocyclisation, dimérisation.

[Traduit par la Rédaction]

Introduction
1,3-Dicarbonyl derivatives constitute important synthetic

intermediates, incorporating multiple functionalities that can
be either nucleophilic or electrophilic species in a large vari-
ety of synthetic transformations.1 Their versatility and effec-
tiveness as potential multicomponent substrates were first
discovered and utilized by Arthur Hantzsch2 in 1882. Since
then, 1,3-dicarbonyl compounds have been playing increas-
ingly significant roles in the development of modern syn-
thetic organic chemistry. Keeping these facts in view, we
are studying the synthesis of some novel heterocyclic sys-
tems by investigating the effect of a change in solvent on
the ring size of heterocyclic moiety via the condensation of
a 1,3-dicarbonyl compound (dimedone) with an aromatic
monoaldehyde. A literature survey revealed that a fair
amount of work has been published in the condensation re-
actions of dimedone.3–8 Because of our laboratory’s long
standing interest in the condensation reactions of active
methylene compounds,9 we extend our synthetic activity
along these lines to include the synthesis of some pyran,
pyridine, thiopyran, oxepin, azepine, and thiepin based con-
densed heterocycles by the condensation of dimedone with
aromatic monoaldehyde under different solvent condi-
tions.5,10–15 The intermediates and the final heterocyclic
products have been found to be highly potent pharmacologi-
cally in recent years, revealing some important conclusions
regarding structure–activity relationships.16–19

Results and discussion
When dimedone was treated with aromatic monoaldehyde

in ethylene glycol under different sets of conditions (as de-
tailed in the Experimental section); some novel pyran, pyri-
dine, and thiopyran based condensed heterocycles have been
generated with dimedone moiety on the periphery of the
molecule. The reaction probably takes place via the con-
certed mechanism in which Knoevenagel condensation oc-
curs between dimedone (1) and aromatic aldehydes (2),
Michael addition of the second dimedone molecule on the
2-arylidenedimedone probably formed in situ as a result of
Knoevenagel condensation, and cyclodehydration of the prob-
able Michael product (9)20,21 takes place in single step. The
products (10–14)20,22–25 were obtained in excellent yield but
the intermediate products, arylidenedimedone of Knoevenagel
condensation, and product (9) of Michael addition could not
be isolated. In another method using acetic acid as solvent
in the initial step, the yield of the final products (10–14)
was not as good and hardly comparable with that in the
case of ethylene glycol. The added advantage in this method
was the isolation of the intermediate product (9) in a reason-
ably good yield, which was probably in dienol form, and
subsequently produced the products (10–14) with different
reagents using DMF as solvent. The yield falls slightly in
all the conversions of 9 to 10, 11, 12, 13, and 14 using
DMF as solvent. Using DMSO as solvent, some interesting
results were obtained in which arylidenedimedone moiety
initially formed and underwent reductive dimerization to
give the dimer (3) (Scheme 1). In each case, the dimer (3)
was obtained as a mixture of a racimate and the inactive
meso compound. The racemic mixture (±) and the inactive
meso compound could not be resolved and separated, re-
spectively, by repeated efforts. The asymmetric synthesis of

Received 6 July 2009. Accepted 24 November 2009. Published on the NRC Research Press Web site at canjchem.nrc.ca on 15 April
2010.
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the enantiomers has almost been achieved in a separate
study with good variety. Though it is still under active
study, it may soon be submitted for publication. The dimers
seemed to be very interesting for ring closure and as such
were subjected to heterocyclization under different sets of
conditions (as detailed in the Experimental section) in DMF
to give some condensed heterocycles based on central oxe-
pin, azepine, and thiepin moiety and the peripheral dime-
done moiety. The condensed heterocyclic products (4–8)
bearing seven membered central heterocyclic moiety were
all obtained, again as single and pure meso compounds since
the possibility of cyclization of the enantiomers of the race-
mic mixture of 3 resulting in the formation of a mixture of
racemic (4–8) is not only highly difficult but almost impos-
sible.

Exact quantities of NH2OH�HCl in the synthesis of N-
hydroxy compounds, NH2�NH2 in the synthesis of N-amino
compounds, and P2S5 in the synthesis of thio compounds
should be used lest their higher quantities should form cor-
responding oximino, hydrazino, and thioxo derivatives, re-
spectively, of the respective carbonyl products (6–8, 12–14,
20, and 23).

To generalize these transformations and to derive the con-
clusions more confidently, reactions between a heterocyclic
active methylene compound, barbituric acid (replacing dime-
done), and heteroaromatic aldehydes, furfural and indole-3-
carboxaldehyde (both replacing aromatic aldehydes), were
also studied (Scheme 2). The results were exactly the same

as expected under different conditions of solvents and re-
agents.

All the compounds obtained (17–24) were analyzed for C,
H, N, and S and were found to be in good agreement with
the calculated values, which have been presented in Table 1,
along with mps and yield. The structures were established
on the basis of spectroscopic data and elemental analysis.

Experimental

General
Thin layer chromatography was used to establish the ho-

mogeneity of the compounds. Column chromatography was
performed over silica gel (60–120 mesh) using the ethyl ace-
tate – petroleum ether system as eluent. All other reagents
were commercially available and used without further purifi-
cation. Melting points were determined in a capillary tube and
are uncorrected. IR spectra were recorded on a PerkinElmer
IR spectrometer using potassium bromide pellets. The 1H
and 13C NMR spectra were run on Varian Unity 500 MHz
NMR spectrometer using TMS as an internal standard
(chemical shift in d ppm). Elemental analyses were per-
formed on simple a CHNS analyzer.

General procedure for the synthesis of 3
Dimedone (2 mmol) and aromatic aldehyde (2 mmol)

were dissolved in dimethyl sulfoxide (1 mL) and the reac-
tion mixture was refluxed for 30–40 min. The clear reaction

Scheme 1.
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mixture was diluted with methanol (20 mL). The insoluble
product was separated by filtration, washed with methanol
(3 � 20 mL), and then finally dried at 100 8C for 1 h.

General procedure for the synthesis of 4–8
Compound 3 (0.01 mol) was stirred at 808 in DMF for

30 min (for 4: as such; for 5: 3 mmol NH4OAc; for 6:
2 mmol NH2OH�HCl and 2 mmol NaOAc; for 7: 2 mmol
NH2�NH2�HCl and 2 mmol NaOAc; and for 8: 2 mmo1
P2S5 was added). The reaction mixture was cooled to room
temperature, diluted with water, the insoluble product fil-
tered and then the solid obtained was washed with water,
dried, and crystallized from ethanol. Further purification
was accomplished by running it through a short column of
silica gel followed by recrystallization from hot ethanol.

General method for the synthesis20,21 of 9a and 9b
Dimedone (0.02 mol) and an aromatic aldehyde (0.01 mol)

were dissolved in glacial acetic acid (30 mL) and stirred at
room temperature until TLC showed the disappearance of
the starting material. The insoluble product was separated
by filtration, washed with water (3 � 20 mL), dried, and
crystallized from 95% ethanol. Further purification was ac-
complished by running it through a short column of silica
gel followed by recrystallization from ethanol.

General procedure for the synthesis20,22–25 of 10–14
Dimedone (4 mmol) and an aldehyde (2 mmol) were re-

fluxed in an ethylene glycol (1 mL) for 8–10 min (for 10: as
such; for 11: 3 mmol NH4OAc; for 12: 2 mmol NH2OH�HCl
and 2 mmol NaOAc; for 13: 2 mmol NH2�NH2�HCl and
2 mmol NaOAc; and for 14: 2 mmo1 P2S5 was added). The
reaction mixture was allowed to cool at room temperature,
then poured into 50 mL of water. The solid that was sepa-
rated was filtered and washed with water. The crude solid
after drying was purified by recrystallization from 95%
EtOH to give 10, 11, 12, 13, and 14.

2-[1,2-Bis(3,4–dimethoxyphenyl)-2-(4,4-dimethyl-2,6-
dioxocyclohexyl)ethyl]-5,5-dimethylcyclohexane-1,3-dione
(3a)

Recrystallized from methanol, mp 232–236 8C. IR (KBr,
cm–1): 3410, 3040, 2944, 2860, 2594, 1580, 1460, 1410,
1370, 1296, 1235, 1132, 1050, 972, 870, 790. 1H NMR
(DMSO-d6) d: 1.10 (s, 6H, 2 � CH3), 1.20 (s, 6H, 2 �
CH3), 2.30–2.52 (m, 8H, 4 � CH2), 3.82 (s, 6H, OCH3),
3.86 (s, 6H, OCH3), 5.47 (d, 2H, J = 6.0 Hz), 5.70 (d, 2H,
J = 6.0 Hz), 6.96–7.28 (m, 6H, ArH). 13C NMR (DMSO-d6)
d: 15.9, 19.3, 27.1, 29.4, 47.4, 54.2, 58.3, 112.6, 115.2,
121.4, 133.5, 144.4, 147.5, 151.0, 160.0, 197.6. Anal. calcd.
for C34H42O8: C 70.56, H 7.31; found: C 70.51, H 7.25.

Scheme 2.
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10,11-Bis(3,4-dimethoxyphenyl)-3,3,7,7-tetramethyl-
1,2,3,4,6,7,8,9,10,11-decahydrodibenzo[b, f]oxepin-1,9-
dione (4a)

Recrystallized from hot ethanol, mp 240–244 8C. IR
(KBr, cm–1): 3422, 3046, 2950, 2868, 2694, 1588, 1470,
1422, 1376, 1298, 1244, 1150, 1066, 972, 880, 700. 1H
NMR (DMSO-d6) d: 1.11 (s, 6H, 2 � CH3), 1.24 (s, 6H, 2 �
CH3), 2.34–2.54 (m, 8H, 4 � CH2), 3.80 (s, 6H, OCH3),
3.86 (s, 6H, OCH3), 5.44 (d, 2H, J = 6.0 Hz), 7.02–7.28 (m,
6H, ArH). 13C NMR (DMSO-d6) d: 15.9, 19.4, 27.1, 29.7,
47.7, 54.2, 56.3, 112.6, 115.0, 121.2, 133.4, 147.5, 160.4,
197.7. Anal. calcd. for C34H40O7: C 72.83, H 7.19; found: C
72.78, H 7.14.

10,11-Bis(3,4-dimethoxyphenyl)-3,3,7,7-tetramethyl-
2,3,4,5,6,7,8,9,10,11-decahydro-1H-dibenzo[b, f]azepine-
1,9-dione (5a)

Recrystallized from hot ethanol, mp 260–264 8C. IR
(KBr, cm–1): 3420, 3056, 2950, 2862, 2684, 1578, 1475,
1422, 1366, 1290, 1248, 1155, 1068, 976, 880, 704. 1H
NMR (DMSO-d6) d: 1.12 (s, 6H, 2 � CH3), 1.26 (s, 6H, 2 �

CH3), 2.30–2.50 (m, 8H, 4 � CH2), 3.84 (s, 6H, OCH3),
3.88 (s, 6H, OCH3), 5.46 (d, 2H, J = 6.0 Hz), 7.02–7.26 (m,
6H, ArH), 8.20 (s, 1H, NH, exchangeable with D2O). 13C
NMR (DMSO-d6) d: 15.4, 19.6, 27.7, 29.7, 47.7, 54.2, 56.3,
112.6, 115.0, 121.4, 134.4, 148.5, 160.2, 196.4. Anal. calcd.
for C34H41NO6: C 72.96, H 7.38, N 2.50; found: C 72.78, H
7.34, N 2.46.

10,11-Bis(3,4-dimethoxyphenyl)-5-hydroxy-3,3,7,7-
tetramethyl-2,3,4,5,6,7,8,9,10,11-decahydro-1H-
dibenzo[b, f]azepine-1,9-dione (6a)

Recrystallized from hot ethanol, mp 240–242 8C. IR
(KBr, cm–1): 3400, 3058, 2964, 2866, 2674, 1576, 1476,
1424, 1368, 1288, 1246, 1156, 1064, 976, 886, 710. 1H
NMR (DMSO-d6) d: 1.12 (s, 6H, 2 � CH3), 1.26 (s, 6H, 2 �
CH3), 2.30–2.50 (m, 8H, 4 � CH2), 3.84 (s, 6H, OCH3),
3.88 (s, 6H, OCH3), 5.46 (d, 2H, J = 6.0 Hz), 7.02–7.26 (m,
6H, ArH), 10.73 (bs, 1H, OH). 13C NMR (DMSO-d6) d:
15.4, 19.6, 27.4, 29.2, 47.8, 54.2, 56.3, 112.6, 115.1, 121.2,
132.4, 144.5, 161.1, 197.4. Anal. calcd. for C34H41NO7: C
70.93, H 7.17, N 2.43; found: C 72.89, H 7.14, N 2.38.

Table 1. Physical and analytical data of compounds 17–24.

Compound Mp (8C)a Yield (%) Molecular formula

Analysis (% calcd./found)

C H N S
17a 282–284 82 C26H20N6O6 60.93 3.90 16.40

60.89 3.88 16.35
17b26 278–282 78 C18H14N4O8 52.17 3.38 13.52

52.12 3.34 13.48
18a 276–282 80 C26H18N6O5 63.15 3.64 17.0

63.09 3.62 16.94
18b26 286–290 82 C18H12N4O7 54.54 3.03 14.14

54.51 3.01 14.09
19a 284–288 80 C26H19N7O4 63.28 3.85 19.87

63.23 3.84 19.82
19b 282–286 82 C18H13N5O6 54.68 3.29 17.72

54.62 3.26 17.67
20a 280–284 76 C26H18N6O4S 61.17 3.52 16.47 6.27

61.11 3.51 16.40 6.24
20b 286–290 74 C18H12N4O6S 52.42 2.91 13.59 6.27

52.36 2.88 13.52 6.25
21a 292–296 80 C17H11N5O5 55.89 3.01 19.17

55.84 2.98 19.11
21b26 >300 78 C13H8N4O6 49.36 2.53 17.72

49.32 2.49 17.65
22a >300 80 C17H12N6O4 56.04 3.29 23.07

56.00 3.28 23.01
22b >300 82 C13H9N5O5 49.52 2.85 22.22

49.32 2.49 19.11
23a >300 78 C17H11N5O4S 53.54 2.88 18.37 8.39

53.49 2.84 18.31 8.35
23b >300 76 C13H8N4O5S 46.98 2.40 16.86 9.63

46.92 2.36 16.81 9.61
24a >300 80 C17H13N5O6 53.26 3.39 18.27

53.21 3.36 18.22
24b >300 84 C13H10N4O7 46.70 2.99 16.76

46.66 2.97 16.70

Note: a: Het = 3-indolyl; b: Het = 2-furyl (Scheme 2).
aAll compounds were recrystallized from hot ethanol.
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5-Amino-10,11-bis(3,4-dimethoxyphenyl)-3,3,7,7-
tetramethyl-2,3,4,5,6,7,8,9,10,11-decahydro-1H-
dibenzo[b, f]azepine-1,9-dione (7a)

Recrystallized from hot ethanol, mp 270–272 8C. IR
(KBr, cm–1): 3410, 3050, 2954, 2865, 2676, 1578, 1466,
1416, 1366, 1286, 1242, 1158, 1066, 976, 880, 716. 1H
NMR (DMSO-d6) d: 1.14 (s, 6H, 2 � CH3), 1.22 (s, 6H, 2 �
CH3), 2.34–2.54 (m, 8H, 4 � CH2), 3.82 (s, 6H, OCH3),
3.86 (s, 6H, OCH3), 5.42 (d, 2H, J = 6.0 Hz), 7.02–7.24 (m,
6H, ArH), 8.25 (d, 2H, NH). 13C NMR (DMSO-d6) d: 15.4,
19.2, 26.1, 29.6, 47.4, 54.2, 56.1, 112.6, 115.0, 121.2, 133.6,
147.2, 160.4, 197.4. Anal. calcd. for C34H42N2O6: C 71.05,
H 7.36, N 4.87; found: C 72.01, H 7.31, N 4.81.

10,11-Bis(3,4-dimethoxyphenyl)-3,3,7,7-tetramethyl-
1,2,3,4,6,7,8,9,10,11-decahydrodibenzo[b, f]thiepin-1,9-
dione (8a)

Recrystallized from hot ethanol, mp 240–244 8C. IR
(KBr, cm–1): 3426, 3056, 2960, 2864, 2694, 1588, 1470,
1422, 1376, 1298, 1244, 1156, 1068, 976, 880, 700. 1H
NMR (DMSO-d6) d: 1.11 (s, 6H, 2 � CH3), 1.24 (s, 6H, 2 �
CH3), 2.34–2.54 (m, 8H, 4 � CH2), 3.82 (s, 6H, OCH3),
3.86 (s, 6H, OCH3), 5.44 (d, 2H, J = 6.0 Hz), 7.02–7.28 (m,
6H, ArH). 13C NMR (DMSO-d6) d: 15.7, 19.2, 27.2, 29.4,
47.1, 54.2, 56.3, 112.6, 115.0, 121.2, 132.4, 147.4, 160.2,
197.6. Anal. calcd. for C34H40O6S: C 70.80, H 6.99, S 5.66;
found: C 70.74, H 6.92, S 5.61.

2-[(4,4-Dimethyl-2,6-dioxocyclohexyl)(3,4-
dimethoxyphenyl)methyl]-5,5-dimethylcyclohexane-1,3-
dione (9a)20

Recrystallized from ethanol, mp 172–176 8C. IR (KBr,
cm–1): 3440, 3090, 2844, 2866, 2564, 1590, 1470, 1440,
1300, 1292, 1232, 1144, 1040, 972, 870, 790. 1H NMR
(DMSO-d6) d: 1.12 (s, 6H, 2 � CH3), 1.20 (s, 6H, 2 �
CH3), 2.30–2.52 (m, 8H, 4 � CH2), 3.82 (s, 3H, OCH3),
3.86 (s, 3H, OCH3), 5.47 (d, 2H, J = 6.0 Hz), 5.70 (1H, s,
CH), 6.96–7.28 (m, 3H, ArH). 13C NMR (DMSO-d6) d:
15.4, 17.7, 26.2, 53.7, 56.4, 68.3, 112.8, 114.4, 119.2,
142.1, 144.4, 147.7, 208.4. Anal. calcd. for C24H30O5: C
72.33, H 7.58; found: C 72.29, H 7.53.

9-(3,4-Dimethoxyphenyl)-3,3,6,6-tetramethyl-
2,3,4,5,6,7,8,9-octahydro-1H-xanthene-1,8-dione (10a)20

Recrystallized from 95% ethanol, mp 186–188 8C. IR
(KBr, cm–1): 3222, 3066, 2956, 2866, 2664, 1586, 1474,
1424, 1378, 1288, 1246, 1160, 1064, 976, 856, 740. 1H
NMR (DMSO-d6) d: 1.10 (s, 6H, 2 � CH3), 1.22 (s, 6H, 2 �
CH3), 2.34–2.52 (m, 8H, 4 � CH2), 3.82 (s, 3H, OCH3),
3.86 (s, 3H, OCH3), 5.42 (d, 1H, J = 6.0 Hz), 7.02–7.28 (m,
3H, ArH). 13C NMR (DMSO-d6) d: 15.4, 25.2, 27.1, 47.4,
54.2, 56.1, 108.0, 114.4, 130.6, 159.7, 160.6, 198.4. Anal.
calcd. for C25H34O5: C 72.43, H 8.26; found: C 72.37, H
8.22.

9-(3,4-Dimethoxyphenyl)-3,3,6,6-tetramethyl-
1,2,3,4,5,6,7,8,9,10-decahydroacridine-1,8-dione (11a)22

Recrystallized from 95% ethanol, mp 252–256 8C. IR
(KBr, cm–1): 3424, 3066, 2954, 2864, 2686, 1576, 1478,
1422, 1366, 1290, 1248, 1166, 1070, 956, 840, 704. 1H
NMR (DMSO-d6) d: 1.12 (s, 6H, 2 � CH3), 1.24 (s, 6H, 2 �

CH3), 2.30–2.50 (m, 8H, 4 � CH2), 3.84 (s, 3H, OCH3),
3.88 (s, 3H, OCH3), 5.46 (d, 1H, J = 6.0 Hz), 7.04–7.24 (m,
3H, ArH), 8.26 (s, 1H, NH, exchangeable with D2O). 13C
NMR (DMSO-d6) d: 16.4, 25.3, 27.7, 47.1, 54.2, 56.1,
108.0, 114,1, 130.2, 159.2, 161.6, 197.4. Anal. calcd. for
C25H35NO4: C 72.60, H 8.53, N 3.38; found: C 72.53, H
8.48, N 3.34.

9-(3,4-Dimethoxyphenyl)-10-hydroxy-3,3,6,6-tetramethyl-
1,2,3,4,5,6,7,8,9,10-decahydroacridine-1,8-dione (12a)24

Recrystallized from 95% ethanol, mp 260–262 8C. IR
(KBr, cm–1): 3410, 3068, 2954, 2866, 2674, 1566, 1466,
1428, 1364, 1280, 1260, 1146, 1074, 944, 880, 740. 1H
NMR (DMSO-d6) d: 1.16 (s, 6H, 2 � CH3), 1.22 (s, 6H, 2 �
CH3), 2.34–2.54 (m, 8H, 4 � CH2), 3.84 (s, 3H, OCH3),
3.88 (s, 3H, OCH3), 5.46 (d, 1H, J = 6.0 Hz), 7.02–7.26 (m,
3H, ArH), 10.73 (bs, 1H, OH). 13C NMR (DMSO-d6) d:
15.1, 25.5, 27.2, 47.6, 54.4, 56.1, 108.0, 114.2, 130.2,
159.4, 160.4, 198.4. Anal. calcd. for C25H35NO5: C 69.90,
H 8.21, N 3.26; found: C 69.84, H 8.16, N 3.22.

10-Amino-9-(3,4-dimethoxyphenyl)-3,3,6,6-tetramethyl-
1,2,3,4,5,6,7,8,9,10-decahydroacridine-1,8-dione (13a)

Recrystallized from 95% ethanol, mp 270–272 8C. IR
(KBr, cm–1): 3420, 3042, 2960, 2864, 2672, 1562, 1462,
1424, 1360, 1284, 1242, 1158, 1066, 946, 882, 727. 1H
NMR (DMSO-d6) d: 1.14 (s, 6H, 2 � CH3), 1.22 (s, 6H, 2 �
CH3), 2.34–2.54 (m, 8H, 4 � CH2), 3.84 (s, 3H, OCH3),
3.88 (s, 3H, OCH3), 5.44 (d, 1H, J = 6.0 Hz), 7.06–7.26 (m,
3H, ArH), 8.28 (d, 2H, NH). 13C NMR (DMSO-d6) d: 15.2,
25.4, 27.2, 47.5, 54.1, 56.2, 108.0, 114.4, 132.6, 159.4,
160.2, 197.4. Anal. calcd. for C25H36N2O4: C 70.06, H 8.46,
N 6.53; found: C 70.01, H 8.48, N 6.48.

9-(3,4-Dimethoxyphenyl)-3,3,6,6-tetramethyl-
2,3,4,5,6,7,8,9-octahydro-1H thioxanthene-1,8-dione (14a)

Recrystallized from 95% ethanol, mp 234–238 8C. IR
(KBr, cm–1): 3426, 3056, 2960, 2864, 2694, 1588, 1470,
1422, 1376, 1298, 1244, 1156, 1068, 976, 880, 700. 1H
NMR (DMSO-d6) d: 1.11 (s, 6H, 2 � CH3), 1.24 (s, 6H, 2 �
CH3), 2.34–2.54 (m, 8H, 4 � CH2), 3.80 (s, 3H, OCH3),
3.86 (s, 3H, OCH3), 5.44 (d, 1H, J = 6.0 Hz), 7.02–7.28 (m,
3H, ArH). 13C NMR (DMSO-d6) d: 15.2, 22.2, 27.4, 47.2,
54.2, 56.1, 108.0, 114.4, 130.6, 159.2, 160.4, 194.4. Anal.
calcd. for C25H34O4S: C 69.73, H 7.95, S 7.44; found: C
69.68, H 7.88, S 7.38.

2-[1,2-Bis(4-nitrophenyl)-2-(4,4-dimethyl-2,6-
dioxocyclohexyl)ethyl]-5,5-dimethylcyclohexane-1,3-dione
(3b)

Recrystallized from methanol, mp 238–240 8C. IR (KBr,
cm–1): 3400, 3000, 2966, 2840, 2584, 1560, 1468, 1416,
1360, 1296, 1235, 1144, 1080, 976, 840, 786. 1H NMR
(DMSO-d6) d: 1.10 (s, 6H, 2 � CH3), 1.20 (s, 6H, 2 �
CH3), 2.30–2.52 (m, 8H, 4 � CH2), 5.46 (d, 2H, J =
6.0 Hz), 5.72 (d, 2H, J = 6.0 Hz), 6.96–7.28 (m, 8H, ArH).
13C NMR (DMSO-d6) d: 16.9, 20.3, 28.6, 30.4, 47.5, 112.5,
115.2, 122.4, 131.5, 142.4, 147.5, 150.2, 160.4, 198.6. Anal.
calcd. for C30H32 N2O8: C 65.68, H 5.87, N 5.10; found: C
65.62, H 5.81, N 5.06.
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10,11-Bis(4-nitrophenyl)-3,3,7,7-tetramethyl-
1,2,3,4,6,7,8,9,10,11-decahydro-dibenzo[b, f]oxepin-1,9-
dione (4b)

Recrystallized from hot ethanol, mp 240–244 8C. IR
(KBr, cm–1): 3422, 3046, 2950, 2868, 2694, 1588, 1470,
1422, 1376, 1298, 1244, 1150, 1066, 972, 880, 700. 1H
NMR (DMSO-d6) d: 1.11 (s, 6H, 2 � CH3), 1.24 (s, 6H, 2 �
CH3), 2.34–2.54 (m, 8H, 4 � CH2), 5.42 (d, 2H, J =
6.0 Hz), 7.02–7.28 (m, 8H, ArH). 13C NMR (DMSO-d6) d:
15.9, 19.4, 27.1, 29.7, 47.7, 54.2, 112.6, 115.0, 121.2,
133.4, 147.5, 160.4, 197.7. Anal. calcd. for C30H30N2O7: C
67.91, H 5.69, N 5.28; found: C 67.87, H 5.64, N 5.23.

10,11-Bis(4-nitrophenyl)-3,3,7,7-tetramethyl-
2,3,4,5,6,7,8,9,10,11-decahydro-1H-dibenzo[b, f]azepine-
1,9-dione (5b)

Recrystallized from hot ethanol, mp 260–264 8C. IR
(KBr, cm–1): 3420, 3056, 2960, 2862, 2684, 1578, 1475,
1422, 1366, 1290, 1248, 1155, 1068, 976, 880, 704 . 1H
NMR (DMSO-d6) d: 1.12 (s, 6H, 2 � CH3), 1.26 (s, 6H, 2 �
CH3), 2.30–2.50 (m, 8H, 4 � CH2), 5.46 (d, 2H, J =
6.0 Hz), 7.02–7.26 (m, 8H, ArH), 8.24 (s, 1H, NH, ex-
changeable with D2O). 13C NMR (DMSO-d6) d: 15.4, 19.6,
27.7, 29.7, 47.7, 54.2, 112.6, 115.0, 121.4, 134.4, 148.5,
160.2, 196.4. Anal. calcd. for C30H31N3O6: C 68.03, H 5.90,
N 7.93; found: C 67.98, H 5.84, N 7.88.

10,11-Bis(4-nitrophenyl)-5-hydroxy-3,3,7,7-tetramethyl-
2,3,4,5,6,7,8,9,10,11-decahydro-1H-dibenzo[b, f]azepine-
1,9-dione (6b)

Recrystallized from hot ethanol, mp 240–242 8C. IR
(KBr, cm–1): 3400, 3088, 2964, 2866, 2676, 1576, 1478,
1424, 1368, 1288, 1246, 1156, 1064, 976, 886, 710. 1H
NMR (DMSO-d6) d: 1.12 (s, 6H, 2 � CH3), 1.26 (s, 6H, 2 �
CH3), 2.32–2.54 (m, 8H, 4 � CH2), 5.44 (d, 2H, J =
6.0 Hz), 7.02–7.24 (m, 8H, ArH), 10.72 (bs, 1H, OH). 13C
NMR (DMSO-d6) d: 15.4, 19.6, 27.4, 29.2, 47.8, 54.2,
112.6, 115.1, 121.2, 132.4, 144.5, 161.1, 197.4. Anal. calcd.
for C30H31N3O7: C 66.04, H 5.72, N 7.70; found: C 65.98, H
5.65, N 7.63.

5-Amino-10,11-bis(4-nitrophenyl)-3,3,7,7-tetramethyl-
2,3,4,5,6,7,8,9,10,11-decahydro-1H-dibenzo[b, f]azepine-
1,9-dione (7b)

Recrystallized from hot ethanol, mp 266–268 8C. IR
(KBr, cm–1): 3410, 3050, 2954, 2865, 2676, 1578, 1466,
1416, 1366, 1286, 1242, 1158, 1066, 976, 880, 716. 1H
NMR (DMSO-d6) d: 1.14 (s, 6H, 2 � CH3), 1.22 (s, 6H, 2 �
CH3), 2.34–2.54 (m, 8H, 4 � CH2), 5.46 (d, 2H, J =
6.0 Hz), 7.02–7.24 (m, 8H, ArH), 8.22 (d, 2H, NH). 13C
NMR (DMSO-d6) d: 15.4, 19.2, 26.1, 29.6, 47.4, 54.2,
112.6, 115.0, 121.2, 133.6, 147.2, 160.4, 197.4. Anal. calcd.
for C30H32N4O6: C 66.16, H 5.92, N 10.28; found: C 66.08,
H 7.86, N 10.21.

10,11-Bis(4-nitrophenyl)-3,3,7,7-tetramethyl-
1,2,3,4,5,6,7,8,9,10,11-decahydro-dibenzo[b, f]thiepin-1,9-
dione (8b)

Recrystallized from hot ethanol, mp 240–244 8C. IR
(KBr, cm–1): 3426, 3056, 2960, 2864, 1588, 1470, 1422,
1376, 1298, 1244, 1156, 1068, 976, 880, 700. 1H NMR

(DMSO-d6) d: 1.11 (s, 6H, 2 � CH3), 1.24 (s, 6H, 2 �
CH3), 2.34–2.54 (m, 8H, 4 � CH2), 5.42 (d, 2H, J =
6.0 Hz), 7.02–7.28 (m, 8H, ArH). 13C NMR (DMSO-d6) d:
15.7, 19.2, 27.2, 29.4, 47.1, 54.2, 112.6, 115.0, 121.2,
132.4, 147.4, 160.2, 197.6. Anal. calcd. for C30H30N2O6S: C
65.91, H 5.53, N 5.12, S 5.86; found: C 65.85, H 5.48, N
5.05, S 5.80.

2-[(4,4-Dimethyl-2,6-dioxocyclohexyl)(4-
nitrophenyl)methyl]-5,5-dimethylcyclohexane-1,3-dione
(9b)21

Recrystallized from ethanol, mp 188 8C (decomp),
252 8C. IR (KBr, cm–1): 3440, 3090, 2834, 2868, 2544,
1590, 1472, 1446, 1320, 1282, 1230, 1146, 1060, 974, 870,
790. 1H NMR (DMSO-d6) d: 1.14 (s, 6H, 2 � CH3), 1.22 (s,
6H, 2 � CH3), 2.34–2.52 (m, 8H, 4 � CH2), 5.47 (d, 2H, J =
6.0 Hz), 5.70 (1H, s, CH), 7.02–7.24 (m, 4H, ArH). 13C
NMR (DMSO-d6) d: 15.4, 17.7, 26.2, 68.3, 112.8, 114.4,
119.2, 142.1, 144.4, 147.7, 208.4. Anal. calcd. for C23H27
NO6: C 66.81, H 6.58, N 3.38; found: C 66.76, H 6.54, N
3.34.

9-(4-Nitrophenyl)-3,3,6,6-tetramethyl-2,3,4,5,6,7,8,9-
octahydro-1H-xanthene-1,8-dione (10b)

Recrystallized from 95% ethanol, mp 236–238 8C. IR
(KBr, cm–1): 3222, 3066, 2956, 2866, 2664, 1586, 1474,
1424, 1378, 1288, 1246, 1160, 1064, 976, 856, 740. 1H
NMR (DMSO-d6) d: 1.10 (s, 6H, 2 � CH3), 1.22 (s, 6H, 2 �
CH3), 2.34–2.52 (m, 8H, 4 � CH2), 5.44 (d, 1H, J =
6.0 Hz), 7.02–7.26 (m, 4H, ArH). 13C NMR (DMSO-d6) d:
15.4, 25.2, 27.1, 47.4, 54.2, 108.0, 114.4, 130.6, 159.7,
160.6, 198.4. Anal. calcd. for C23H25NO5: C 69.85, H 6.37;
found: C 69.78, H 6.31.

9-(4-Nitrophenyl)-3,3,6,6-tetramethyl-1,2,3,4,5,6,7,8,9,10-
decahydroacridine-1,8-dione (11b)23

Recrystallized from 95% ethanol, mp 252–256 8C. IR
(KBr, cm–1): 3424, 3066, 2954, 2864, 2686, 1576, 1478,
1422, 1366, 1290, 1248, 1166, 1070, 956, 840, 704. 1H
NMR (DMSO-d6) d: 1.12 (s, 6H, 2 � CH3), 1.24 (s, 6H, 2 �
CH3), 2.30–2.50 (m, 8H, 4 � CH2), 5.46 (d, 1H, J =
6.0 Hz), 7.04–7.24 (m, 4H, ArH), 8.26 (s, 1H, NH). 13C
NMR (DMSO-d6) d: 16.4, 25.3, 27.7, 47.1, 54.2, 108.0,
114.1, 130.2, 159.2, 161.6, 197.4. Anal. calcd. for
C23H26N2O4: C 70.03, H 6.64, N 7.10; found: C 69.98, H
6.58, N 7.04.

9-(4-Nitrophenyl)-10-hydroxy-3,3,6,6-tetramethyl-
1,2,3,4,5,6,7,8,9,10-decahydroacridine-1,8-dione (12b)25

Recrystallized from 95% ethanol, mp 260–262 8C. IR
(KBr, cm–1): 3410, 3068, 2954, 2866, 2674, 1566, 1466,
1428, 1364, 1280, 1260, 1146, 1074, 944, 880, 740. 1H
NMR (DMSO-d6) d: 1.16 (s, 6H, 2 � CH3), 1.22 (s, 6H, 2 �
CH3), 2.34–2.54 (m, 8H, 4 � CH2), 5.46 (d, 1H, J =
6.0 Hz), 7.02–7.26 (m, 4H, ArH), 10.73 (bs, 1H, OH). 13C
NMR (DMSO-d6) d: 15.1, 25.5, 27.2, 47.6, 54.4, 108.0,
114.2, 130.2, 159.4, 160.4, 198.4. Anal. calcd. for
C23H26N2O5: C 67.30, H 6.38, N 6.82; found: C 67.24, H
6.31, N 6.77.
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10-Amino-9-(4-nitrophenyl)-3,3,6,6-tetramethyl-
1,2,3,4,5,6,7,8,9,10-decahydro acridine-1,8-dione (13b)

Recrystallized from 95% ethanol, mp 270–272 8C. IR
(KBr, cm–1): 3420, 3042, 2960, 2864, 2672, 1562, 1462,
1424, 1360, 1284, 1242, 1158, 1066, 946, 882, 727. 1H
NMR (DMSO-d6) d: 1.14 (s, 6H, 2 � CH3), 1.22 (s, 6H, 2 �
CH3), 2.34–2.54 (m, 8H, 4 � CH2), 5.44 (d, 1H, J =
6.0 Hz), 7.02–7.24 (m, 4H, ArH), 8.28 (d, 2H, NH). 13C
NMR (DMSO-d6) d: 15.2, 25.4, 27.2, 47.5, 54.1, 108.0,
114.4, 132.6, 159.4, 160.2, 197.4. Anal. calcd. for
C23H27N3O4: C 67.46, H 6.64, N 10.26; found: C 67.41, H
6.58, N 10.21.

9-(4-Nitrophenyl)-3,3,6,6-tetramethyl-2,3,4,5,6,7,8,9-
octahydro-1H-thioxanthene-1,8-dione (14b)

Recrystallized from 95% ethanol, mp 234–238 8C. IR
(KBr, cm–1): 3426, 3056, 2960, 2864, 2694, 1588, 1470,
1422, 1376, 1298, 1244, 1156, 1068, 976, 880, 700. 1H
NMR (DMSO-d6) d: 1.11 (s, 6H, 2 � CH3), 1.24 (s, 6H, 2 �
CH3), 2.34–2.54 (m, 8H, 4 � CH2), 3.80 (s, 3H, OCH3),
5.44 (d, 1H, J = 6.0 Hz), 7.02–7.28 (m, 4H, ArH). 13C
NMR (DMSO-d6) d: 15.2, 22.2, 27.4, 47.2, 54.2, 108.0,
114.4, 130.6, 159.2, 160.4, 194.4. Anal. calcd. for C23H25 N
O4S: C 67.13, H 6.12, S 7.79; found: C 67.07, H 6.06, S
7.72.

5-[1,2-Di(2-furyl)-2-(2,4,6-trioxohexahydropyrimidin-5-
yl)ethyl]-hexahydropyrimidine-2,4,6-trione (17b)26

1H NMR (DMSO-d6, 500 MHz) d: 6.90–7.0 (6H, m, furan
ring Hs), 8.45 (2H, d, J = 6.0 Hz), 8.48 (2H, d, J = 6.0 Hz),
11.26 (4H, s, NHs). 13C NMR (DMSO-d6, 500 MHz) d: 43.1
(barbituric acid C-5 carbon), 86.6 (benzyl carbon), 136.2,
137.7, 139.9, 142.3 (four different carbons for two furan
moieties), 161.4, 162.1, 165.4 (three different carbonyl car-
bons from barbituric acid).

5,6-Di(2-furyl)-5,6-
dihydropyrimidino[5’,4’:6,7]oxepino[2,3-d]pyrimidine-
2,4,7,9(1H,3H,8H,10H)-tetraone (18b)26

1H NMR (DMSO-d6, 500 MHz) d: 6.95–6.70 (6H, m,
furan ring Hs), 8.46 (2H, d, J = 6.0 Hz), 11.10 (s, 2H,
NHs), 11.23 (2H, s, NHs). 13C NMR (DMSO-d6) d: 43.2
(barbituric acid C-5 carbon), 139.9, 141.1, 144.2, 146.7
(four different carbons for two furan rings), 161.1, 163.4
(two different carbonyl carbons from barbituric acid).

5-(2-Furyl)–5H-pyrimidino[5’,4’:5,6]pyrano[2,3-
d]pyrimidine-2,4,6,8(1H,3H,7H,9H)-tetraone (21b)26

1H NMR (DMSO-d6, 500 MHz) d: 6.90–7.20 (3H, m,
furan ring Hs), 8.68 (1H, s), 11.12 (s, 2H, NHs), 11.26 (s,
2H, NHs). 13C NMR (DMSO-d6, 500 MHz) d: 41.4 (barbi-
turic acid C-5 carbon), 86.1 (benzyl carbon), 136.6, 137.2,
138.8, 141.4 (for carbons for furan ring), 162.3, 169.4 (two
different carbonyl carbons for the barbituric acid moieties).
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A novel and efficient cross-coupling of
tris(fluorinated phenyl)boroxins with disulfides
catalyzed by CuI/1,10-phenanthroline

Chuanming Yu, Beibei Jin, Zhenyu Liu, and Weihui Zhong

Abstract: Under an oxygen atmosphere, the cross-coupling of tris(fluorinated phenyl)boroxins and disulfides catalyzed by
CuI/1,10-phenanthroline were smoothly achieved to produce the corresponding asymmetric fluorinated arylsulfides in
good-to-excellent yields.

Key words: disulfide, tris(fluorinated phenyl)boroxin, fluorinated arylsulfide, cross-coupling, cuprous iodide.

Résumé : On a effectué sans difficulté le couplage croisé de tris(flurophényl)boroxines et de disulfures, sous atmosphère
d’oxygène et catalyse par du CuI/phénanthroline; on a pu isoler les arylsulfures fluorés asymétriques correspondants avec
des rendements allant de bons à excellents.

Mots-clés : disulfure, tris(flurophényl)boroxine, arylsulfure fluoré, couplage croisé, iodure cuivreux.

[Traduit par la Rédaction]

Introduction
Transition-metal-catalyzed aryl carbon–sulfur formation

reaction is an indispensable tool in synthetic organic chem-
istry. Aryl sulfides and their derivatives are a common func-
tional group in numerous pharmaceutical and biological
active compounds.1 However, compared with metal-catalyzed
formation of aryl C–N or aryl C–O bonds, transition-metal-
mediated carbon–sulfur bonds formation have not received
particular interest, which brought about a further research
area.2 In the 1980s, Migita and co-workers3 first reported
C–S bond formation through Pd(PPh3)4 catalyzing the cou-
pling reaction of aryl halides with thiols, but this method re-
quired considerable environmentally unfriendly PPh3 as
ligands. Later, various metal catalysts such as palladium,4
nickel,5 cobalt6 and copper7 have been developed among
these reactions. While some synthetic difficulties must be
addressed, for example, high temperatures, high catalyst
loadings, and specially designed phosphine ligands,8 it is
gratifying to see that aryl triflates and organoboronic acids
are sometimes used as good counterparts instead of aryl hal-
ides to overcome the disadvantages of the traditional reac-
tions.9 To the best of our knowledge, the preparation of
asymmetric fluorinated arylsulfides via the cross-coupling
of disulfide with tris(fluorinated phenyl)boroxin has not
been reported.10

The arylation of tris(fluorinated phenyl)boroxins is of cur-
rent interest because the unique properties conferred by the
fluorine atoms might get some unexpected results and high
biological activity compounds that are otherwise difficult to
obtain.11 Moreover, the analogous carbon–sulfur bond for-

mation without aryl halides should be desirable from the
viewpoint of atom economy and the waste treatment of hy-
drogen halides.12 Herein, we wish to report an efficient
cross-coupling of tris(fluorinated phenyl)boroxins with disul-
fides catalyzed by the CuI/1,10-phenanthroline complex
under oxygen atmosphere to give the corresponding fluori-
nated arylsulfides in good to excellent yields (Scheme 1).

Results and discussion

Initially, the cross-coupling reaction of tris(3-fluorophe-
nyl)boroxin (1a) with 1,2-di-p-tolyldisulfide (2a) was inves-
tigated under different conditions. Various factors including
copper source and its amount, solvents, ligands, and reaction
temperatures were screened. Firstly, this cross-coupling re-
action was carried out in a mixture of DMSO and water
(2:1) at 100 8C catalyzed by CuI in the presence of 2,2-bi-
pyridyl,10 the desired product (3-fluorophenyl)-4-tolylsulfide
(3a) was obtained in only 26% yields (Table 1, entry 1) and
most of 2a was recovered. When we carried out the same
reaction in an oxygen atmosphere, the yield of correspond-
ing target product 3a improved up to 68% (Table 1, entry 2),

Scheme 1.
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while no desired product was observed under nitrogen at-
mosphere (Table 1, entry 3). Secondly, the effect of ligands
was investigated (Fig. 1). The coupling reaction did not pro-
ceed in the absence of ligand (Table 1, entry 4), even by
prolonging the reaction time or increasing the temperature.
To our delight, the yield of product 3a increased up to 94%
when 1,10-phenanthroline (L2) was employed as ligand
(Table 1, entries 5–7). Then, 1,10-phenanthroline (L2) was
employed under Taniguchi’s10 conditions, and the reactions
showed that this ligand was less stable than 2,2-bipridyl
(L1). Subsequently, we studied the effect of solvents, which
have a negligible impact as compared to the reactions with-
out additional water (Table 1, entries 5 and 8–9). A rate of
DMSO and water of 1:1 was found not only to be an appro-
priate solvent for this reaction but also friendly to environ-
ment (Table 1, entries 5 and 8–13). Among these copper
sources, CuI was the most effective (Table 1, entries 5 and
14–18). Therefore, the optimal conditions for the synthesis
of fluorinated arylsulfides is by the treatment of disulfides
and tri(fluorinated phenyl)boroxins in DMSO/H2O (1:1),
under oxygen atmosphere at 90 8C, in the presence of only
5 mol% of CuI/L2 (1,10-phenanthroline).

With the optimal conditions in hand, we decided to assess
the scope of this reaction. Tris(fluorinated phenyl)boroxins
were first investigated to react with a series of disulfides
(see Table 2). It was found that both electron-donating and
electron-withdrawing substituted disulfides were tolerated

well under the optimal reactions (Table 2, entries 1–9). The
present process was shown to work well in the coupling of
tris(fluorinated phenyl)boroxins with disulfides containing
free para-hydroxyl or meta-amino groups to provide the de-
sired products 3j, 4j and 3k, 4k in good yields (Table 2, en-
tries 10 and 11). These compounds are very important
intermediates.

Unfortunately, as shown in Table 2, no expected product
was detected when using benzothiazol-2-yl disulfide (2l) as
substrate (Table 2, entry 12). The same result happened
with 2m (Table 2, entry 13). The possible reason was that
the benzothiazol-2-yl group and carboxyl group had strong
electron-donating effects and decreased the reactivities of
corresponding disulfides.

Another interesting aspect of the reaction was when ali-
phatic of disulfides as substrates were employed (Table 2,
entry 14). While 1,2-dibenzyldisulfide (2n) was found to
give the corresponding products 3n and 4n only in yields of
23% and 29%, respectively, the main products were bis(4-
fluorophenyl)sulfide (5a) and bis(3,4,5-trifluorophenyl)sul-

Table 1. Copper-catalyzed coupling of tris(3-fluorophenyl)boroxin with 1,2-di-p-tolyldisulfide.

Entry [Cu] Ligand Solvent and ratios Time (h) T (8C) Yield (%)a

1b CuI L1 DMSO/H2O (2:1) 12 100 26
2 CuI L1 DMSO/H2O (2:1) 12 100 68
3c CuI L1 DMSO/H2O (2:1) 12 90 ND
4 CuI — DMSO/H2O (2:1) 24 120 ND
5 CuI L2 DMSO/H2O (2:1) 8 90 93
6 CuI L3 DMSO/H2O (2:1) 8 90 Trace
7 CuI L4 DMSO/H2O (2:1) 8 90 ND
8 CuI L2 DMSO/H2O (1:1) 8 90 94
9 CuI L2 DMSO 8 90 93
10 CuI L2 DMSO/H2O (1:2) 8 90 88
11 CuI L2 1,4-Dioxane 8 90 56
12 CuI L2 DMF 8 90 68
13 CuI L2 2-Methyltetrahydrofuran 8 90 54
14 — L2 DMSO/H2O (1:1) 8 90 ND
15 CuBr L2 DMSO/H2O (1:1) 8 90 Trace
16 CuCl L2 DMSO/H2O (1:1) 8 90 Trace
17 CuCl2 L2 DMSO/H2O (1:1) 8 90 Trace
18 Cu(OAc)2 L2 DMSO/H2O (1:1) 8 90 Trace

Note: Conditions: 1a (1.5 mmol), 2a (0.5 mmol), [Cu] (0.025 mmol), ligand (0.025 mmol) at 90 8C under oxygen atmosphere.
ND = not determined.

aIsolated yields based on 2a.
bUnder air atmosphere.
cUnder nitrogen atmosphere.

Fig. 1. Ligands employed for the C–S coupling reaction.
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fide (5b) in satisfactory yields (Scheme 2). The mechanistic
speculation was shown in Fig. 2; presumably, 1,2-dibenzyl-
disulfide underwent the expected cross-coupling reaction to
form the alkylarylsulfides, followed by subsequent Cu-
promoted S-dealkylation to generate arylthiols or radicals in
situ and then were oxidated disulfides (6), which partici-
pated in a second cross-coupling with another tris(fluori-
nated phenyl)boroxins to afford diarylsulfides (5).13

Only desired products 3a and 4a were observed after
treating model disulfide 2a with tris(fluorinated phenyl)bor-

oxins in the same conditions. In this way, we demonstrate
that only 1,2-dibenzyldisulfuide can be used as a surrogate
for sulfides in symmetrical diarylation reactions.

Nevertheless, tris(pentafluorophenyl)boroxin seems to be
sensitive to the series of reaction conditions in Table 1. The

Table 2. CuI/1,10-phenanthroline-catalyzed coupling of tris(fluorinated phenyl)boroxins with
disulfides.

Entry R Ar Time (h) Product Yield (%)a

1 4-CH3C6H4 3-FC6H4 8 3a 90
3,4,5-F3C6H2 7 4a 95

2 4-BrC6H4 3-FC6H4 7 3b 99
3,4,5-F3C6H2 6.5 4b 99

3 4-ClC6H4 3-FC6H4 7 3c 99
3,4,5-F3C6H2 6.5 4c 99

4 4-FC6H4 3-FC6H4 7 3d 93
3,4,5-F3C6H2 6.5 4d 95

5 4-O2NC6H4 3-FC6H4 7 3e 97
3,4,5-F3C6H2 6.5 4e 99

6 C6H5 3-FC6H4 7 3f 99
3,4,5-F3C6H2 6.5 4f 99

7 2,4-(CH3)2C6H3 3-FC6H4 8 3g 90
3,4,5-F3C6H2 7 4g 93

8 4-Isopropyl-C6H4 3-FC6H4 8 3h 93
3,4,5-F3C6H2 7 4h 93

9 2,3-(Cl)2C6H3 3-FC6H4 7 3i 94
3,4,5-F3C6H2 6.5 4i 95

10 4-OHC6H4 3-FC6H4 8 3j 75
3,4,5-F3C6H2 7 4j 79

11 2-NH2C6H4 3-FC6H4 8 3k 67
3,4,5-F3C6H2 7 4k 73

12 Benzothiazol-2-yl 3-FC6H4 24 3l ND
3,4,5-F3C6H2 24 4l ND

13 HO2CCH2CH2 3-FC6H4 24 3m ND
3,4,5-F3C6H2 24 4m 58

14 Bn 3-FC6H4 24 3n 28
3,4,5-F3C6H2 24 4n 29

Note: Conditions: 1 (1.5 mmol), 2 (0.5 mmol), CuI/L2 (0.025 mmol/0.025 mmol), DMSO/H2O (20 mL),
O2 (1.01 � 105 Pa). ND = not determined.

aIsolated yields based on disulfides.

Fig. 2. Plausible mechanism to produce 5 from PhCH2SAr.Scheme 2.
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reasonable explanation was that the basic catalyst system, or
even the light basic solvent DMSO at 90 8C, may be decom-
posing tris(pentafluorophenyl)-boroxin (Scheme 3).14

Conclusion

In summary, we have developed a practical protocol to
asymmetric fluorinated arylsulfides via CuI catalyzed cross-
coupling of tris(fluorinated phenyl)boroxins with disulfides
in the presence of 1,10-phenanthroline under an oxygen at-
mosphere. The merits of our method are simple operation,
short reaction times, good to excellent yields, and one-pot
synthesis of asymmetric fluorinated phenylsulfides. Further
studies on the application of fluorinated boronic acids are
now in progress in our laboratory.

Experimental section

General method
All reagents are commercially available. Tris(4-fluorophe-

nyl)boroxin, tris(3,4,5-trifluorophenyl)boroxin, and tris(pen-
tafluorophenyl)boroxin were prepared from our own
laboratory.15 Melting points were measured on a digital
melting-point apparatus WR-1B and were uncorrected. 1H
NMR, 19F NMR, and 13C NMR spectra were recorded on a
Varian 400 MHz instrument using CDCl3 as the solvent, and
chemical shifts were expressed in parts per million (ppm)
using TMS and trifluoroacetic acid as internal standards.
Mass spectra were measured with a Trace Finnigan DSQ.
High resolution mass spectra (HR-MS) analyse were meas-
ured on an Agilent 6210 TOF LC/MS using APCI (electro-
spray ionization) techniques. IR measurements were carried
out with a Nicolet Aviatar-370 instrument. Elemental analy-
sis was performed on a VarioEL-III instrument. All spectral
data of the products were identical to authentic samples.

General procedure for the preparation of asymmetric
fluorinated arylsulfides

To a solution of CuI (0.025 mmol) and 1,10-phenanthro-
line (L2, 0.025 mmol) in DMSO/H2O (1:1, 20 mL) were
added disulfides (0.5 mmol) and tri(3-fluorophenyl)boroxin
(1.5 mmol). The mixture was stirred at 90 8C under O2 at-
mosphere for a given time. Then the reaction was quenched
with brine and extracted with ethyl acetate (3 � 15 mL).
The combined organic phase was dried over anhydrous
Na2SO4 and concentrated in vacuo and the crude product
was purified by column chromatography on silica gel with
petroleum ether as eluent to afford the desired product. All
new compounds were identified by 1H NMR, 13C NMR, 19F

NMR, and HR-MS. Data of known compounds have been
found to be identical to those reported.

(3-Fluorophenyl)-4-tolylsulfide (3a)
Colorless viscous oil. IR (KBr, cm–1): 3072, 2917, 1599,

1492, 881, 810, 774. 1H NMR (400 MHz, CDCl3) d: 2.33
(s, 3H), 6.77–6.85 (m, 2H), 6.95 (d, J = 7.6 Hz, 1H), 7.13
(d, J = 5.2 Hz, 3H), 7.34 (d, J = 8.0 Hz, 2H). 13C NMR
(100 MHz, CDCl3) d: 21.0 (d, J = 15.7 Hz, 1C), 112.7 (d, J =
21.2 Hz, 1C), 115.2 (d, J = 23.2 Hz, 1C), 123.9, 128.4,
129.3, 129.7, 130.0–130.3 (m, 1C), 130.5, 133.5, 138.6,
140.5 (d, J = 7.5 Hz, 1C), 163.0 (d, J = 246.6 Hz, 1C). 19F
NMR (376 MHz, CDCl3) d: –132.72 (dd, J = 15.4, 9.4 Hz,
1F). MS (EI) m/z (%): 218 (M+, 100), 203 (5). HR-MS
calcd. for C13H11FS [M+]: 218.0565; found: 218.0553.

(4-Bromophenyl)-3-fluorophenylsulfide (3b)
Colorless viscous oil. Lit. value16a bp 360.9 8C. 1H NMR

(400 MHz, CDCl3) d: 6.89–6.97 (m, 2H), 7.05 (d, J =
7.6 Hz, 1H), 7.24 (dd, J = 15.2, 8.4 Hz, 3H), 7.45 (d, J =
8.8 Hz, 2H). 19F NMR (376 MHz, CDCl3) d: –110.83 (dd, J =
3.0, 2.0 Hz, 1F).

(4-Chlorophenyl)-3-fluorophenylsulfide (3c)
Colorless viscous oil. IR (KBr, cm–1): 3064, 2925, 2839,

1598, 1580, 1474, 881, 821, 776. 1H NMR (400 MHz,
CDCl3) d: 6.88–6.95 (m, 2H), 7.03 (d, J = 7.6 Hz, 1H),
7.23 (dd, J = 15.2, 7.2 Hz, 1H), 7.27–733 (m, 4H). 13C
NMR (100 MHz, CDCl3) d: 114.2 (d, J = 20.5 Hz, 1C),
117.0 (d, J = 22.6 Hz, 1C), 125.7, 130.0, 130.7 (d, J =
9.0 Hz, 2C), 133.0, 133.8 (2C), 134.4, 138.8 (d, J = 7.2 Hz,
1C), 163.3 (d, J = 247.3 Hz, 1C). 19F NMR (376 MHz,
CDCl3) d: –110.95 ~ –111.01 (m, 1F). MS (EI) m/z (%):
238 (M+, 100), 203 (45). HR-MS calcd. for C12H8ClFS
[M+]: 238.0019; found: 238.0004.

(3-Fluorophenyl)-4-fluorophenylsulfide (3d)
Yellow oil. Lit. value16b bp 313.7 8C. 1H NMR

(400 MHz, CDCl3) d: 6.94 (td, J = 9.6, 2.0 Hz, 2H), 7.05
(d, J = 7.6 Hz, 1H), 7.25 (d, J = 8.0 Hz, 3H), 7.45 (d, J =
8.8 Hz, 2H). 19F NMR (376 MHz, CDCl3) d: –110.90 (dd, J =
15.1, 9.0 Hz, 2F).

(3-Fluorophenyl)-4-nitrophenylsulfide (3e)
Yellow solid. Mp (recrystallization in petroleum ether)

71.5–73.5 8C (lit. value16c mp 71.0 8C). 71 8C. 1H NMR
(400 MHz, CDCl3) d: 7.13–7.14 (m, 1H), 7.21–7.27 (m,
3H), 7.30 (d, J = 7.6 Hz, 1H), 7.41 (dd, J = 7.6, 5.6 Hz,
1H), 8.11 (d, J = 8.8 Hz, 2H). 19F NMR (376 MHz, CDCl3)
d: –110.63 ~ –110.69 (m, 1F).

(3-Fluorophenyl)phenylsulfide (3f)
Colorless viscous oil. Lit. value16c bp 302.2 8C. 1H NMR

(400 MHz, CDCl3) d: 6.86 (td, J = 8.4, 2.4 Hz, 2H), 7.03 (d,
J = 7.6 Hz, 1H), 7.20 (dd, J = 14.0, 8.0 Hz, 1H), 7.32 (dd, J =
15.6, 7.6 Hz, 3H), 7.41 (d, J = 7.2 Hz, 2H). 19F NMR
(376 MHz, CDCl3) d: –111.51 (dd, J = 15.4, 9.4 Hz, 1F).

(3-Fluorophenyl)-2,4-dimethylphenylsulfide (3g)
Colorless viscous oil. IR (KBr, cm–1): 3056, 2917, 1598,

1472, 880, 815, 773. 1H NMR (400 MHz, CDCl3) d: 2.33
(s, 6H), 6.68 (dt, J = 6.0, 2.0 Hz, 1H), 6.78 (td, J = 8.4,

Scheme 3.
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1.6 Hz, 1H), 6.85 (d, J = 8.0 Hz, 1H), 7.03 (d, J = 3.6 Hz,
1H), 7.15 (dd, J = 14.0, 8.0 Hz, 2H), 7.37 (d, J = 8.0 Hz,
1H). 13C NMR (100 MHz, CDCl3) d: 20.5, 21.1, 112.2 (d, J =
21.3 Hz, 1C), 114.0 (d, J = 23.5 Hz, 1C), 122.8, 127.7,
127.8, 130.7 (d, J = 8.4 Hz, 1C), 131.8, 135.6, 139.6, 140.7
(d, J = 7.6 Hz, 1C), 141.7, 163.1 (d, J = 246.6 Hz, 1C). 19F
NMR (376 MHz, CDCl3) d: –132.07 (dd, J = 24.9, 9.4 Hz,
1F). MS (EI) m/z (%): 127 (100), 137 (35), 232 (M+, 5).
HR-MS calcd. for C14H13FS [M+]: 232.0732; found:
232.0722.

(3-Fluorophenyl)-4-isopropylphenylsulfide (3h)
Colorless viscous oil. IR (KBr, cm–1): 2962, 1598, 1473,

1426, 881, 828, 775, 678, 547. 1H NMR (400 MHz, CDCl3)
d: 1.24 (d, J = 6.8 Hz, 6H), 2.88 (dd, J = 13.6, 7.2 Hz, 1H),
6.80 (dd, J = 8.4, 8.4 Hz, 1H), 6.88 (d, J = 9.6 Hz, 1H),
6.97–7.04 (m, 1H), 7.12–7.21 (m, 3H), 7.37 (d, J = 8.4 Hz,
2H). 13C NMR (100 MHz, CDCl3) d: 23.8 (2C), 33.8 (d, J =
11.4 Hz, 1C), 112.8 (d, J = 21.2 Hz, 1C), 115.4 (d, J =
22.8 Hz, 1C), 116.8, 122.7, 124.1 (2C), 127.2–128.1 (m,
1C), 129.7–130.4 (m, 1C), 133.4, 135.5 (d, J = 7.6 Hz, 1C),
149.4, 163.0 (d, J = 246.5 Hz, 1C). 19F NMR (376 MHz,
CDCl3) d: –111.32 ~ –111.36 (m, 1F). MS (EI) m/z (%):
246 (M+, 95), 231 (100). HR-MS calcd. for C15H15FS [M+]:
246.0878; found: 246.0843.

(3-Fluorophenyl)-2,3-dichlorophenylsulfide (3i)
Colorless viscous oil. IR (KBr, cm–1): 1597, 1474, 1399,

1086, 881, 781, 678. 1H NMR (400 MHz, CDCl3) d: 6.89
(d, J = 8.0 Hz, 2H), 7.02–7.13 (m, 2H), 7.20 (d, J = 8.0 Hz,
1H), 7.31–7.40 (m, 2H). 13C NMR (100 MHz, CDCl3) d:
116.0 (d, J = 20.8 Hz, 1C), 120.0 (d, J = 22.4 Hz, 1C),
127.9 (d, J = 28.1 Hz, 1C), 128.5–129.0 (m, 1C), 129.9,
130.6, 131.2 (d, J = 7.9 Hz, 1C), 131.7, 134.0, 134.8 (d, J =
7.5 Hz, 1C), 138.4, 163.2 (d, J = 248.3 Hz, 1C). 19F NMR
(376 MHz, CDCl3) d: –110.03 (dd, J = 13.9, 9.4 Hz, 1F).
MS (EI) m/z (%): 272 (M+, 100), 202 (15). HR-MS calcd.
for C12H7Cl2FS [M+]: 271.9630; found: 271.9651.

(3-Fluorophenyl)-4- hydroxylphenylsuifide (3j)
Colorless viscous oil. IR (KBr, cm–1): 3391, 2925, 1599,

1493, 878, 830, 774, 673. 1H NMR (400 MHz, CDCl3) d:
5.44 (s, 1H), 6.75–6.80 (m, 2H), 6.85–6.92 (m, 3H), 7.16
(dd, J = 8.0, 8.0 Hz, 1H), 7.40 (d, J = 8.8 Hz, 2H). 13C
NMR (100 MHz, CDCl3) d: 112.4 (d, J = 21.3 Hz, 1C),
114.1 (d, J = 23.5 Hz, 2C), 116.7, 122.8 (2C), 130.1 (d, J =
8.3 Hz, 2C), 136.5, 141.5, 156.4, 163.0 (d, J = 246.5 Hz,
1C). 19F NMR (376 MHz, CDCl3) d: –111.61 (dd, J = 15.4,
9.0 Hz, 1F). MS (EI) m/z (%): 220 (M+, 100), 201 (25). HR-
MS calcd. for C12H9FOS [M+]: 220.0358; found: 220.0347.

(3-Fluorophenyl)-2-aminophenylsulfide (3k)
Red viscous oil. IR (KBr, cm–1): 3469, 3375, 1609, 1479,

879, 750, 673. 1H NMR (400 MHz, CDCl3) d: 4.24 (s, 2H),
6.70–6.79 (m, 4H), 6.85 (d, J = 8.0 Hz, 1 H), 7.15 (dd, J =
15.2, 7.2 Hz, 1H), 7.20 (td, J = 8.4, 1.6 Hz, 1H), 7.43 (d, J =
7.6 Hz, 1H). 13C NMR (100 MHz, CDCl3) d: 112.2 (d, J =
21.2 Hz, 1C), 113.0 (d, J = 23.5 Hz, 2C), 115.4, 118.8,
121.7, 130.1 (d, J = 8.3 Hz, 1C), 131.6, 137.6, 139.5 (d, J =
6.8 Hz, 1C), 148.9, 163.1 (d, J = 246.4 Hz, 1C).19F NMR
(376 MHz, CDCl3) d: –111.37 (dd, J = 15.1, 9.0 Hz, 1F).

MS (EI) m/z (%): 219 (M+, 100), 186 (25). HR-MS calcd.
for C12H10FNS [M+]: 219.0518; found: 219.0505.

(3-Fluorophenyl)benzylsulfide (3n)
White soild. Mp (recrystallization in petroleum ether)

30.5–31.4 8C. IR (KBr, cm–1): 3060, 2921, 1599, 1495, 773,
713, 697, 678. 1H NMR (400 MHz, CDCl3) d: 4.13 (s, 2H),
6.86 (td, J = 8.4, 2.4 Hz, 1H), 7.03 (dd, J = 22.0, 7.6 Hz,
2H), 7.31–7.18 (m, 6H). 13C NMR (100 MHz, CDCl3) d:
38.5, 110.4, 113.1 (t, J = 6.8 Hz, 2C), 115.7–116.0 (m, 1C),
118.8, 124.6 (2C), 127.4–128.8 (m, 2C), 130.0 (d, J =
8.4 Hz, 1C), 136.7, 161.5–164.0 (m, 1C). 19F NMR
(376 MHz, CDCl3) d: –111.65 ~ –111.73 (m, 1F). MS (EI)
m/z (%): 218 (M+, 100), 91 (75). HR-MS calcd. for
C13H11FS [M+]: 218.0565; found: 218.0554.

(3,4,5-Trifluorophenyl)-4-tolylsulfide (4a)
Colorless viscous oil. IR (KBr, cm–1): 2925, 1599, 1515,

1425, 1046, 878, 829, 760. 1H NMR (400 MHz, CDCl3) d:
2.37 (s, 3H), 6.74 (dd, J = 8.0, 6.8 Hz, 2H), 7.20 (d, J =
8.0 Hz, 2H), 7.35 (d, J = 8.0 Hz, 2H). 13C NMR (100 MHz,
CDCl3) d: 21.2, 112.0 (dd, J = 16.7, 6.1 Hz, 2C), 128.3,
130.6 (2C), 134.0 (2C), 136.7, 139.5, 151.2 (d, J =
150.2 Hz, 2C). 19F NMR (376 MHz, CDCl3) d: –162.66 ~
–162.80 (m, 1F), –132.87 ~ –132.98 (m, 2F). MS (EI) m/z
(%): 254 (M+, 100), 239 (30). HR-MS calcd. for C13H9FS
[M+]: 254.0377; found: 254.0357.

(3,4,5-Trifluorophenyl)-4-bromophenylsulfide (4b)
White soild. Mp (recrystallization in petroleum ether)

56.0–58.0 8C. IR (KBr, cm–1): 3132, 1613 1518, 855, 811,
759. 1H NMR (400 MHz, CDCl3) d: 6.87 (d, J = 7.2 Hz,
2H), 7.27 (d, J = 7.6 Hz, 2H), 7.51 (d, J = 6.8 Hz, 2H). 13C
NMR (100 MHz, CDCl3) d: 113.8 (dd, J = 16.7, 6.1 Hz,
2C), 123.0, 132.3 (d, J = 16.7 Hz, 1C), 132.9 (2C), 134.1
(2C), 137.5, 140.0, 151.3 (d, J = 247.3 Hz, 2C). 19F NMR
(376 MHz, CDCl3) d: –132.11 ~ –132.19 (m, 2F), –160.92
~ –161.07 (m, 1F). MS (EI) m/z (%): 318 (M+, 100), 239
(10). HR-MS calcd. for C12H6BrF3S [M+]: 317.9326; found:
317.9248.

(3,4,5-Trifluorophenyl)-4-chlorophenylsulfide (4c)
Colorless viscous oil. IR (KBr, cm–1): 3134, 1614, 1516,

896, 841, 824, 759. 1H NMR (400 MHz, CDCl3) d: 6.83
(dd, J = 6.8, 6.8 Hz, 2H), 7.34 (s, 4H). 13C NMR
(100 MHz, CDCl3) d: 113.5 (dd, J = 16.7, 6.1 Hz, 2C),
120.1, 129.4 (d, J = 18.2 Hz, 1C), 129.9, 131.4, 132.5 (d, J =
50.8 Hz, 1C), 134.0, 135.0, 138.7 (d, J = 243.4 Hz, 1C),
151.3 (d, J = 247.2 Hz, 2C). 19F NMR (376 MHz, CDCl3)
d: –132.11 ~ –132.19 (m, 2F), –160.92 ~ –161.07 (m, 1F).
MS (EI) m/z (%): 274 (M+, 100), 239 (40). HR-MS calcd.
for C12H6ClF3S [M+]: 273.981; found: 273.972.

(3,4,5-Trifluorophenyl)-4-fluorophenylsulfide (4d)
Colorless viscous oil. IR (KBr, cm–1): 2964, 1614, 1517,

1425, 1047, 834, 759. 1H NMR (400 MHz, CDCl3) d: 6.76
(dd, J = 3.6, 3.6 Hz, 2H), 7.09 (dd, J = 11.6, 11.6 Hz, 2H),
7.76 (dd, J = 11.6, 5.2 Hz, 2H). 13C NMR (100 MHz,
CDCl3) d: 112.3 (dd, J = 17.1, 6.2 Hz, 1C), 113.1 (d, J =
23.2 Hz, 1C), 116.1–117.1 (m, 1C), 125.2, 127.4, 132.8 (d,
J = 264.4 Hz, 1C), 135.4, 136.0, 138.2 (d, J = 249.8 Hz,
1C), 151.3 (d, J = 251.5 Hz, 2C), 163.3 (d, J = 240.4 Hz,
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1C). 19F NMR (376 MHz, CDCl3) d: –152.71 ~ –152.86 (m,
2F), –182.25 ~ –183.40 (m, 1F). MS (EI) m/z (%): 258 (M+,
100), 238 (35). HR-MS calcd. for C12H6F3S [M+]: 258.0126;
found: 258.0114.

(3,4,5-Trifluorophenyl)-4-nitrophenylsulfide (4e)
Yellow solid. Mp (recrystallization in petroleum ether)

110.2–111.0 8C. IR (KBr, cm–1): 3130, 1617, 1505, 1401,
1087, 854, 739. 1H NMR (400 MHz, CDCl3) d: 7.15 (dd,
J = 6.8, 6.8 Hz, 2H), 7.26–7.31 (m, 2H), 8.15 (dd, J = 9.6,
4.4 Hz, 2H). 13C NMR (100 MHz, CDCl3) d: 117.8–118.0
(m, 2C), 124.4 (2C), 128.4 (2C), 139.3, 141.8, 145.1, 146.4,
151.6 (d, J = 244.0 Hz, 2C). 19F NMR (376 MHz, CDCl3) d:
–130.60 (dd, J = 22.6, 9.0 Hz, 2F), –156.68 ~ –156.78 (m,
1F). MS (EI) m/z (%): 285 (M+, 100), 238 (50), 255 (25).
HR-MS calcd. for C12H6F3NO2S [M+]: 285.0071; found:
285.0060.

(3,4,5-Trifluorophenyl)phenylsulfide (4f)
Colorless viscous oil. Lit. value16d bp 316.3 8C. 1H NMR

(400 MHz, CDCl3) d: 6.81–6.84 (m, 2H), 7.37–7.74 (m,
5H). 19F NMR (376 MHz, CDCl3) d: –161.80 (t, J =
19.3 Hz, 1F), –132.62 (t, J = 12.0 Hz, 2F).

(3,4,5-Trifluorophenyl)-2,4-dimethylphenylsulfide (4g)
Cololress viscous oil. IR (KBr, cm–1): 2917, 1613, 1515,

1424, 1317, 1046, 899, 875, 758. 1H NMR (400 MHz,
CDCl3) d: 2.34 (d, J = 9.2 Hz, 6H), 6.61 (dd, J = 7.2,
7.2 Hz, 2H), 7.04 (d, J = 7.6 Hz, 1H), 7.15 (s, 1H), 7.36 (d,
J = 8.4 Hz, 1H). 13C NMR (100 MHz, CDCl3) d: 20.8 (d, J =
24.9 Hz, 1C), 22.7, 110.7 (dd, J = 17.1, 6.1 Hz, 2C), 126.6,
128.1, 132.1, 134.7, 136.1 (d, J = 27.3 Hz, 1C), 138.8,
140.4, 142.0, 151.4 (d, J = 250.4 Hz, 2C). 19F NMR
(376 MHz, CDCl3) d: –153.34 (dd, J = 19.9, 16.9 Hz,
2F), –183.71 ~ –183.86 (m, 1F). MS (EI) m/z (%): 268
(M+, 100), 91 (50), 218 (25). HR-MS calcd. for C14H11F3S
[M+]: 268.053; found: 268.133.

(3,4,5-Trifluorophenyl)-4-isopropylphenylsulfide (4h)
Colorless viscous oil. IR (KBr, cm–1): 2963, 1613, 1516,

1425, 1317, 1233, 897, 831, 758. 1H NMR (400 MHz,
CDCl3) d: 1.26 (t, J = 7.6 Hz, 6H), 2.30 (t, J = 7.2 Hz, 1H),
6.77 (dd, J = 8.4, 6.4 Hz, 2H), 7.25 (d, J = 8.8 Hz, 2H), 7.37
(d, J = 8.4 Hz, 2H). 13C NMR (100 MHz, CDCl3) d: 23.8
(2C), 33.9, 112.2 (dd, J = 17.1, 6.1 Hz, 2C), 127.5 (d, J =
33.1 Hz, 1C), 128.7, 133.7 (d, J = 28.7 Hz, 1C), 134.6 (d, J =
4.8 Hz, 1C), 136.0, 136.8, 139.3, 150.2, 151.3 (d, J =
247.7 Hz, 2C). 19F NMR (376 MHz, CDCl3) d: –153.17 ~
–153.28 (m, 2F), –182.87 ~ –183.00 (m, 1F). MS (EI) m/z
(%): 282 (M+, 100), 267 (95), 105 (35). HR-MS calcd. for
C15H13F3S [M+]: 282.0690; found: 282.0710.

(3,4,5-Trifluorophenyl)-2,3-dichlorophenylsulfide (4i)
Colorless solid. Mp (recrystallization in petroleum ether)

55.4–57.2 8C. IR (KBr, cm–1): 3131, 1616, 1518, 1401, 796,
770. 1H NMR (400 MHz, CDCl3) d: 6.92–7.06 (m, 3H), 7.13
(dd, J = 16.0, 8.4 Hz, 1H), 7.39 (d, J = 8.0 Hz, 1H). 13C
NMR (100 MHz, CDCl3) d: 111.1 (d, J = 22.0 Hz, 1C),
116.5 (dd, J = 16.3, 6.0 Hz, 2C), 127.7, 129.3 (d, J =
26.2 Hz, 2C), 132.6, 134.2, 136.6, 140.0 (d, J = 245.0 Hz,
1C), 151.5 (d, J = 242.3 Hz, 2C). 19F NMR (376 MHz,
CDCl3) d: –131.44 (dd, J = 24.4, 20.3 Hz, 2F), –158.49 (dd,

J = 26.3, 20.3 Hz, 1F). MS (EI) m/z (%): 238 (100), 308
(M+, 40). HR-MS calcd. for C12H5Cl2F3S [M+]: 307.9441;
found: 307.9462.

(3,4,5-Trifluorophenyl)-4-hydroxylphenylsulfide (4j)
White solid. Mp (recrystallization in petroleum ether)

68.7–70.1 8C. IR (KBr, cm–1): 3403, 3133, 1614, 1516,
1401, 1045, 832, 758, 619. 1H NMR (400 MHz, CDCl3) d:
5.07 (s, 1H), 6.69 (dd, J = 13.2, 13.2 Hz, 2H), 6.88 (d, J =
5.2 Hz, 2H), 7.40 (d, J = 9.2 Hz, 2H). 13C NMR (100 MHz,
CDCl3) d: 110.0 (dd, J = 17.4, 6.1 Hz, 2C), 117.0 (2C),
122.1, 135.6, 136.2 (d, J = 31.90 Hz, 2C), 138.9, 151.3 (d,
J = 250.3 Hz, 2C), 156.8. 19F NMR (376 MHz, CDCl3) d:
–153.25 ~ –153.37 (m, 2F), –183.69 (dd, J = 25.9, 19.9 Hz,
1F). MS (EI) m/z (%): 256 (M+, 100), 195 (25). HR-MS
calcd. for C12H7F3OS [M+]: 256.0170; found: 256.0159.

(3,4,5-Trifluorophenyl)-2-aminophenylsulfide (4k)
Light yellow solid. Mp (recrystallization in petroleum

ether) 66.5–66.9 8C. IR (KBr, cm–1): 3484, 3385, 3133,
1612, 1513, 1478, 1401, 832, 756, 607. 1H NMR
(400 MHz, CDCl3) d: 4.27 (s, 2H), 6.45 (dd, J = 7.2,
7.2 Hz, 2H), 6.76–6.82 (m, 2 H), 7.25–7.30 (m, 1H), 7.41
(d, J = 8.8 Hz, 1H). 13C NMR (100 MHz, CDCl3) d: 110.1
(dd, J = 17.5, 6.1 Hz, 1C), 112.4, 115.7, 119.1, 132.2, 133.5,
136.4, 137.7, 138.9, 149.0, 151.4 (d, J = 252.2 Hz, 2C). 19F
NMR (376 MHz, CDCl3) d: –152.36 (dd, J = 22. 6, 15.0 Hz,
2F), –179.93 (dd, J = 21.4, 12.4 Hz, 1F). MS (EI) m/z (%):
255 (M+, 100), 80 (30). HR-MS calcd. for C12H8F3NS [M+]:
255.0330; found: 255.0315.

(3,4,5-Trifluorophenylthio)-3-propanoic acid (4m)
Yellow solid. Mp (recrystallization in petroleum ether)

68.9–71.2 8C. IR (KBr, cm–1): 3133, 1709, 1610, 1519,
1399, 1232, 1047, 810, 756, 656. 1H NMR (400 MHz,
CDCl3) d: 2.68–2.72 (m, 2H), 3.15 (t, J = 7.2 Hz, 2H), 7.00
(dd, J = 7.6, 6.8 Hz, 2H).13C NMR (100 MHz, CDCl3) d:
27.6, 33.4, 112.3 (d, J = 22.8 Hz, 1C), 117.8 (d, J =
17.5 Hz, 1C), 133.3, 136.9 (d, J = 253.5 Hz, 1C), 150.4 (d,
J = 254.8 Hz, 2C), 172.5. 19F NMR (376 MHz, CDCl3) d:
–132.36 (dd, J = 24.4, 19.9 Hz, 2F), –161.00 ~ –161.13 (m,
1F). MS (EI) m/z (%): 236 (M+, 100), 177 (45). HR-MS
calcd. for C9H7F3O2S [M+]: 236.2109; found: 236.1989.

(3,4,5-Trifluorophenyl)benzylsulfide (4n)
White solid. Mp (recrystallization in petroleum ether)

50.0–50.9 8C. IR (KBr, cm–1): 3414, 3132, 1613, 1519,
1505, 1401, 1049, 823, 719, 694. 1H NMR (400 MHz,
CDCl3) d: 4.08 (s, 2H), 6.88 (dd, J = 7.2, 6.0 Hz, 2H),
7.21–7.33 (m, 5H). 13C NMR (100 MHz, CDCl3) d: 39.5,
110.7, 113.5, 114.1 (d, J = 17.1 Hz, 1C), 116.4, 119.2,
127.9, 129.0, 132.6, 136.5, 151.3 (d, J = 26.0 Hz, 2C),
163.0–161.7 (m, 1C). 19F NMR (376 MHz, CDCl3) d: –132.96
(m, 2F), –161.69 (d, J = 17.1 Hz, 1F). MS (EI) m/z (%): 254
(M+, 100), 163 (15). HR-MS calcd. for C13H9F3S [M+]:
254.0377; found: 254.0364.

Bis(3-fluorophenyl)sulfide (5a)
Yellow oil. IR (KBr, cm–1): 3064, 1597, 1472, 881, 815,

777, 677. 1H NMR (400 MHz, CDCl3) d: 7.05 (dd, J =
10.4, 8.4 Hz, 2H), 7.22–7.26 (m, 2H), 7.31–7.41 (m, 4 H).
13C NMR (100 MHz, CDCl3) d: 110.4, 111.2 (dd, J = 15.7,
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6.1 Hz, 1C), 113.2, 116.0, 118.9, 134.2, 139.9 (d, J =
252.3 Hz, 2C), 151.6 (dd, J = 249.4, 6.1 Hz, 2C), 162.8–
161.9 (m, 2C). 19F NMR (376 MHz, CDCl3) d: –117.87 (dd,
J = 15.4, 9.0 Hz, 2F). MS (EI) m/z (%): 222 (M+, 100), 203
(25). HR-MS calcd. for C12H8F6S [M+]: 222.0315; found:
222.0322.

Bis(3,4,5-trifluorophenyl)sulfide (5b)
White solid. Mp (recrystallization in petroleum ether)

87.8–89.1 8C. IR (KBr, cm–1): 3133, 1617, 1514, 1402,
1043, 690, 610, 478. 1H NMR (400 MHz, CDCl3) d: 7.08–
7.16 (m, 4H). 13C NMR (100 MHz, CDCl3) d: 111.1 (dd, J =
16.1, 6.1 Hz, 4C), 134.3 (2C), 139.9 (d, J = 252.5 Hz, 2C),
151.6 (d, J = 249.80 Hz, 4C). 19F NMR (376 MHz, CDCl3)
d: –132.07 (t, J = 16.5 Hz, 4F), –159.54 ~ –159.69 (m, 2F).
MS (EI) m/z (%): 294 (M+, 100), 163 (95). HR-MS calcd.
for C12H4F6S [M+]: 293.9938; found: 293.9921.
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Electrophilicity of a 9-aryl-9-fluorenyl cation in
water —— Kinetic evidence for antiaromaticity

Sarah Ward, Tammy Messier, and Matthew Lukeman

Abstract: The 9-(4-methoxyphenyl)-9-fluorenyl cation (2) has been generated in 100% water by laser flash photolysis of
9-(4-methoxyphenyl)-9-fluorenol (3), representing the first observation of a 9-fluorenyl cation in this solvent with lifetimes
in the microsecond timescale. The relatively long lifetime permitted quenching studies with a number of anionic nucleo-
philes, and bimolecular rate constants for each were determined. For both bromide and iodide, rate data suggest that an
equilibrium between the cation and trapped product is rapidly established, followed by slower, irreversible trapping of the
cation by water. The bimolecular rate constants obtained show that the generated 9-fluorenyl cation is significantly more
reactive towards nucleophilic attack, by two orders of magnitude, than related triarylmethyl cations that lack the
4n p-system, lending support to the characterization of fluorenyl cations as antiaromatic.

Key words: 9-fluorenyl cation, laser flash photolysis, electrophilicity, carbocation, antiaromaticity.

Résumé : On a généré le cation 9-(4-méthoxyphényl)-9-fluorényle (2) dans un solvant à 100 % d’eau par photolyse éclair
au laser du 9-(4-méthoxyphényl)-9-fluorénol (3); ceci correspond à la première observation du cation 9-fluorényle dans ce
solvant avec un temps de vie de l’échelle de la microseconde. Le temps de vie relativement long a permis d’effectuer des
études de piégeage avec un certain nombre de nucléophiles anioniques et on a déterminé les constantes de vitesses bimolé-
culaires pour chacune. Pour le bromure ainsi que pour l’iodure, les données de vitesse suggèrent qu’il s’établit rapidement
un équilibre entre le cation et le produit piégé, suivi par un piégeage irréversible plus lent du cation par l’eau. Les constan-
tes de vitesses bimoléculaires obtenues montrent que vis-à-vis des attaques nucléophiles, le cation 9-fluorényle généré est
beaucoup plus réactif (au moins deux ordres de grandeur) que les réactions apparentées des cations triarylméthyles qui ne
comportent pas de système 4n p; cette observation est en accord avec une caractérisation des cations fluorényles comme
antiaromatiques.

Mots-clés : cation 9-fluorényle, photolyse éclair au laser, caractère électrophile, carbocation, antiaromaticité.

[Traduit par la Rédaction]

Introduction

Antiaromaticity is a central concept in organic chemistry,
and has been defined in thermodynamic terms: ‘‘If the struc-
ture is of higher energy (less stable) than such a hypothetical
classical structure, the molecular entity is antiaromatic.’’1 It
can sometimes be difficult to assess antiaromaticity accord-
ing to this definition, since energies of such hypothetical
structures cannot be directly measured and can only be esti-
mated. Comparisons between different but related structures
are often used instead, and in addition to thermodynamic
considerations, kinetic, electronic, geometric, spectroscopic,
and magnetic data are frequently used to assess antiaroma-
ticity.2

The potential antiaromaticity of the 9-fluorenyl cation (1)
and its derivatives has been a source of interest for decades.
Several observations support the notion that 1 is antiaro-
matic, including: the central ring possesses 4n p-electrons,
efforts to generate 1 thermally by dissolution of 9-fluorenol
in strongly acidic media have failed,3 and solvolysis reac-

tions involving 9-fluorenyl cations proceed several orders of
magnitude more slowly than analogues that do not involve
4n p-systems.4 Mills et al. have provided strong evidence in
favour of the antiaromatic nature of the 9-fluorenyl cationic
ring when present as a component of fluorenylidene dica-
tions.5 Amyes et al. determined that the pKR value for 1
(–15.9) is more negative than that of the analogous diphe-
nylmethyl cation (Ph2CH+, pKR = –11.7), and based on these
experiments and calculations, they estimate that 1 is destabi-
lized by ~10 kcal/mol relative to the diphenylmethyl cation,
which they claim is a relatively small difference that does
not support the existence of antiaromatic character in 1.6

Magnetic susceptibility exaltation calculations carried out
by Tidwell and co-workers at the ab initio and density func-
tional theory levels also suggest that 9-fluorenyl cations do
not have antiaromatic character, but are instead nonaro-
matic.7 From the available studies, it appears that support
for the antiaromaticity of 1 depends on which criterion is
being considered. What is ultimately desired is a quantita-
tive knowledge of the reactivity of 9-fluorenyl cations, such
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as 1, so that their electrophilic character can be best-
understood. There remains a paucity of kinetic data involv-
ing electrophilic reactions of 9-fluorenyl cations, primarily
because the typically fast reaction rates are difficult to meas-
ure. The current rate data available for 9-fluorenyl cations is
largely limited to solvolysis reactions in fluorinated alcohols
or water/organic solvent mixtures, since the very weak nu-
cleophiles present in these cases give slow reactions that are
more easily monitored. It was our desire at the outset of this
project to address the lack of available kinetic data and en-
hance our knowledge of the reactivity of 9-fluorenyl cations
by obtaining rate data for a wider suite of nucleophiles.

Wan and co-workers have uncovered a convenient photo-
chemical route to 9-fluorenyl cations via photolysis of the
corresponding 9-fluorenol derivatives.8 9-Fluorenyl cations
generated in this way are generally very short-lived in aque-
ous solution (t < 20 ps for 1),9 but can persist for much
longer in non-nucleophilic protic solvents (t = 30 ms for 1
in 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP)).10 Many 9-
substituted 9-fluorenyl cations have since been generated
photolytically and characterized by LFP,11,12 usually in po-
lar protic organic solvents such as 1,1,1-trifluoroethanol
(TFE) or HFIP, or in aqueous/organic solvent mixtures, but
not in entirely aqueous solution. We were particularly inter-
ested in one such report11 in which the 9-(4’-methoxy-
phenyl)-9-fluorenyl cation (2) is demonstrated to react with
water (in 4:1 water/acetonitrile solution) with a rate constant
of 1.7 � 105 s–1, corresponding to a lifetime of 5.9 ms that
is easily accessible by nanosecond LFP. We expected that
the cation would still be detectable in a 100% aqueous sol-
vent, and that information regarding the electrophilicity of 2
could be determined through quenching studies with nucleo-
philes, thus providing for the first time comprehensive
quantitative information on the electrophilicity of a substi-
tuted 9-fluorenyl cation.

Results
The photochemical precursor to cation 2 is 9-(4’-methoxy-

phenyl)-9-fluorenol (3), which was readily prepared by the
reaction of 4-methoxyphenylmagnesium bromide with 9-
fluorenone in dry THF.

Water/acetonitrile mixtures are frequently used for the
flash photolytic generation of organic cations, mainly be-
cause the organic co-solvent helps to solubilize the cation
precursor. We were instead interested in using pure water
as the solvent system in this study, since the nucleophilicity
parameters (N+) of many nucleophiles are defined in this
solvent.13 The organic co-solvent was not needed in our

case to achieve sufficient concentrations of 3 for LFP stud-
ies. Nanosecond LFP of 3 in argon-bubbled water gave rise
to a strongly absorbing transient with maxima at lmax = 540
and 460 nm (Fig. 1), very similar in appearance to that ob-
tained in 4:1 H2O/CH3CN by McClelland and co-workers,11

and is assigned to cation 2. This transient decayed with first-
order kinetics with a rate constant of 2.7 � 105 s–1 (20 8C),
which is ~60% faster than the rate constant observed by
McClelland and co-workers in 4:1 H2O/CH3CN, but is still
sufficiently slow to allow for detailed quenching studies us-
ing nanosecond LFP. McClelland et al. measured the solvol-
ysis rates of several diarylmethyl and triarylmethyl cations
in water/acetonitrile mixtures with varying water content,
and found that rate constants dropped slightly (by close to
20%) on moving from 20% water to pure water.14 The 60%
increase in rate constant we observe for 2 on moving from
80% to pure water is behaviour that is clearly different
from that of the previously examined systems,14 and shows
that the presence of the organic co-solvent in some cases
can indeed have a sizeable effect on the lifetime of organic
cations. Quenching of this transient was carried out using a
total of six anionic nucleophiles (bromide, iodide, chloride,
fluoride, azide, and acetate) at a number of concentrations.
Quenching plots were constructed for each of these nucleo-
philes, and data for selected nucleophiles are plotted in
Fig. 2.

Quenching by bromide
LFP of 3 in water containing 0.03 mol/L NaBr gave rise

to a transient with an absorption profile identical in appear-
ance to that shown in Fig. 1. The decay of this transient,
however, was clearly not first-order, unlike the case in the
absence of bromide (Fig. 3). The decay data fit well to a
biexponential function, revealing two rate constants:
kobsd(fast) = 1.4 � 106 s–1 and kobsd(slow) = 6.5 � 104 s–1.

Fig. 1. Transient absorption spectrum obtained on LFP of 3 in Ar-
purged water. Each trace corresponds to the time after laser pulse
indicated in the legend.
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The rate constants and the pre-exponential factors remained
constant at all wavelengths between 400 and 600 nm, sug-
gesting that both decay components can be attributed to the
same absorbing species (namely, cation 2). As the bromide
concentration was increased, the magnitude of the shorter
component, kobsd(fast), was increased and that of the longer
component, kobsd(slow), was reduced. This behaviour is con-
sistent with the existence of an equilibrium between 2 and
its 9-bromo adduct 4 (which does not absorb in the visible
region), according to eq. [1] and eq. [2].15 The fast decay
component, kobsd(fast), corresponds to establishment of the
equilibrium (eq. [1]), while the slow component, kobsd(slow),
corresponds to the reaction of the equilibrium concentration
of 2 with solvent water (eq. [2]). At bromide concentrations
greater than 0.01 mol/L, kobsd(fast) exhibits a linear correla-
tion with [Br–], according to eq. [3]. The data obtained from
this correlation (plotted in Fig. 2) provides kBr� = 3.0 �
107 M–1s–1 and kion = 4.8 � 105 s–1. The ratio of these rates
gives Keq = 62 mol/L–1.

½1�

½2� 2þ H2�!
ksolv

3

½3� kobsdðfastÞ ¼ kBr�½Br�� þ kion

McClelland et al. observed similar equilibrium quenching
of the trityl cation (Ph3C+) with bromide,16 and their analy-
sis provided kBr� = 5.1 � 106 M–1s–1, kion = 7.6 � 106 s–1,
and Keq = 6.6 mol/L–1 for that system. Comparison of these
data with those obtained for 2 demonstrates the strong elec-
trophilic nature of 2. Bromide ion reacts with 2 faster than
with the trityl cation, which is not a 4n system, despite the
fact that 2 contains a stabilizing 4-methoxy group and the

trityl cation does not. The lower stability of 2 relative to the
trityl cation is also evident from the fact that Keq is an order
of magnitude larger in the case of 2. It is indeed remarkable
that 2 forms a detectable equilibrium with bromide, since
this suggests that 4 should be a thermal source of the for-
mally antiaromatic cation 2 in aqueous solution at room
temperature.

The quenching experiments were repeated using two other
bromide sources, KBr and NH4Br, and no changes in the de-
cay kinetics were observed, indicating that the cation be-
haves merely as a spectator ion and does not influence the
anion–organic cation recombination.

Quenching by iodide
Biphasic decay of 2 was also observed on LFP of 3 in

aqueous solutions containing NaI (‡ 0.002 mol/L). A plot
of kobsd(fast) vs. [NaI] (Fig. 2) was linear, and the data were
treated by the same method as in the case of bromide giving
kI� = 4.5 � 108 M–1s–1, kion = 9.5 � 105 s–1, and Keq =
474 mol/L–1. The much larger kNu� and Keq values observed
for quenching with iodide relative to bromide are consistent
with the much greater nucleophilicity of iodide in aqueous
solution.

Quenching by other anionic nucleophiles
LFP of 3 in aqueous solution containing sodium chloride,

sodium fluoride, sodium acetate, or sodium azide gave only
the transient assigned to 2, which in all cases showed clean
first-order decay kinetics at all nucleophile concentrations
examined. The absence of equilbrium behaviour (as was ob-
served in the presence of bromide and iodide) for these nu-
cleophiles is consistent with their comparatively lower
leaving-group ability. Thus, when these nucleophiles are
employed, kion is negligibly small, and the rate data can be
described in a much simpler way (i.e., eq. [4]). Quenching
plots of kobsd vs. [Nu] were constructed for each of these
four nucleophiles (plots for NaN3 and NaCl are shown in
Fig. 2), and bimolecular quenching rate constants were ob-
tained and appear in Table 1.

½4� kobsd ¼ kNu� ½Nu�� þ ks

Fig. 2. Quenching plots indicating changes in kobsd (or kobsv(fast) for
Br– and I–) at 300 K as a function of added nucleophile for the fol-
lowing nucleophiles: NaN3, NaI, NaBr, and NaCl.

Fig. 3. Transient absorption signal observed at 540 nm on LFP of 3
in water containing 0.03 mol/L NaBr with a clearly visible biphasic
decay.
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The bimolecular rate constants obtained for the reaction
of the 9-(4-methoxyphenyl)-9-fluorenyl cation (2) span
more than four orders of magnitude on moving from the
weakest anionic nucleophile employed (fluoride) to the
strongest (azide). The large value of 9.2 � 109 M–1s–1 for
the reaction of 2 with azide is of interest, since it is signifi-
cantly larger than the values obtained for the reaction of
azide with other related arylmethyl cations: k(N3

–) = 6.3 �
109 M–1s–1 for the anthylium ion,17 k(N3

–) = 1.7 �
108 M–1s–1 for the 9-phenylxanthylium ion,17 and k(N3

–) =
4.1 � 109 M–1s–1 for the trityl cation.16 To estimate the rate
constants of various nucleophiles with phenethyl cations, Ri-
chard et al. have employed the reaction of these cations with
azide ions as a ‘‘clock’’ with the estimated value of 5 �
109 M–1s–1 used as an upper limit.18 The value we have ob-
tained for the reaction of 2 with azide is nearly double this
assumed upper limit.

Activation energy determination
The reaction rate, ksolv, of 2 with water was measured at a

variety of temperatures, and an Arrhenius plot of log ksolv
vs. 1/T was constructed (Fig. 4). A linear fit was obtained
providing an activation energy of 5.4 kcal/mol.

Discussion
Several triarylmethyl cations have been previously gener-

ated and studied using LFP, providing many systems for com-
parison with the present data. Perhaps the most relevant is the
methoxytrityl cation 5, which is structurally comparable to
cation 2, but does not contain a 4n ring. This cation has been
studied using stopped flow19 and LFP14 techniques, and reacts
with water (in 1:2 CH3CN/H2O) with a rate constant of 1.4 �
103 s–1. While data in pure water are not available for this cat-
ion, moving to this solvent might be reasonably expected to
increase the rate constant for the reaction of 5 with water by
approximately 60%, just as it did for 2, giving an estimated
pseudo-first-order rate constant of ~2 � 103 s–1. Thus, the
4-methoxytrityl cation (5) is two full orders of magnitude less
reactive toward water than is the fluorenyl cation (2). This
comparison provides support for the notion that 9-fluorenyl
cations, such as 1 and 2, possess enhanced reactivity consis-
tent with antiaromatic destabilization.

Direct comparison of the reactivities of 2 and 5 is compli-
cated by the likelihood that the geometries of these cations
are different, which introduces a steric component to the re-
activity difference. Cation 2 likely has a more or less planar
fluorenyl ring system with the 9-aryl group twisted out of
the plane somewhat to relieve steric repulsion between the

1- and 8-fluorenyl hydrogens and the ortho hydrogens of
the methoxyphenyl ring (Fig. 5).11 Cation 5 is more likely
to adopt a ‘‘paddlewheel’’ configuration, which might make
the carbocation less sterically accessible, and thus less reac-
tive toward nucleophiles. It is difficult to assess precisely
how much of the reduced reactivity of 5 relative to 2 might
result from steric differences, although a number of triaryl-
methyl cations in which two rings are covalently bonded
and thus constrained to be coplanar have been reported, and
are available for comparison. The 9-(4’-methoxyphenyl)-9-
xanthylium cation (6) is geometrically similar to 2, but con-
tains an aromatic central ring. Its reported reaction rate con-
stant with water (in 1:4 CH3CN/water, 25 8C) of 1.1 �
101 s–1 is more than four orders of magnitude less than that
of 2.17 Cation 7 has been generated in LFP experiments by
Wan and co-workers,20 and is a triarylmethyl cation related to
2 containing a central ring that is non-aromatic. This cation
reacts very slowly with water (in 1:1 CH3CN/H2O) with a
rate constant estimated to lie between 100 and 10–2 s–1. The
low value of the rate constant in this case might be partially
rationalized by electron donation from the phenoxide ortho to
the carbocation as is evident in resonance form 7b, although
the relative contribution of this resonance form is likely
diminished by the expected twisting of the 9-aryl group out
of the plane to relieve steric repulsion. It is clear from the ex-
amples of 6 and 7 that co-planarity of two aryl rings does not
necessarily impart high reactivity to triarylmethyl cations, and
that the reactivity is instead primarily a function of aromatic-
ity and the ability of attached electron-donating groups to de-
localize the charge. For this reason, we believe that the
greatly increased reactivity of 2 relative to 5 is primarily due
to antiaromatic character of the 4n central ring.

While 5 provides a natural basis for comparison of the re-
activity of 2, rate data for the reaction of 5 with other nucle-
ophiles are not available. However, bimolecular rate
constants for the reaction of the related trityl cation 8 with
a wide variety of nucleophiles are available.16 Reaction of 8
with water (in 1:2 CH3CN/H2O, 20 8C) occurs with a
pseudo-first-order rate constant of 1.50 � 105 s–1, a value
that is approximately 100-fold faster than for 5, a fact that
can be almost entirely attributed to the absence of the stabi-
lizing 4-methoxy group that is present only in 5. Bimolecu-
lar rate constants for the reaction of 8 with several anionic
nucleophiles also employed in the present work are avail-
able, including Br– (5 � 106 M–1s–1), Cl– (2.2 �
106 M–1s–1), F– (8.6 � 105 M–1s–1), AcO– (4 � 105 M–1s–1),
and N3

– (4.1 � 109 M–1s–1).16 The reaction rates of 8 with
these nucleophiles are similar (within an order of magni-
tude) to those of 2 (Table 1). Because of the similarity in

Table 1. Rate and equilibrium constants for the reaction of 2 with
nucleophiles at 300 K. Errors in values are estimated to be ±10%.

Nu– kNu– (M–1s–1) kion (s–1) Keq (mol/L–1)
Br– 3.0 � 107 4.8 � 105 62
I– 4.5 � 108 9.5 � 105 474
Cl– 3.3 � 106 — —
F– 3.8 � 105 — —
OAc– 4.3 � 105 — —
N3

– 9.2 � 109 — —
H2O 2.7 � 105 s–1 (293 K) — —

496 Can. J. Chem. Vol. 88, 2010

Published by NRC Research Press



the reactivity of 2 and 8, and the fact that 8 is roughly 100
times more reactive than 5 (at least towards the reaction
with water), we can estimate that the increase in reactivity
due to the presence of the formally antiaromatic 4n ring in
2 is roughly the same as the increase in reactivity experi-
enced on removing a stabilizing 4-methoxy group. In fact,
comparison of the pseudo-first-order rate constants of water
with ‘‘antiaromatic’’ 9-phenyl-9-fluorenyl cation (9) (1.50 �
107 s–1)11 with 8 (1.50 � 105 s–1)16 reveals the same 100-
fold difference in rates. This rate enhancement of two orders
of magnitude has been noted previously for solvolysis reac-
tions involving 4n rings,11 and we now show that this en-
hancement is general for nucleophilic reactions with rate
constants spanning more than five orders of magnitude, and
might be general for other reactions of 9-fluorenyl cations.

The rates for the reaction of nucleophiles with cation 2
are slightly higher than for cation 8 for all nucleophiles ex-
amined except for fluoride, for which the reaction with the
trityl cation is roughly twice as fast as for reaction with 2.16

This anomaly might result from the different solvent sys-
tems used in the two studies. Fluoride is especially well-
solvated by water, a fact that greatly reduces its nucleophi-
licity when dissolved in this solvent. The reaction of 2 with
fluoride studied in this work employed pure water as the
solvent, and the fluoride ions would be expected to enjoy
maximum solvation, leading to relatively low observed
rates. In the case of the reaction of 8 with fluoride, the sol-

vent system contained 20% acetonitrile, which may have
been responsible for decreased solvation of the fluoride
anions, increasing their nucleophilicity and hence reaction
rate with 8. A similar effect would be less noticeable for
the other anions that are not solvated by water as strongly
as fluoride.

Conclusion
We report for the first time kinetic data for a 4n cation (2)

in water with a comprehensive series of nucleophiles, which
span more than five orders of magnitude of reactivity. In the
case of iodide and bromide nucleophiles, equilibrium behav-
iour was observed and equilibrium constants were deter-
mined. Comparison of the obtained rate data with known
systems allows us to generalize that the presence of the 4n
ring increases the reaction rate constants towards nucleo-
philic attack by approximately two orders of magnitude rel-
ative to related systems that do not possess a 4n ring,
regardless of the nucleophile used. This rate increase result-
ing from the 4n ring is essentially the same as that observed
on removing a 4-methoxy group. The kinetic data measured
in this work support the notion that 9-fluorenyl cations in-
deed have antiaromatic character.

Fig. 5. Anticipated geometries of cations 2 and 5.11

Fig. 4. Arrhenius plot of the reaction of 2 with water.
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Experimental

General
LFP data was obtained with a LuzChem mLFP-111 sys-

tem employing an Excimer laser (Xe/HCl) that supplied
308 nm pulses attenuated to ~10 mJ/pulse. Solutions were
not flowed and were purged with argon gas prior to irradia-
tion. Solutions’ concentrations were adjusted to an absorb-
ance value of 0.4 units at the laser wavelength (308 nm)
and a 10 mm cell was used. NMR spectra were recorded in
CDCl3 purchased from Norell Inc. and run on a Bruker
AVANCE 300 spectrometer. UV–vis spectra were recorded
using a CARY 100 spectrometer.

Materials
All fine chemicals were purchased from Sigma-Aldrich

and used as received. Solvents were purchased from Cale-
don and used as received except for THF, which was dis-
tilled from sodium.

9-(4-Methoxyphenyl)-9-fluorenol (3)
To 9-fluorenone (5.0 g) dissolved in 20 mL dry THF was

added 2 equiv. of 4-methoxyphenylmagnesium bromide, and
the mixture was stirred at room temperature for 4 h. The re-
action was quenched by addition of water and extracted with
20 mL CH2Cl2. The organic layer was separated and dried
with MgSO4, and the solvent was removed by rotary evapo-
ration. Compound 2 was obtained as a slightly yellow solid
in 33% yield after recrystallization from cyclohexane.
Mp 76–88 8C (lit.21 mp 85–86 8C). 1H NMR (300 MHz,
CDCl3) d (ppm): 2.67 (br s, 1H, OH), 3.77 (s, 3H, OCH3),
6.82 (d, 2H), 7.23–7.42 (m, 8H), 7.68 (d, 2H). 13C NMR
(75 MHz, CDCl3) d (ppm): 55.60, 83.76, 114.00, 120.47,
125.14, 127.04, 128.83, 129.41, 135.75, 139.90, 151.00,
159.18.
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Diffusion of oligomers in latex systems — A route
to low volatile organic compound (VOC) coatings

David M. Fasano, Susan J. Fitzwater, Willie Lau, and Aurelia C. Sheppard

Abstract: We synthesize specially designed latex polymer systems by an in situ emulsion polymerization process that
yields latex particles with both a high molecular weight polymer phase and a low molecular weight oligomer phase. The
oligomer functions as a plasticizer by lowering the glass transition temperature (Tg) of the polymer. A polymer system is
prepared by blending soft latex and a hard latex where the hard mode consists of a hard, high molecular weight polymer
and an oligomer, allowing for facile film formation at ambient conditions. Upon the soft and hard particles coming into
contact during the film formation process, the oligomer preferentially diffuses from the hard polymer to the soft polymer,
thus recovering the natural Tg of the hard polymer as described in a recent patent application. Oligomer diffusion allows a
hard coalesced phase to be incorporated into a latex film without using a coalescing solvent, which would contribute to
the volatile organic compound (VOC) content. A well-coalesced hard phase in a latex film contributes to a variety of de-
sirable coatings properties, such as tack, print, block, and scrub resistance properties.

Key words: oligomers, diffusion, Designed DiffusionTM Technology, plasticization.

Résumé : On a effectué la synthèse de systèmes de polymères de latex conçus spécialement à cet effet en faisant appel à
un processus de polymérisation en émulsion in situ qui conduit à la formation de particules de latex à la fois une phase de
polymère de haut poids moléculaire et une phase d’oligomère de faible poids moléculaire. L’oligomère fonctionne comme
plastifiant en réduisant la température de transition de verre (Tg) du polymère. On prépare un système de polymère en pro-
cédant au mélange d’un latex mou et d’un latex dur dans lequel le mode dur est formé d’une polymère dur de poids molé-
culaire élevé et d’un oligomère qui permet de former facilement un film dans les conditions ambiantes. Lorsque les
particules molles et dures viennent en contact durant le processus de formation du film, l’oligomère diffuse d’une façon
préférentielle du polymère dur vers le polymère mou et il retrouve la Tg naturelle du polymère dur, tel que décrit dans une
récente application pour un brevet. La diffusion de l’oligomère permet d’incorporer une phase dure ayant subi une coales-
cence d’être incorporée dans un film de latex sans utiliser de solvant de coalescence qui contribuerait à la teneur en com-
posé organique volatil (COV). Une phase dure qui a subi une bonne coalescence dans un film de latex contribue à une
variété de propriétés désirables des revêtements, telles que les propriétés résistance à la colle, à l’imprimerie, et au frot-
tage.

Mots-clés : oligomère, diffusion, technologie Designed DiffusionTM, plasticisation.

[Traduit par la Rédaction]

Introduction

Demand of low and no volatile organic compound (VOC)
binders in latex paints

Water-borne latex coatings have been growing in popular-
ity for decades as they offer performance, economic, and en-
vironmental advantages over solvent-borne coatings.
Coatings contain a large number of ingredients that are de-
signed to enhance their manufacture, storage, application,
and final performance properties. One of the major ingre-
dients in a typical architectural coatings formulation is the
polymeric binder, which is responsible for forming the paint
film and providing many of its final properties. Latex poly-

mers, aqueous dispersions of acrylic or vinyl polymer par-
ticles formed via emulsion polymerization, are the most
commonly used binder polymers.

During the drying and curing process, the discrete poly-
mer particles form a continuous film. Scheme 1 depicts the
process of drying the latex polymer into a continuous film.1
As water evaporates from the dispersion, polymer particles
come into close contact with each other. Further drying re-
sults in the deformation of the particles increasing the con-
tact surface between particles. The coalescing stage
involves diffusion of the polymer chains across the particle
boundaries, which results in a transparent and void-free poly-
mer film. The diffusion of polymer chains across the particle
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boundaries directly affects both the extent of entanglement
of the chains between particles and the resulting mechanical
properties of the final film.1 It is during this coalescing and
curing stage that VOC components in the paint formulation
are released from the film.

A polymer designed for use in architectural coatings must
have a desirable balance of properties, which are often asso-
ciated with both soft (glass transition temperature (Tg) < am-
bient temperature) and hard (Tg > ambient temperature)
polymer characteristics. The final polymer film needs to be
hard to provide properties such as nontackiness, resistance to
dirt pick up, block, and print. However, the film formation
process demands a softer system for adequate particle defor-
mation and chain diffusion across the particle boundaries
during drying. In addition, some properties, such as film
toughness, require a balance of both soft and hard proper-
ties.

In the past, this balance has been achieved by incorporat-
ing a coalescing agent in the formulation.2 Typical coales-
cents are low molecular weight solvents, which are miscible
with the polymer. Texanol ester alcohol, [2,2,4-trimethyl-
1,3-pentanediol mono(2-methylpropanoate)], and Dowanol
DPnB, [dipropylene glycol n-butyl ether], are commonly
used commercial coalescents in latex coatings formulations.

A coalescent temporarily suppresses the Tg of the polymer
to ensure good film formation. Coalescents plasticize high-
molecular-weight polymers by affecting intermolecular in-
teractions and therefore, chain relaxation dynamics, decreas-
ing the internal friction coefficient among polymer chains.
Once the coating has dried and the film is fully coalesced,
the coalescent evaporates, leaving a harder, more durable
film. This drying-induced Tg transition allows the polymer
to behave in a soft or hard manner as required during the
application, drying, and curing stages of the coating.

Coalescents must have a sufficiently high vapor pressure
so that they almost completely evaporate in hours to weeks
after the coating application, returning the polymer to its
natural Tg. Increasing concern about and regulatory pressure
on volatile organic compounds (VOC) have led to the inves-
tigation of alternative approaches to achieving satisfactory
film formation and ultimate film properties.

One approach is to use softer polymer compositions,
which do not require high coalescent levels to form a satis-
factory film. Although VOC can be quite low in such sys-
tems, the overall performance can be compromised by the
softer polymer.

The use of hard–soft systems is another approach in ob-
taining adequate performance from low-VOC coatings. It is
known that some hardness properties can be achieved by the
presence of hard domains in the polymer film.3–5 These hard
domains in a polymer film can be derived from a phase sep-
arated system or through the blending of hard and soft latex
particles. While these systems showed enhanced hardness

properties with low coalescent demand, they often compro-
mise other performance properties. For example, while the
blending of hard with soft latex can provide enhanced me-
chanical properties, such blends often have decreased bind-
ing capacity because the hard polymers behave more like
pigments than binders. It is believed that the reduced bind-
ing capacity is due to the inadequate interaction of the hard
and soft particles, since the hard polymer will not undergo
chain diffusion during film formation under ambient condi-
tions without added coalescent.6 As a result, properties such
as gloss, durability, and film integrity are often compro-
mised when this type of heterogeneous polymer system is
used to reduce the solvent demand, especially when addi-
tional pigments and extenders, such as titanium dioxide,
clay, silica, and calcium carbonate, are also present in the
formulation.

The objective of the research described here is to investi-
gate a new approach to improve the performance of low
VOC hard–soft blends, using oligomers as coalescing aids.
Oligomers can suppress the Tg and film formation tempera-
tures by behaving in a manner similar to coalescing solvents
and plasticizers.7,8 Further, by carefully controlling the com-
position of the polymer and oligomer phases, the oligomers
can be designed to migrate from one polymer phase to an-
other, thus providing the properties transition previously at-
tained by evaporation of coalescing solvents.

Oligomers
In general, polymers used as coatings binders are macro-

molecules having molecular weights (Mn) of 10 000 or
higher. The molecular weight of acrylic polymers prepared
by emulsion polymerization can be upwards of 1 000 000.
One of the key contributors to the mechanical properties of
these polymers is derived from chain entanglement. For ex-
ample, the average molecular weight between chain entan-
glements (Me) for poly(ethyl acrylate) and poly(n-butyl
acrylate) were measured to be 11 000 and 16 000, respec-
tively.9 For a high molecular weight polymer, the multiple
entanglements between the chains are directly related to the
mechanical properties of the polymer.

Oligomers are macromolecules with molecular weights
substantially below the respective entanglement molecular
weights and carry a range of differentiated attributes com-
pared to the equivalent composition at higher molecular
weights. Most notable, and most useful in this application,
is the capability in reducing the Tg of a high molecular
weight polymer. In addition, for oligomers with molecular
weights greater than 500, the room temperature evaporation
rate is negligible and therefore these oligomers are not con-
sidered to be VOC.10 This combination of properties allows
low molecular weight oligomers to act as nonvolatile plasti-
cizers in polymer systems.7,8

There is a broad range of oligomers being developed as

Scheme 1. Latex film formation process.
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intermediates in preparative polymer chemistry.11 However,
the utility of oligomers synthesized by emulsion polymeriza-
tion has not been explored extensively due to the limitations
of the synthetic method. The development of cyclodextrin as
a chain transport catalyst enables the synthesis of a broad
range of oligomer compositions and molecular weights.12

Designed Diffusion TM Technology
This article describes a latex blend system (Scheme 2) in

which the hard mode is plasticized by a carefully designed
oligomer prepared in situ during emulsion polymerization.
This plasticized hard mode is blended with a softer latex,
which remains separate in the dispersion state until the dry-
ing stage. In this system, the oligomer is designed to be both
an effective plasticizer for the hard polymer and to preferen-
tially partition into the soft phase. As water evaporates, the
hard and soft particles come into contact during the drying
stage. The oligomer remains in the hard phase at this stage
to facilitate coalescence. Chain entanglement can occur,
which reinforces and strengthens the interfacial boundary
between the particles. In a conventional system employing a
coalescent that contributes to VOC, the polymer regains the
intrinsic hardness when the volatile organic solvent evapo-
rates after film formation. In the Designed Diffusion TM

Technology systems, the hard polymer domains form when
the oligomer diffuses from the coalesced hard particles into
the softer continuous phase. In contrast to the conventional
system, the oligomer remains in the film and does not con-
tribute to the VOC level.

There are several key parameters that are critical in de-
signing an effective system. These include (i) in situ prepa-
ration of the oligomer phase inside the hard mode; (ii) a
molecular weight of oligomer that provides a sufficiently
low Tg as well as facile diffusion in a mixed polymer sys-
tem; (iii) a composition and molecular weight of oligomer
that provides optimum plasticization and diffusion capabil-
ity; and (iv) some minimum level of miscibility of oligomer
in the hard phase and preferential miscibility in the soft
phase to impact the direction of the diffusion during film
formation process.

Experimental section

Materials
Butyl acrylate (BA), methyl methacrylate (MMA), and

methacrylic acid (MAA) were commercial grade monomers
used in latex products without further purification. Ammo-
nium persulfate (APS), sodium carbonate (Na2CO3), and
n-dodecyl mercaptan (n-DDM) were purchased from Sigma-
Aldrich and used as received. Methyl-b-cyclodextrin (Me-b-
CD, Beta W7 M1.8) was supplied by Wacker Chemie AG as

a 50% solution in water. Sodium lauryl sulfate (SLS) and
sodium dodecylbenzene sulfonate were supplied by the Ste-
pan Company under the product name Polystep B-5 (28%
solution) and Polystep A-16-22 (23% solution), respectively.

Materials used in paint formulations are as follows: Ta-
mol 731A, Triton X-100, and Triton X-405 were obtained
from the Dow Chemical Company; AMP-95 was obtained
from the Angus Chemical Company; Nopco NDW was ob-
tained from the Henkel Corporation; Ti-Pure R-706 was ob-
tained from the E. I. du Pont de Nemours Company; and
Natrosol 250 MR was obtained from Ashland Inc. and
mixed with water to make a 2.5% solution.

All the polymer compositions are presented as weight per-
cent of the monomer components. For example, 50 BA/49
MMA/1 MAA designates a polymer composition comprised
of 50, 49, and 1 weight percent of BA, MMA, and MAA,
respectively. The chain transfer agent (CTA) is presented as
a part per 100 parts of the polymer in weight. 50 BA/49
MMA/1 MAA//11 n-DDM is comprised of 11 parts of
n-DDM per 100 parts of the total polymer by weight. All
the blend ratios are presented as parts by weight.

Synthesis13,12b

Emulsion polymerization reaction vessel
The emulsion polymerizations were carried out in a four-

neck 5 L round-bottom flask as the reaction vessel. The
flask was fitted with a water-cooled reflux condenser with a
nitrogen purge gas inlet, a thermocouple attached to a J-KEM
Gemini temperature controller, and a glass stirring rod with
a paddle connected to an IKA RW20 motor. The monomer
emulsion (ME) and initiator were fed by a FMI QG-50 and
Harvard syringe pump, respectively. The reaction mixture
was heated using a heating mantle connected to a Variac
voltage regulator. The temperature of the reaction mixture
was regulated by raising and lowering the heating mantle
placed on an I2R pot lifter connecting to the J-KEM temper-
ature controller.

Synthesis of acrylic latex polymer
The monomer emulsion (ME) was prepared in a separate

flask using a homogenizer. The ME for a 50 BA/49
MMA/1 MAA (weight percent) polymer was prepared by
emulsification of a mixture of 735.0 g of deionized water,
16.8 g of SLS (28%), 936.0 g of BA, 917.5 MMA, and
18.7 g of MAA. The polymerization was carried out in
the 5 L reaction vessel. Deionized water (853 g) and
16.8 g of SLS (28%) was added to the vessel and heated
to 85 8C under a nitrogen sweep. At 85 8C, 6.3 g of APS
in 26 g of water and 6.5 g of Na2CO3 in 34 g of water
were added to the reaction mixture. The ME was fed over

Scheme 2. Designed DiffusionTM in latex polymer systems.
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100 min together with an initiator solution consisting of
1.0 g of APS in 102.0 g of water. At the end of the ME
feed, the reaction mixture was held at 85 8C for 20 min
and cooled to room temperature. The latex was neutralized
to pH 8.5 by ammonium hydroxide and filtered through a
325 mesh (45 mm) screen. The latex typically has a solids
level of 50.0% and an average particle diameter between
100 and 130 nm.

Synthesis of oligomeric latex
Latex polymers with different number average molecular

weights (Mn) were similarly prepared with a range of n-DDM
levels. The monomer emulsion was prepared in a separate
flask using a homogenizer to generate ME droplet size *5–10
mm. The ME for a 50 BA/49 MMA/1 MAA//11 n-DDM
(weight percent) polymer was prepared by emulsification of
735.0 g of deionized water, 16.8 g of SLS (28%), 936.0 g of
BA, 917.5 g MMA, 18.7 g of MAA, and 205.9 g of n-DDM.
Other molecular weight oligomer latices were prepared by
adjusting the n-DDM levels in the ME accordingly. The poly-
merization was carried out in the 5 L reaction vessel. Deion-
ized water (853.0 g), 16.8 g of SLS (28%), and 37.0 g of
Me-b-CD (50% solution) was added to the vessel and heated
to 85 8C under a nitrogen sweep. At 85 8C, 6.3 g of APS in
26.0 g of water and 6.5 g of Na2CO3 in 34.0 g of water were
added to the reaction mixture. The ME was fed over
100 min together with an initiator solution consisting of
1.0 g of APS in 102.0 g of water. At the end of the ME
feed, the reaction mixture was held at 85 8C for 20 min and
cooled to room temperature. The latex was neutralized to
pH 8.5 by ammonium hydroxide and filtered through a 325
mesh (45 mm) screen. The latex typically has a solids level
of 50.0% and an average particle size of 115 nm. Mw and
Mn were measured by size exclusion chromatography (SEC)
to be 4060 and 3000, respectively. The Tg of the oligomer
was measured by differential scanning calorimetry (DSC) to
be –24.1 8C.

In situ synthesis of oligomers in high molecular latex
particles

The oligomer is incorporated into a conventional latex
particle by a two stage emulsion polymerization. The com-
positions of the oligomer and the high molecular weight poly-
mer can be different, provided that the monomers and the
high molecular weight polymer have sufficient miscibility.
The two stage polymerization can be carried out by first poly-
merizing the high molecular weight polymer without n-DDM
followed by the oligomer composition, or vice versa. There
should be no new particles formed during the second stage
polymerization. All of the oligomer was formed inside the
polymer particles with the high molecular weight polymer.

A latex polymer with a higher molecular weight phase of
28 BA/71 MMA/1 MAA and an oligomer composition of 60
BA/39 MMA/1 MAA//17 n-DDM was prepared with ingre-
dients as shown in Table 1. Two monomer emulsions (ME)
were prepared separately. The total monomers represent a
60/40 weight ratio of high molecular weight polymer to
oligomer.

The polymerization was carried out in the 5 L reaction
vessel. The reaction mixture was added to the vessel and
heated to 85 8C under a nitrogen sweep. At 85 8C, 3.9 g of

APS in 33.0 g of water was added to the reaction mixture.
ME I was fed over 50 min together with an initiator solution
consisting of 2.8 g of APS in 91.0 g of water. At the end of
the ME I feed, ME feed was continued with ME II over
40 min. At the end of the ME feed, the reaction mixture
was held at 85 8C for 20 min and cooled to room tempera-
ture. The latex was neutralized to pH 8.5 by ammonium hy-
droxide and filtered through a 325 mesh (45 mm) screen.
Details of the characterization are included in the Results
and discussion section.

Characterization of latex particles
Particle size and size distribution were determined by

capillary hydrodynamic fractionation (CHDF) using the
CHDF-2000 particle size analyzer by Matec Applied Scien-
ces. The calibration was carried out using particle size
standards with diameters ranging between 40 and 800 nm.
The samples were prepared by diluting two drops of the la-
tex in 3 mL of carrier fluid. The solids content was deter-
mined gravimetrically.

Characterization of latex polymers

Glass transition temperature
Glass transition temperature (Tg) of the polymers was

measured by differential scanning calorimetry (DSC). The
measurement was performed on a TA model Q-2000 Auto
DSC cooled by liquid nitrogen. Latex or blends of latex
were air dried in DSC pans. Sufficient wet latex was added
to the pan to yield 10–15 mg of dried polymer and oligomer
in the pan. The pans were capped prior to running the DSC
measurement. The test sample was equilibrated at –90 8C
for 2 min followed by heating at a rate of 20.0 8C/min to

Table 1. Ingredients for the in situ emulsion polymerization of
oligomer in high molecular weight polymer particles.

Ingredients
ME I
(g)

ME II
(g) Reaction mixture (g)

Deionized water 334.0 260.0 715.0
Polystep A-16-22 23.8 15.8 12.0
Na2CO3/water 5.0/33.0
BA 247.0 353.5
Me-b-CD (50%) 29.4
MMA 625.0 229.0
MAA 8.9 5.9
n-DDM 99.6

Note: ME I produced the high molecular weight component and ME II
produced the oligomer fraction in the polymer particle.

Table 2. UNIFAC group breakdowns for BA and MMA homopo-
lymers.

Polymer –CH3– –CH2– –CH– –C– –COO–
MMAa 2000 1000 1000 1000
BAb 781 3125 781 781

Note: The numbers in the table denote the total number of the chemical
groups present in a 100 000 molecular weight homopolymers. For example,
a 100 000 molecular weight MMA homopolymer contains 2000 -CH3 moi-
ety per chain.

aMethyl methacrylate homopolymer.
bButyl acrylate homopolymer.
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150 8C. The Universal Analysis Software was used to deter-
mine the Tg at the inflection of the DSC curve.

Molecular weights and distributions
Molecular weights and distributions were determined by

size exclusion chromatography (SEC) in THF using an Agi-
lent 1100 series instrument equipped with an evaporative
light scattering detector and Polymer Laboratories mixed C
300 mm � 7.5 mm column. The calibration was carried out
using polystyrene standards from Polymer Laboratories (PS-1)
having a peak average molecular weight ranging from 580
to 7 500,000 with narrow molecular weight distribution.
Conversions from polystyrene to PMMA were made using
Mark–Houwink constants.

Film morphology
A Dimension 5000 scanning probe microscope (SPM;

Veeco Instruments, Santa Barbara, CA) with a Nanoscope 4
controller was used for the analysis. The instrument was op-
erated in the tapping mode to acquire phase and height im-
ages simultaneously. A silicon ‘‘TESP’’ probe (Veeco
Instruments) with a spring constant of 20–80 N/m was oper-
ated near its fundamental harmonic frequency at approxi-
mately 300 kHz to collect the images. A setpoint of 0.80
was chosen to control the imaging force. Images and the
analysis were carried out using Veeco Software, version
5.30.

Emulsion blend samples were casted onto a Mylar sub-
strate and drawn into a film using a Bird applicator having
a wet film thickness of 3 mil (3/1000 in; 1 in = 25.4 mm).
The film was allowed to dry at room temperature and hu-
midity for 5 d. Small 1/2 in2 pieces were cut from the film.
The pieces were mounted on SPM sample stubs and imaged
under ambient conditions.

Modeling of miscibility and plasticization of oligomers

Miscibility predictions
Oligomer partitioning between phases was predicted from the

condition that the oligomer chemical potentials in two phases
must be equal at equilibrium: mðphase 1Þ ¼ mðphase 2Þ.

For phase separation predictions, phase #1 was defined as
the hard phase and phase #2 as a small amount (<5%) of the
total oligomer. These predictions are qualitative: they give
an indication of potential phase separation problems but not
a reliable quantitative estimate of the amount of phase sepa-
ration. For the hard/soft partitioning predictions, phase #1
was defined as the hard phase and phase #2 as the soft
phase. The partitioning predictions are at least semiquantita-
tively reliable.

For both types of predictions, we calculated oligomer
chemical potentials using the universal functional activity
coefficient (UNIFAC) method.12 UNIFAC is a group contri-
bution method. Each molecule is assumed to be composed
of a series of chemical groups: methyl, methylene, carboxy-
late, etc. Table 2 shows the UNIFAC group breakdowns
(group types and number of each) for 100 000 molecular
weight MMA and BA homopolymers. UNIFAC assigns geo-
metric and energetic parameters to each group, and com-
bines these parameters to predict activities, activity
coefficient, and chemical potential. UNIFAC accounts for

the effects of both molecular weight and chemistry upon
mixing.

For the predictions described here, we used UNIFAC pa-
rameters for the aliphatic and carboxylic acid groups from
14a and the acrylic ester group (–COO–) parameters from
14b. We used the 14a parameters for the –CH2–O– group
for the mercaptan –CH2–S– group. The ability to predict the
preferential miscibility of oligomers is the critical link to the
Designed Diffusion TM Technology.

Glass transition temperature (Tg) predictions
A mathematical model constructed by fitting measured

Tgs of oligomers to the Fox equation was used to predict
Tgs of oligomers and the mixed polymer systems. Table 3
compares model predictions with experimental Tgs for sev-
eral oligomers.

Preparation of paints
A typical aqueous semigloss trim formulation was used to

prepare paints for testing of the polymer compositions. Paint
formulation involves making a grind, which is a dispersion
containing titanium dioxide and possibly other pigments
and extenders. In this work, the only pigment used was tita-
nium dioxide, which provides the hiding and gloss control
of the paint film. An aqueous dispersion of the pigment is
achieved by grinding the pigment under high shear using a
Cowles mixer and appropriate wetting agents and disper-
sants. The rest of the formulation ingredients, referred to as
the letdown, are mixed and added to the grind to form the
aqueous coating compositions for the evaluation of the
emulsion polymer examples. Tables 4 and 5 show the rec-
ipes for the grind and letdown used in this study. The paint
is exemplified here for the case where the blend, latex I and
II, contains soft phase particles and oligomer-modified hard
phase particles. The final paint film upon drying contains
50.9% and 49.1% by weight of TiO2 and polymer, respec-
tively.

Testing of paints

Gloss
A coating composition was drawn down on a Leneta chart

(Leneta Company, Mahwah, NJ) using a 3 mil (3/1000 in;
1 in = 25.4 mm) Bird film applicator. The sample was dried
at 24 8C and 50% relative humidity.Gloss (208 and 608) was
measured using a BYK-Gardner haze-gloss meter (BYK-
Gardner, Columbia, MD). These gloss measurements follow
guidelines established by the industry standards.5b

Pendulum (Konig) hardness
A coating composition was drawn down on an untreated

aluminum panel using a 5 mil (5/1000 in) block applicator.
The sample was dried at 24 8C and 50% relative humidity.
Pendulum hardness was measured using a Byk Mallinckrodt
Konig pendulum hardness tester (BYK-Gardner, Columbia,
MD). The number of swings was multiplied by a factor of
1.4 s to obtain the pendulum hardness measured in seconds.
Higher numbers reflect harder coatings.

Zapon tack test
A coating composition was drawn down on a Leneta chart
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(Leneta Company, Mahwah, NJ) using a 3 mil (3/1000 in)
Bird film applicator. The sample was dried at 24 8C and
50% relative humidity. Tack was measured using an alumi-
num tack tester shaped like a bent L. The bottom of the
tester was wrapped in smooth Al foil. Different weights (up
to 500 g) were placed on the bottom of the tack tester for
10 s. If upon removal of a given weight the tack tester re-
leases completely from the film, the given weight is given
as the tack result. The higher the weight given, the less
tacky the film. The foiled bottom of the tester was cleaned

with alcohol after each test.15 The tests were carried out
after the films were dried for both 4 and 8 h.

Finger tack
A coating composition was drawn down on a Leneta chart

(Leneta Company, Mahwah, NJ) using a 3 mil (3/1000 in)
Bird film applicator. The sample was dried at 24 8C and
50% relative humidity. Tack was estimated by placing a fin-
ger on the film. Tests were carried out after the films were
dried for both 4 and 8 h.

Table 5. Letdown compositions for aqueous semigloss trim paint.

Ingredientsa Formulation component Amounts (g) Solids (g)
Water 60.0
Latex Ib Polymer 440.9 220.5
Latex IIc Polymer 78.8 39.4
Triton X-405 Surfactant 1.8
Nopco NDW Defoamer 0.9
Natrosol 250

MR (2.5%)
Thickener 112.0

Grind (Table 4)
Pigment

352.0 268.9

Total Paint 1755.6 528.8

aThe ingredients of the letdown were mixed materials with a low shear mixer.
bLatex I is the soft phase with a composition of 60 BA/39 MMA/1 MAA (total

solids at 50%).
cLatex II is the oligomer modified hard phase with the hard composition containing

60 parts by weight of high molecular weight polymer (28 BA/71 MMA/1 MAA) and
40 parts by weight of oligomer (60 BA/39 MMA/1 MAA//17 n-DDM) synthesized by
in situ emulsion polymerization (total solids at 50%).

Table 3. Glass transition temperature (8C) comparison between DSC measurements
(meas.) and the predictive model (pred.).

Compositions BA/MMA/MAA//n-DDMa Mn Tg (meas.) Tg (pred.)
98.5/0/1.5//15 2210 –71 –76
50/49/1//1 25200 14 12
50/49/1//4 6400 –2 9
50/49/1//11 2260 –48 –45
0/100/0//11 2250 29 31

aThe compositions denote the weight percent of monomer in the polymer phase. The CTA (n-DDM)
is expressed as parts per 100 parts of polymer in weight. For example, the polymer in row three has a
composition of 50 BA/49 MMA/1 MM together with 4 parts of n-DDM per 100 parts of polymer to
yield a polymer with a number average molecular weight (Mn) of 6400.

Table 4. Preparation of pigment grind for aqueous semigloss trim paints.

Ingredients Purpose As supplieda (g) Solidsb (g)
Water 63.2
Tamol 731A Dispersant 15.0
Triton X-100 Surfactant 2.2
AMP-95 Base, pH adjus-

ter
1.8

Nopco NDW Defoamer 0.9
Ti-Pure R-706 Pigment (TiO2) 268.9 268.9
Total 352.0 268.9

Note: The ingredients were combined and mixed in a Cowles mixer to produce
the grind.

aThe ingredients are used as supplied from the supplier without dilution.
bThe solids in the total grind composition assuming the other ingredients have

negligible weights.
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Print resistance
This test measures the ability of the coating to resist the

imprint of another surface place on it (such as flower pots
on window sills). A coating composition was drawn down
on an untreated aluminum panel using a 5 mil (5/1000 in)
block applicator. The sample was dried at 24 8C and 50%
relative humidity for 7 d. A small section of the panel was
cut out, placed in a 60 8C oven, covered with cheesecloth,
and topped with a rubber stopper and a 500 g weight. After
60 min, the panel was removed from the oven, and allowed
to cool before removing the cheesecloth and evaluating for
print. A scale of 0 to 10 was used to rate the depth and
amount of the impression of the cheesecloth pattern, which
was left on the paint film surface.

Block resistance
This test measures the resistance of paint films to sticking

when they are placed in contact with each other, such as
from the closing of a freshly painted window or door. A
coating composition was drawn down on a Leneta chart (Le-
neta Company, Mahwah, NJ) using a 3 mil (3/1000 in) Bird
film applicator. The sample was dried at 24 8C and 50% rel-
ative humidity for both 1 and 7 d. Two equal small sections
of the chart were cut out and placed together with the paint
surface face to face, then topped with a rubber stopper and a
1000 g weight. After either 0.5 or 16 h, the weight was re-
moved and the film sections were separated slowly with
steady force. Samples were rated on a scale of 0 to 10 ac-
cording to the noise produced upon separation of blocked
surfaces and the physical damage caused by the separation
of blocked surfaces.16

Scrub resistance
This test measures the resistance of paint films to erosion

caused by scrubbing such as it may occur when a film is re-
peatedly scrubbed to remove stains. A coating composition
was drawn down on a black vinyl chart from the Leneta
Company using a 5 mil (5/1000 in) block applicator. The
sample was dried at 24 8C and 50% relative humidity for
7 d. The paint film was scrubbed using an abrasion tester
(machine washability) from BYK-Gardner and an abrasive
scrub medium, type SC-2, from the Leneta Company, until
a cut was observed, and the number of scrub cycles required
to erode the paint film to the substrate was recorded.17

Results and discussion

Synthesis
The efficient and precise molecular weight control of the

polymer has a direct impact on the plasticization and diffu-
sion capability of the oligomer. Mercaptan is among the
most commonly used chain transfer agents (CTA) in radical
polymerization due to the facile abstraction of a hydrogen
atom from the thiol moiety by a carbon centered radical, a

consequence of the relative C–H and S–H bond strengths
(Scheme 3).18

n-Dodecyl mercaptan (n-DDM), a hydrophobic CTA with
low water solubility, is the CTA of choice in emulsion poly-
merization.18a n-DDM is an effective chain transfer agent
and partitions primarily into the organic phase due to its
low solubility in water. Chain transfer is close to quantita-
tive if n-DDM is present in the polymer phase (the site of
the propagating radicals) during the polymerization. The
quantitative consumption of n-DDM eliminates the unpleas-
ant mercaptan odor in the latex. More hydrophilic mercap-
tans can partition into the water phase and create an odor
issue in the final latex. In addition to the odor issue, CTA
that partitions to the water phase does not participate in the
chain transfer process since the propagating radicals are lo-
cated in the polymer particles.

Although low levels of n-DDM (<0.5%) are commonly
used in emulsion polymerization to control molecular weight
and gel fraction, the use of high levels of n-DDM is imprac-
tical due to the poor diffusion between the monomer
droplets and the polymer particles. This deficiency of hydro-
phobic CTAs is a consequence of the three phases present
during an emulsion polymerization: the monomer droplets,
the polymer particles, and the continuous water phase. The
heterogeneous nature of emulsion polymerization requires
the facile diffusion of molecules, monomers, and CTA,
from the droplets, through the water phase, and into the poly-
mer particles where the polymerization takes place. Ad-
equate aqueous solubility of the monomer or CTA is
essential for the diffusion process to occur effectively. Con-
sequently, the use of high levels of n-DDM is not feasible
due to its low water solubility. The solubility barrier can be
overcome by the use of a catalytic level of cyclodextrin as a
‘‘phase transport catalyst’’.12 Cyclodextrin is capable of
complexing hydrophobic molecules and rendering them
water soluble. The complexation is reversible and the trans-
port mechanism in emulsion polymerization is believed to
involve a catalytic cycle in which the cyclodextrin continu-
ously complexes the n-DDM molecules, transports them
through the aqueous phase, and releases them to the polymer
particles. This efficient transport allows the n-DDM to
achieve a near quantitative chain transfer efficiency with a
catalytic level of cyclodextrin (0.5 weight percent based on
total monomer) in the reaction mixture (Scheme 4).

As the result of the quantitative chain transfer efficacy of
n-DDM, molecular weight can be precisely controlled by the
level of the CTA in the reaction mixture. For a quantitative
chain transfer by CTA, (chain transfer constant (Cs) = 1),
every polymer chain is terminated by the abstraction of a
hydrogen atom from the mercaptan and the resulting thio
radical will start the propagation of another polymer chain.
Table 6 shows molecular weights of several 50 BA /49
MMA /1 MAA latices prepared using a range of n-DDM
levels in the presence of cyclodextrin to facilitate the n-DDM

Scheme 3. Chain transfer process in radical polymerization.
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transport. BA and MMA have adequate water solubility and
will readily diffuse to the polymer particle.

The efficacy of chain transfer is close to quantitative as in-
ferred from the linearity of the plot of Mn versus 1/[n-DDM]
(Fig. 1), a relationship as described by the Mayo equation.19

In addition, all the latices have no mercaptan odor. With the
low odor threshold of mercaptans, even low residual levels
of mercaptan are noticeable and are not acceptable in com-
mercial products. Without the cyclodextrin for the transport
at high n-DDM levels sufficient to generate oligomer (see
Table 6), the unreacted n-DDM stratified to the surface of
the aqueous dispersion at the end of the polymerization.
Consequently, the molecular weight was not controlled by
the n-DDM levels.12a

Glass transition temperatures, as measured by DSC, drop
precipitously for oligomers with Mn less than about 10 000,
as shown in Fig. 2. Low oligomer Tg is essential for oligom-
ers to function as effective plasticizers and to diffuse readily
between polymer phases.

Diffusion of oligomer
Effective diffusion of oligomers is the result of both ther-

modynamic and kinetic factors. Thermodynamically,
oligomers will migrate to the more miscible phase. Kineti-
cally, the molecular weight of the oligomers must be signifi-
cantly below the entanglement molecular weight to allow
diffusion to proceed under ambient conditions. Tomba
et.al.20 reported the diffusion of oligomers as a function of
oligomer molecular weight by fluorescence resonance en-
ergy transfer (FRET). A high molecular weight acrylic latex
was labeled with both a donor and an acceptor dye. When a
donor located near an acceptor is irradiated, the excited do-
nor can transfer part of the energy to the acceptor. The effi-
ciency of the transfer, which can be derived from
fluorescence decay measurements, is directly related to the
distance between the donor and the acceptor.

The labeled latex was mixed with oligomer latices having
a range of Mn between 2 400 and 139 000. The range is suf-
ficiently broad to encompass molecular weights of oligom-
ers through polymers. The mixed latices were dried and
equilibrated under ambient conditions. If a significant
amount of oligomer diffuses into the high molecular weight
phase, then the total volume of the phase will increase. The
volume increase results in an increase in the distance be-
tween the donor and the acceptor, which in turn reduces the
amount of energy transfer. Figure 3 (from ref. 20) shows the
quantum efficiency of energy transfer, fET, in the mixed la-

Table 6. Polymer molecular weights derived from CTA levels.

n-DDM (%)a Tg (8C) P. S. (nm) Mw
b Mn

b

0.0 18.8 105 355 900 138 500
0.5 15.8 102 85 670 51 680
1 13.6 108 39 800 25 200
2 6.4 106 18 900 12 900
2.5 6.4 109 16 400 11 300
4 –1.5 110 9 300 6 400
7 –10.8 121 6 380 4 420
11 –22.6 112 4 100 3 000
20 –47.7 128 2 840 2 360

aThe parts of n-DDM are in 100 parts of the polymer composition by
weight (50 BA/49 MMA/1 MAA//x n-DDM).

bMeasured by size exclusion chromatography.

Fig. 1. Relationship between Mn and n-DDM levels. n-DDM con-
centrations are in parts per 100 parts of total monomer and Mn are
measured by SEC.

Fig. 2. Relationship between glass transition temperature (Tg) and
Mn.

Scheme 4. Cyclodextrin phase transport process of n-DDM (–SH)
in emulsion polymerization. Note that the components of the
scheme are for illustration and not drawn to scale. In the real sys-
tem, the dimension of the monomer droplet, polymer particle, and
cyclodextrin should be *5–10 mm, *150–500 nm, and *10 Å,
respectively.
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tex systems. Energy transfer in the mixed latex system after
film formation was compared to that in a solvent cast film,
where the high molecular weight polymer and the oligomer
should be fully mixed. Tetrahydrofuran (THF) was chosen
as it is a very effective solvent for acrylic polymers. As ex-
pected, the solvent cast film showed a substantial decrease
in fET and no dependence on oligomer molecular weight.
Conversely, the latex films showed an increase in fET with
the oligomer molecular weight. The increase in fET corre-
sponds to a reduction of the oligomer mixing into the high
molecular weight polymer. The fET value for the
136 000 mol/Ln oligomer approaches the fET value where
no dilution of the labeled polymer phase had taken place.
The result suggests that there is no kinetic barrier to oligo-
mer diffusion for oligomers with Mn of about 2 400.

In situ synthesis of oligomer modified latex particles
In situ synthesis of oligomers inside a normal latex par-

ticle is a two stage semicontinuous emulsion polymerization
where the second stage monomer emulsion contains the
CTA (n-DDM) with levels predetermined for the targeted
molecular weight.12b The lifetime of a free radical propagat-
ing polymer chain is relatively short due to the facile termi-
nation. In a semicontinuous emulsion polymerization under
steady state conditions, the instantaneous composition of the
polymer formed is close to the monomer composition being
fed to the reaction mixture. In the two stage polymerization
depicted in Scheme 5, the second stage monomer emulsion
contains the CTA (n-DDM) for oligomer synthesis. If the
monomer and CTA of the second stage are miscible with
the polymer phase in the particle and there is no barrier for
diffusion between the droplet and the particles, the second
stage polymerization with the CTA will occur in the already
formed polymer particles, which contain the high molecule
weight polymer prepared in the first stage forming a
oligomer phase fully mixed with the first stage polymer.

The evidence for a successful in situ synthesis of
oligomer in the high molecular weight phase includes (i)
the absence of new particle formation with continuous par-
ticle growth of existing particles and (ii) the presence of
high and low molecular weight polymers as determined by
SEC.

The final particle size of the in situ two stage synthesized
latex was measured by CHDF (Fig. 4) and found to have a
unimodal distribution of particles centered at 114 nm with
no detectable new particles of a different size.

Conversely, the SEC result (Fig. 5) shows a bimodal mo-
lecular weight distribution with the high molecular weight
fraction centered around 334 000 (Mn) and the low molecu-
lar fraction at around 3 500 (Mn).

The plasticization effect of oligomers is shown by the Tg
of the oligomer containing latex polymer. The two molecu-
lar weight fractions of the latex polymer have drastically
different individual Tgs. However, there is only a single
transition for the in situ oligomer containing latex polymer
at a value between the Tgs of the two fractions. The result
demonstrates the ability of the designed oligomer to be an
effective plasticizer of the high molecular weight fraction
(Table 7 and Fig. 6).

Collectively, the CHDF, SEC, and DSC results strongly
support that the morphology of the particle depicted in

Scheme 5 from the ‘‘in situ’’ two stage emulsion polymer-
ization is such that both high molecular weight polymer and
oligomer coexisted in an individual particle.

Diffusion of oligomer
Our goal is to design an oligomer–polymer system where

the oligomer is synthesized in a polymer phase and upon
drying and film formation, diffuses to another polymer
phase. The oligomer diffusion drives the desired Tg transi-
tion in the polymer phases. For the oligomer–polymer sys-
tem to perform properly and bring value to a coatings
system, it must meet several requirements: (i) The oligomer
must be miscible in the hard phase. (ii) The oligomer must
plasticize the hard phase, that is sufficiently decrease its Tg,
to ensure good film formation. (iii) The oligomer must par-
tition preferentially into the soft phase after the film has
formed. (iv) The oligomer must diffuse from the hard to the
soft phase over a time period of hours to a few days. (v) The
Tg of the hard phase in the final equilibrated film must be
high enough to enhance the performance of the polymer
film.

Scheme 5. In situ emulsion polymerization for oligomer modified
latex particles.

Fig. 3. Quantum efficiency of energy transfer (fET) showing the
diffusion of oligomers at Mn 2.4, 6.4, 11.3, and 136 K. The mea-
surements were carried out with polymer film prepared from latex
(&) and THF (&) solutions (reproduced with permission from 20).
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Oligomer composition and molecular weight must be bal-
anced carefully to meet all of these requirements. The Tg of
the oligomer modified hard mode depends on the oligomer
molecular weight, composition, and the level of oligomer in
the hard mode. Clearly, the above requirements of low hard
phase Tg during film formation (2) and high final hard phase
Tg (5) necessitate some compromise on oligomer molecular
weight.

The following example is an illustration of a Designed
Diffusion TM polymer system. The hard and soft modes are

defined as follows: the hard mode is 60 parts hard phase
(28 BA/71 MMA/1 MAA)// and 40 parts oligomer (60 BA/
39 MMA/1 MAA//17 n-DDM) and the soft mode is 60 BA/
39 MMA/1 MAA.

The heterogeneous latex blend contains 18.3 parts by
weight of hard mode (11 hard phase, 7.3 oligomer) and
81.7 parts by weight of soft mode. Since most of the
oligomer must end up in the soft phase, we need an
oligomer composition that is more similar to the soft phase
composition compared to the hard phase. The Tg of the un-
modified hard phase is *56 8C, so a significant Tg decrease

Fig. 4. CHDF measurement of in situ oligomer modified latex particles.

Fig. 5. SEC determination of molecular weights and distribution of in situ oligomer modified latex particles.

Table 7. Glass transition temperature of single and polymer blends.

Composition Mn Tg (8C)a

28 BA/71 MMA/1 MAA 54
80 BA/19 MMA/1 MAA//17 n-DDM 3000b –66
60 (28 BA/71 MMA/1 MAA) c 10
40 (60 BA/39 MMA/1 MAA//17 n-DDM)

aMeasured by DSC (see Fig. 6).
bMeasured by size exclusion chromatography (the theoretical Mn based on 17

parts of n-DDM is *2000).
cBimodal molecular weight distribution (see Fig. 5).
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is needed for good film formation. The soft oligomer de-
signed to lower the Tg of the hard phase has to be compat-
ible to the hard phase.

The miscibility model was used for the oligomer design.
For the first evaluation, we chose oligomer #1 with compo-
sition of 60 BA/39 MMA/1 MAA, the same as the soft
phase composition to ensure complete miscibility. In the
phase separation calculation, 97.5% of the oligomer (39 out
of 40 g) was allowed to mix into the hard phase. The model
predicts about 87.5% (about 35 out of 40 g) mixes into the
hard phase, largely independent of oligomer molecular
weight over the range studied. This is an indication that
there will be no serious phase separation problems.

Figure 7 shows the initial and final hard mode Tgs and the
percent oligomer in the hard phase as a function of oligomer
#1 molecular weight. If we want the hard mode to have an
initial Tg of about 0 8C, the oligomer molecular weight must
be about 2 000 mol/Ln. At equilibrium, about 9% of the

oligomer will remain in the hard mode, and the final Tg will
be about 46 8C.

We can attempt to increase the final hard mode Tg by
changing oligomer composition so that more of the oligomer
partitions into the soft phase. For our second evaluation, we
chose oligomer #2 with composition 80 BA/19 MMA/1
MAA. We ran the phase separation calculation as before.
The model predicts that about 50%–85% of the oligomer
mixes into the hard phase, depending on the oligomer mo-
lecular weight. This result is an indication that there may be
significant phase separation problems at higher oligomer
molecular weights.

Figure 8 shows the initial and final hard mode Tgs and the
percent oligomer in the hard phase as a function of oligomer
#2 molecular weight. If we want the hard mode to have an
initial Tg of about 0 8C, the oligomer molecular weight must
be about 3 000 mol/Ln. At this Mn, the model predicts that
about 75% of the oligomer mixes into the hard phase, so

Fig. 6. DSC with in situ oligomer containing latex polymer.

Fig. 7. Predicted initial (&) and final (*) hard mode Tgs, and pre-
dicted percent of total oligomer in the hard phase (—), for 60 BA/39
MMA/1 MMA oligomers in 81.7 parts soft mode and 18.3 parts
hard mode blend. Intersection of dotted lines indicate the oligomer
Mn, which produces hard mode Tg = 0 8C.

Fig. 8. Predicted initial (&) and final (*) hard mode Tgs, and pre-
dicted percent of total oligomer in hard phase (—), for 80 BA/19
MMA/1 MMA oligomers in 81.7 parts soft mode and 18.3 parts
hard mode blend. Intersection of dotted lines indicates the oligomer
Mn which produces hard mode Tg = 0 8C.
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there are probably no significant phase separation problems.
At equilibrium, about 7.5% of the oligomer will remain in
the hard mode, and the final Tg of the hard mode will be
about 47 8C.

Oligomer #2 does not give a significantly higher final
hard mode Tg, but does have a higher probability of
oligomer phase separation from the hard phase. We could
try an oligomer composition with less than 60% BA, but
this would require a lower molecular weight to give less
partitioning into the soft phase and potentially lower final
hard mode Tg.

Based on the modeling results, oligomer #1 (60 BA/39
MMA/1 MAA//17 n-DDM) was selected for further experi-
mental evaluation.

Designed Diffusion TM of latex
Experimental evidence for the oligomer diffusion from

the hard to the soft mode was obtained using two different
methods: (i) monitoring changes in the film Tg under differ-
ent drying conditions and (ii) measuring surface hardness
using SPM analysis of the dried films.

Evidence of diffusion by monitoring of changes in film Tg

DSC was used to verify the concept of oligomer diffusion.
The hard mode consisting of the 28 BA/71 MMA/1 MAA
polymer and 60 BA/39 MMA/1 MAA//17 n-DDM in situ

oligomer and the soft mode consisting of the 60 BA/39
MMA/1 MAA polymer were blended at 50/50 and 80/20
weight ratios of latices. The total solids weight ratios in the
blends are similar since the latices are at the same solid lev-
els. Films were cast and then dried under two conditions: (i)
at room temperature for two days and (ii) heated at 60 8C
overnight. As shown in Table 8, the Tg of the soft mode
shifted to a lower temperature while the Tg of the hard
mode shifted to a higher temperature in both blend systems.
This result demonstrates that the oligomer diffused from the
hard mode to the soft mode after film formation. The parti-
tioning and Tg models predict the experimental Tg shifts rea-
sonably well. The difference between the temperature shift
between the two systems (room temperature and 60 8C)
may be the result of accelerated diffusion kinetics at the ele-
vated temperature or a difference in the equilibrium point at
the two temperatures.

Evidence of diffusion by SPM analysis of films
Figure 9 shows the SPM phase images for films cast from

(a) the blend of the soft mode and the hard mode without
oligomer (89.2/10.8 weight ratio) and (b) the blend of the
soft mode with the oligomer-modified hard mode (82.1/17.9
weight ratio). In both blends, the amount of hard 28 BA/71
MMA/1 MAA phase is the same (10.8% on total polymer).
Films were dried at room temperature for five days before

Table 8. Tg transitions derived from oligomer diffusion. Blends are based on weight ratios of the hard and soft mode.

50/50 Blend 80/20 Blend

Ambient dried Heated (60 8C) Ambient dried

Hard modea Soft modeb Tg (1) (8C) Tg (2) (8C) Tg (1) (8C) Tg (2) (8C) Tg (1) (8C) Tg (2) (8C)

Predicted –1 2 27 –12 27 –12 44 –4
Measured 10 4 29 –5 43 –7 50 –2

Note: The blends show two glass transition temperatures with Tg (1) and Tg (2) corresponding to the hard and soft mode, respectively.
aThe oligomer modified hard mode (60 parts 28 BA/71 MMA/1 MAA and 40 parts 60 BA/39 MMA/1 MAA//17 n-DDM). The DSC measurement of

28 BA/71 MMA/1 MAA without the oligomer modification is 54 8C and predicted to be 56 8C.
bThe soft mode (60 BA/39 MMA/1 MAA).

Fig. 9. SPM of polymer film of latex polymer blends. The soft mode is blended with (a) unmodified hard node and (b) oligomer modified
hard mode.
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SPM analysis. The contrast in these images is due predomi-
nantly to differences in the modulus or Tg of the materials.
The harder material appears brighter in the image. In the ab-
sence of oligomer, the small hard particles are well-differen-
tiated and pack around the large soft particles (Fig. 9a). In
the case of the hard phase containing the oligomer (Fig.
9b), there is a significant decrease in the observed bounda-
ries between particles, indicating a high degree of hard
mode coalescence. Additionally, it is observed that the soft
mode is darker in the oligomer-containing system, indicating
that the modulus of the soft phase has dropped as the result
of diffusion of the oligomer from the hard mode to the soft
mode. Film surface roughness and imperfections (voids, pit-
ting) are also decreased for the film based on the oligomer-
containing system, which should be expected to correlate
well with an increase in film gloss.21 Since the SPM scans
were carried out on the natural surface of the films, we
were not able to determine the continuity of either phase in
the bulk films from these images.

Coatings performance
Semigloss paints were formulated according to the

method described in the Experimental section with several
blends of hard mode and soft mode, as described in Table 9.
The polymer in the formulation included blends of a soft
mode (60 BA/39 MMA/1 MAA) and hard modes with and
without oligomer modification. The target is a semigloss
coatings formulation that delivers good gloss and hardness
properties while maintaining good film formation without
the need of a coalescent. In general, hardness properties in
a polymer or paint film can be enhanced by the blending of
hard particles or pigments into a soft polymer that have
good film formation characteristics. However, this approach
is limited to low levels in which film formation is not being
compromised without the use of coalescent. Loss of gloss is
a good indicator of poor film formation. Table 9 compares
gloss for paints 1–4. Paint 1 and 2 are blends of the soft
mode with unmodified hard mode while paint 3 and 4 con-
tain the oligomer modified hard mode. As shown in Table 9,
paints 1 and 2 have inferior gloss for a semigloss paint. In-
corporating up to 20% coalescent (paint 2) did not show an
improvement suggesting the hard mode is not coalescing
into a good film at that level. Applying Design Diffusion
technology to the blend, an oligomer modified hard mode
(paint 3) shows a good balance of gloss and hardness, indi-
cative of good film formation. At the same level of hard
phase (10.7%) and without coalescent, the oligomer-based
blend has comparable pendulum hardness while providing
significantly better gloss over the nonoligomer blend con-
trol. The hardness of the oligomer containing system can be
further enhanced without sacrificing the gloss by increasing
the level of the hard phase (paint 4).

Additional testing on the paints showed that the tack,
print, block, and scrub resistance properties of the oligomer-
modified systems were similar to those of the blend control
without oligomer. Thus, the benefits reaped from the De-
signed Diffusion TM system do not carried a negative impact
in the overall balance of properties.

The concept of Designed Diffusion TM Technology involv-
ing carefully designed oligomer modification of polymer
systems can also be applied to blend systems other than theT
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ones described in this report. Incorporation of reactive func-
tionalities in the polymer or diffusing oligomer that is capa-
ble of reacting with other reactive sites during or after film
formation is attractive as a way to further enhance the hard-
ness and resistance properties of a coating and is being ex-
plored.

Conclusion
Latex polymers made with in situ oligomer modification

are shown to offer a unique balance of performance proper-
ties required to meet the regulatory and environmental de-
mands of the coatings industry. These oligomers are
designed to enhance both the soft and hard properties neces-
sary in coatings. Key design factors include a molecular
weight, which sufficiently lowers the Tg of the oligomer,
and a composition, which ensures that the oligomer, while
miscible with both a hard and a soft polymer phases, prefer-
entially partitions to the soft phase after film formation.
Careful design of the composition and molecular weight of
the oligomer phase ensures that it will transport between
hard and soft polymer phases to achieve both film formation
and final performance properties. The concept has been
demonstrated to be effective in coating systems and is being
applied to other applications. Theoretical modeling was
demonstrated to be a viable tool in the design stage.
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A solvent-free protocol for the green synthesis of
arylalkylidene rhodanines in a task-specific ionic
liquid

Abdolhamid Alizadeh, Mohammad M. Khodaei, and Ali Eshghi

Abstract: 2-Hydroxyethylammonium formate acts as a task-specific ionic liquid (TSIL) for the Knoevenagel condensation of
carbonyl compounds with rhodanine to afford arylalkylidene rhodanines under solvent-free conditions and in good-to-excellent
yields. Additionally, compared with those in organic solvents, the yields obtained in the presence of our ionic liquid (IL)
were significantly increased. The detailed mechanism of the catalytic effect of TSIL is also reported for the first time.

Key words: 2-Hydroxyethylammonium formate, task-specific ionic liquids (TSILs), Knoevenagel condensation, arylalkylidene
rhodanines.

Résumé : Dans des conditions n’impliquant aucun solvant, le formiate de 2-hydroxyéthylammonium agit comme liquide
ionique pour une tâche spécifique (LITS) pour la condensation de Knoevenagel des composés carbonylés avec la rhoda-
nine qui conduit aux arylalkylidènes de rhodanine avec des rendements allant de bons à excellents. De plus, par comparai-
son avec les rendements obtenus dans des solvants organiques, ceux obtenus en présence de notre liquide ionique sont
nettement plus élevés. On propose pour la première fois un mécanisme détaillé de l’effet catalytique du LITS.

Mots-clés : formiate de 2-hydroxyéthylammonium, liquide ionique pour une tâche spécifique (LITS), condensation de
Knoevenagel, arylalkylidènes de rhodanine.

[Traduit par la Rédaction]

Introduction
Rhodanine derivatives, especially arylalkylidene rhodanines

(I) (Fig. 1), have proven to be attractive compounds because
of their outstanding biological activities and have undergone
rapid development as anticonvulsant, antibacterial, and anti-
diabetic agents.1 A series of arylalkylidene rhodanines have
also been reported as Hepatitis C Virus (HCV) protease
inhibitors (II)2 (Fig. 1) or as novel inhibitors of UDP N-
acetylmuramate/L-alanine ligase (III) (Fig. 1).3

For the preparation of 5-arylalkylidene rhodanines, vari-
ous methods have been developed from acyclic building
blocks or by functionalization of the thiazolone core.4 In the
second case, the Knoevenagel condensation of aldehydes at
the nucleophilic C-5 position of rhodanine leads to the de-
sired arylalkylidene rhodanine adducts. This reaction has
been performed using sodium acetate in refluxing glacial ace-
tic acid5a or piperidinium benzoate in refluxing toluene.5b Re-
cently, Lee and Sim reported the synthesis of 5-arylalkylidene
rhodanines by heating the reactants suspended in toluene at
110 8C for 3 days.6 Also, Sing et al. reported the condensa-
tion of rhodanine with an aldehyde by heating in anhydrous
EtOH for 6 h at 80 8C.7

The use of microwave irradiation (MW) as a clean and
operationally simple technique has also been employed with

solid inorganic support (Al2O3 or montmorillonite KSF
clay)8,9 but without control of the reaction temperature. Re-
cently, Zhou et al. reported the use of MW and tetrabuty-
lammonium bromide (TBAB) as phase-transfer catalyst in
water.10 In addition, despite their promising biological fea-
tures, the synthesis of ketone derivatives of arylalkylidene
rhodanine adducts has not been subjected to detailed investi-
gations, and only a 60-year-old study of Brown and co-
workers has reported the Knoevenagel condensation reaction
of rhodanine with ketones in the presence of ammonium hy-
droxide and ammonium chloride in refluxing ethanol.11 Sim-
ilar to most conventional chemical transformations, all of
the above-mentioned procedures involve harsh reaction con-
ditions, large quantities of toxic solvents, long reaction
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Fig. 1. Biologically active compounds bearing a 5-arylalkylidene
rhodanine moiety.
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times, and unsatisfactory yields. Therefore, facile and green
routes to arylalkylidene rhodanines would be of great inter-
est.

Currently, ionic liquids (ILs) are being used as green sol-
vents for laboratory as well as industrial use because of their
desirable properties, such as good solvating ability, variable
polarity, negligible vapor pressure, and ease of recyclabil-
ity.12 A literature survey revealed that ILs have not been uti-
lized extensively for the Knoevenagel condensation of
aldehydes or ketones with rhodanine, and only a study by
Liu and co-workers utilizing a functionalized imidazolium-
based IL has been reported.13

While considering ILs as reaction media and their use in
industrial processes, one major concern is cost. The cost of
the IL would be directly dependent on the price of the cati-
ons and anions that are used for their production.11 Thus, the
popular ILs incorporating expensive cations, such as alkyl
methyl imidazolium and dialkyl imidazolium, are likely to
remain expensive. Similarly, the anions that are frequently
used in ILs, such as tetraflouro borate and hexaflouro phos-
phate, are also expensive. This indicates that there is a need
to develop and explore simple and cost-effective ILs.

Herein, we wish to report for the first time, a solvent-free
and green procedure for the Knoevenagel condensation of ar-
omatic aldehydes and ketones with rhodanine promoted with
a low cost and task-specific IL (2-hydroxyethylammonium
formate)14 as an effective catalyst and reaction medium
(Scheme 1).

To our knowledge, literature only shows one recent publi-
cation15 related with the application of this new potential IL,
but no further information is available about its application
in chemical processes and organic syntheses. This IL can
easily be synthesized from commercially available low cost
chemicals (ethanolamine and formic acid) and has high con-
ductivity and powerful solvating ability. Also, its low melt-
ing point (–82 8C) makes it an appropriate solvent for low
temperature chemical transformations.

Results and discussion
Our investigations on the Knoevenagel condensation reac-

tion of rhodanine with carbonyl compounds began with the
optimization of reaction conditions. Initially, the reaction of
1 mmol benzaldehyde with 1 mmol rhodanine in acetonitrile
was tested in the absence of IL at room temperature. The re-
actants remained unchanged even after stirring for 20 h.
Upon addition of only 1 mL of IL, condensation occurred
and the reaction lead to the desired product immediately
after only 2 min in 94% yield without using any solvent or

catalyst at room temperature (Table 1, entry 1). Further in-
crease in the reaction temperature did not result in a de-
crease in the reaction time or in an increase in the yield.
Also, using 2 mmol of aldehyde (and 1 mmol of rhodanine)
showed no change in the final product structure, and again,
5-benzylidene-2-thioxothiazolidine-4-one (Table 1, entry 1)
was obtained as the final product.

Thus, under this optimized mild condition, various struc-
turally diverse aromatic aldehydes and ketones were tested
with rhodanine, and the corresponding results are listed in
Tables 1 and 2.

As shown in Table 1, the aryl aldehydes bearing electron-
releasing and electron-withdrawing groups are effective for
the aforementioned reaction and gave the desired products
in excellent yields in the reaction time ranging from 1 to
6 min. For instance, aryl aldehydes such as 4-nitrobenzalde-
hyde and 4-fluorobenzaldehyde required relatively short re-
action times (Table 1, entries 4 and 6), and in contrast, aryl
aldehydes with electron-releasing groups required nearly
longer reaction times (Table 1, entries 11 and 13).

In examining the scope and generality of the developed
protocol as well as the influence of structural variation of
carbonyl compounds on their reactivity toward rhodanine
enolate, we studied the Knoevenagel condensation reaction
of rhodanine with ketones in the conditions similar to that
of aldehydes. It was found that the reaction proceeds in a
similar fashion to that of aryl aldehydes except that ketones
undergo nucleophilic attack of rhodanine enolate more
slowly with relatively low yields. Entries 1–4 in Table 2
show that both cyclic and acyclic ketones can react with rho-
danine enolate. In contrast, any effort to obtain Knoevenagel
condensation adducts from the reaction of rhodanine enolate
with benzophenone, benzamide, and 2,4-dimethyl-3-pentanone
(diisopropylketone) was unsuccessful. We believe that ben-
zophenone and benzamide do not participate in the conden-
sation, presumably because of the resonance of the carbonyl
moiety with the phenyl groups and nitrogen lone-pair elec-
trons. Also, diisopropylketone has a steric hindrance around
the carbonyl group, and hence, it does not react with rhoda-
nine. The results are listed in Table 2.

A control experiment was also allowed to proceed under
the developed conditions utilizing 1 mL of TSIL, 1 mmol
of p-methylbenzaldehye, and 1 mmol of acetophenone to
evaluate the chemoselectivity of the TSIL. It was found that
in the presence of 1 mL of the IL, rhodanine only reacts
with p-methylbenzaldehye, which leads to the formation of
4-methylbenzylidene rhodanine as the final product, and no
adduct was obtained from the condensation of rhodanine
with ketone (Scheme 2).

The obtained results allow us to propose a tentative mech-
anism for the TSIL-catalyzed Knoevenagel condensation re-
action of aldehydes and ketones with rhodanine as depicted
in Scheme 3. The structure of the IL used in this study
(2-hydroxyethylammonium formate) has a specific feature
bearing both acidic and basic sites. We believe that the
acidic part of the IL (ammonium moiety) protonates the
oxygen of the carbonyl group; this is a very suitable condi-
tion in nucleophilic additions to carbonyl compounds. On
the other hand, rhodanine is a CH-acidic nucleophile and
the anionic part of the IL (formate anion) is basic and easily
deprotonates rhodanine at the C-5 position and causes the

Scheme 1. TSIL-catalyzed synthesis of 5-arylalkylidene rhoda-
nines.
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formation of nucleophilic rhodanine enolate. Subsequently,
this enolate attacks the protonated aldehyde or ketone and
gives an intermediate alcohol. Eventually, protonation of
this alcohol, followed by a dehydration process, gives the
desired products, recovered catalyst, and water as the only
byproduct of the reaction.

The ionic liquid was recovered and reutilized four times
without the addition of extra ionic liquid; the results are
shown in Fig. 2.

In conclusion, we have described a general, environment-

friendly, solvent-free, and reagentless protocol for the prepa-
ration of a series of arylalkylidene rhodanine derivatives us-
ing 2-hydroxyethylammonium formate as a task-specific
ionic liquid. The ease of preparation of the IL from com-
mercially available low cost starting materials, its high con-
ductivity, powerful solvating ability, and low melting point
make it an appropriate solvent for room temperature reac-
tions. Furthermore, this method is applicable to both elec-
tron-rich as well as electron-deficient aldehydes. In all
cases, the reaction proceeds smoothly under very mild con-

Table 1. TSIL-catalyzed reaction of rhodanine with aromatic aldehydes.

Entry Ar Time (min)

Mp (8C)

Yield (%)a,bFound Reported
1 C6H5 2 205 20416 94
2 4-MeC6H4 2 221 22016 95
3 4-MeOC6H4 2 251 25116 96
4 4-NO2C6H4 1 255 25016 98
5 4-ClC6H4 2 232 23216 96
6 4-FC6H4 1 226 22617 98
7 4-BrC6H4 1 230.5 23117 97
8 2,4-ClC6H3 1 230 23116 95
9 2,4-MeOC6H3 3 275c — 92
10 2-Furyl 2 230 22916 95
11 4-N(Me)2C6H4 3 272 27018 90
12 2-ClC6H4 4 191 19216 94
13 2-OHC6H4 6 223 22218 91
14 Cinammyl 1 227c — 98

Note: Reaction conditions: aldehyde (1 mmol), rhodanine (1 mmol), ionic liquid (1 mL), and RT.
aThe products were characterized by comparison of their spectroscopic and physical data with those

reported in the literature.
bYields refer to pure isolated products.
cNew compounds.

Table 2. TSIL-catalyzed reaction of rhodanine with ketones.

Entry R1 R2

Time
(min)

Mp (8C)

Yield (%)aFound Reported
1 (–CH2–)5 (–CH2–)5 20 175 17311 87
2 (–CH2–)4 (–CH2–)4 15 195 19511 90
3 C6H5 CH3 70 167 16611 92
4 4ClC6H4 CH3 72 205 20411 90
5 C6H5 C6H5 NRb

6 i-Pro i-Pro NR
7 C6H5 NH2 NR

Note: Reaction conditions: ketone (1 mmol), rhodanine (1 mmol), ionic liquid (1 mL), and RT.
aYields refer to pure isolated products.
bNR: No reaction.
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ditions without introducing any acid, base, or metal catalyst,
and water is the only byproduct of the reaction. Compared
with those obtained using traditional organic solvents, the

yields obtained in the presence of this TSIL are significantly
increased. We believe that the low cost and the experimental
simplicity of the method gives this green ionic-liquid-cata-
lyzed procedure great potential, and it may find potential ap-
plications in synthetic organic chemistry, and more
importantly, it can compliment the existing chemical strat-
egies.

Experimental
All chemicals (ethanolamine, formic acid, rhodanine, al-

dehydes, and ketones) were reagent-grade materials, and
they were used without further purification. Throughout all
experiments, distilled water was used, and all the experi-
ments were done at room temperature. 1H and 13C NMR
spectra were recorded on a Bruker spectrometer operating at
200 and 50 MHz, respectively. Melting points were meas-
ured on a BI Branstead Electrothermal 9200 instrument and
are uncorrected. FTIR spectra were recorded on a Rayleigh
Wqf-510 spectrometer using a drop casting technique on
KBr plates and are reported in wavenumbers (cm–1).

Synthesis of arylalkylidene rhodanines: general
procedure

Rhodanine (1 mmol) and 2-hydroxyethylammonium for-
mate (1 mL) were mixed together and stirred at room tem-
perature for 2 min after which 1 mmol of aromatic
aldehyde or ketone was added to the reaction mixture. After
completion of the reaction (monitored by TLC), a mixture of
water and ethanol (50:50 v/v) was added to the reaction
flask, and the obtained precipitates were easily filtered lead-
ing to the final pure products while no extra purification was
needed. Evaporating the water of the filtrate gave the pure
IL, which could be reused for further reactions. Selected
characterization data for some of the arylalkylidene rhoda-
nines prepared are given below.

5-Phenyl-2-thioxothiazolidin-4-one
Yellow powder, mp 205 8C (lit.16 mp 204 8C). 1H NMR

(DMSO-d6, 200 MHz) d (ppm): 7.51–7.85 (m, 5H, Har), 7.68
(s, 1H, vinyl), 13.87 (s, 1H, NH). 13C NMR (DMSO-d6,
50 MHz) d (ppm): 125.9, 127.4, 129.8, 130.8, 131.1, 131.9,
169.8, 196.1.

5-(4-Methylbenzyliden)-2-thioxothiazolidin-4-one
Yellow powder, mp 221 8C (lit.16 mp 220 8C). 1H NMR

(DMSO-d6, 200 MHz) d (ppm): 2.40 (s, 3H, CH3), 7.40 (d,
2H, Har), 7.53 (d, 2H, Har), 7.65 (s, 1H, vinyl), 13.88 (s, 1H,
NH). 13C NMR (DMSO-d6, 50 MHz) d (ppm): 21.5, 124.7,
130.4, 130.6, 130.9, 132.1, 141.5, 169.9, 196.1.

5-(2,4-Dimethoxybenzyliden)-2-thioxothiazolidin-4-one
Orange powder, mp 275 8C. IR (KBr) n (cm–1): 3452,

1707, 1621, 1564, 1445, 1117. 1H NMR (DMSO-d6,
200 MHz) d (ppm): 3.86 (s, 3H, OCH3), 3.91 (s, 3H,
OCH3), 6.70–6.75 (m, 2H, Har), 7.33 (d, 1H, Har), 7.74 (s,
1H, vinyl), 13.72 (s, 1H, NH). 13C NMR (DMSO-d6,
50 MHz) d (ppm): 55.7, 55.9, 98.7, 106.5, 115.5, 123.0,
126.7, 130.6, 159.7, 162.7, 163.2, 199.1. Anal. calcd. for
C12H11NO3S2: C, 51.23%; H, 3.94%; N, 4.98%; S, 22.79%.
Found: C, 48.2%; H, 5.0%; N, 6.6%; S, 19.1%.

Scheme 2. Comparison of the reactions of rhodanine with benzal-
dehyde and acetophenone in the presence of TSIL.

Scheme 3. Representative mechanism of TSIL-promoted Knoeve-
nagel condensation reaction of aldehydes and ketones with rhoda-
nine.

Fig. 2. Successive trials by using the recoverable TSIL.
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5-[(E)-3-Phenylallylidene]-2-thioxothiazolidin-4-one
Orange powder, mp 227 8C. IR (KBr) n (cm–1): 3458,

1691, 1624, 1573, 1448, 1150. 1H NMR (DMSO-d6,
200 MHz) d (ppm): 7.01 (m, 1H, vinyl), 7.31 (d, 1H, vinyl),
7.40–7.47 (m, 5H, Har), 7.67 (d, 1H, vinyl), 13.64 (s, 1H,
NH). 13C NMR (DMSO-d6, 50 MHz) d (ppm): 124.6, 128.0,
128.9, 129.8, 130.8, 132.9, 136.4, 145.5, 169.6, 196.2. Anal.
calcd. for C12H9NOS2: C, 58.27%; H, 3.67%; N, 5.66%; S,
25.93%. Found: C, 58.2%; H, 4.1%; N, 6.1%; S, 24.1%.

Supplementary data
Supplementary data for this article are available on the

journal Web site (canjchem.nrc.ca).
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Feruloyl sucrose derivatives from
Bistorta manshuriensis

Ki Hyun Kim, Sang Wook Chang, and Kang Ro Lee

Abstract: Bistorta manshuriensis is a well-known Korean medicinal plant traditionally used to treat diarrhea. Phytochemi-
cal investigation of the aerial parts of B. manshuriensis led to the isolation of two new feruloyl sucrose derivatives, bis-
toroside A (1) and bistoroside B (2), together with three known compounds, helonioside A (3), helonioside B (4), and
smilaside L (5). The structures of the new compounds were elucidated as (3,6-di-O-Z-feruloyl)-b-D-fructofuranosyl-(1?2)-
a-D-glucopyranoside (1) and (3,6-di-O-Z-feruloyl)-b-D-fructofuranosyl-(1?2)-(6’-O-acetyl)-a-D-glucopyranoside (2) on the
basis of extensive analysis of 1D and 2D NMR (HMQC and HMBC), HR-FAB-MS, and chemical evidence.

Key words: Bistorta manshuriensis, Polygonaceae, feruloyl sucrose derivatives, bistoroside A, bistoroside B.

Résumé : La Bistorta manshuriensis est une plante médicinale coréenne bien connue pour le traitement traditionnel de la
diarrhée. Une étude phytochimique des parties aériennes du B. manshuriensis a permis d’isoler deux nouveaux dérivés fé-
ruloyles du sucrose, le bistoroside A (1) et le bistoroside B (2) aux côtés de trois composés connus, l’hélonioside A (3),
l’hélonioside B (4) et le smilaside L (5). En se basant sur des études extensives de RMN 1D et 2D, de spectrométrie de
masse à haute résolution et bombardement avec des atomes rapides (SM-HR-BAR) et de données chimiques, on a établi
que le composé 1 est le (3,6-di-O-Z-féruloyl)-b-D-fructofuranosyl-(1?2)-a-D-glucopyranoside alors que le composé 2 est
le (3,6-di-O-Z-féruloyl)-b-D-fructofuranosyl-(1?2)-(6’-O-acétyl)-a-D-glucopyranoside.

Mots-clés : Bistorta manshuriensis, polygonacée, dérivés féruloyles du sucrose, bistoroside A, bistoroside B.

[Traduit par la Rédaction]

Introduction

Bistorta manshuriensis KOM (Polygonaceae) (Korean
name: Bum-ko-ri) is an erect perennial herb that is widely
distributed throughout Korea.1 The scientific name of this
plant has also been used in China in combination with Poly-
gonum bistorta. The rhizomes of B. manshuriensis have
been used in traditional Korean medicine for the treatment
of diarrhea.1 In Chinese folk medicine, its rhizomes have
been used to treat dysentery with bloody stools in acute gas-
troenteritis, acute respiratory infection, and venomous snake
bite.2 It has been reported that the crude extract of P. bis-
torta exhibits several potent pharmacological activities, in-
cluding antibacterial, anti-inflammatory activities, and
antimutation effect of 3-amino-1,4-dimethyl-5H-pyrido[4,3-
b]indole (Trp-P-1).3–6 Previous phytochemical investigation
of P. bistorta revealed the presence of triterpenoids, fla-
vones, coumarins, and phenolic acids.5–10 Despite several
studies on P. bistorta, little is known about the phytochemi-
cal constituents of B. manshuriensis. Therefore, as a part of
our continuing search for novel secondary metabolites from
Korean medicinal plants, we investigated the constituents of
the aerial parts of B. manshuriensis and isolated cerebro-
sides, flavonoids, and phenolic constituents from this
source.11 Herein, we report the further isolation and struc-

ture elucidation of two new feruloyl sucrose derivatives, bis-
toroside A (1) and bistoroside B (2), as well as three
previously reported compounds, helonioside A (3), helonio-
side B (4), and smilaside L (5).

Results and discussion

The EtOAc-soluble portion of the 80% MeOH extract of
the aerial parts of B. manshuriensis was subjected to re-
peated column chromatography on silica gel to afford two
new feruloyl sucrose derivatives (1–2), together with three
known compounds (3–5) (Fig. 1). Their structures were elu-
cidated by 1D and 2D NMR, HR-FAB-MS, and comparison
with published data.

Bistoroside A (1) was isolated as a yellowish gum with a
molecular formula of C32H38O17 on the basis of the [M +
H]+ peak at m/z 695.2180 (calcd. for C32H39O17: 695.2187)
in the HR-FAB-MS. Its IR and UV spectra displayed ab-
sorption bands for the hydroxyl and a,b-unsaturated aro-
matic ester groups. The 1H NMR spectrum (Table 1) of 1
showed two pairs of olefinic protons at d 6.92 and 5.90
(each 1H, d, J = 13.0 Hz, H-7@, 8@), 6.89 and 5.83 (each
1H, d, J = 13.0 Hz, H-7@’, 8@’), and two aromatic moieties
with ABX coupling patterns at d 6.82 (d, J = 8.5 Hz, H-5@),
7.16 (dd, J = 8.5, 2.0 Hz, H-6@), and 7.83 (d, J = 2.0 Hz, H-
2@) and at d 6.78 (d, J = 8.5 Hz, H-5@’), 7.13 (dd, J = 8.5,

Received 27 January 2010. Accepted 5 March 2010. Published on the NRC Research Press Web site at canjchem.nrc.ca on 5 May 2010.
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2.0 Hz, H-6@’), and 7.83 (d, J = 2.0 Hz, H-2@’). The coupling
constant (13.0 Hz) of the proton signals at d 6.92/5.90 and
6.89/5.83 suggested the presence of two pairs of cis-olefinic
protons.12 The above 1H NMR data, along with two me-
thoxy groups at the aromatic moieties as determined from
the HMBC spectrum, indicated the presence of two cis-feru-
loyl units in 1.13 In addition, signals for eight oxygenated
methines at d 5.47 (d, J = 8.0 Hz, H-3), 4.42 (t, J = 7.0 Hz,
H-4), 4.16 (m, H-5), 5.42 (d, J = 4.0 Hz, H-1’), 3.42 (dd, J =
10.0, 4.0 Hz, H-2’), 3.67 (t, J = 10.0 Hz, H-3’), 3.40 (t, J =
10.0 Hz, H-4’), and 3.95 (m, H-5’), three oxygenated meth-
ylenes at d 3.60 and 3.65 (each 1H, d, J = 12.0 Hz, H-1),
4.48 (dd, J = 12.0, 4.0 Hz, H-6a), 4.54 (dd, J = 12.0,
7.0 Hz, H-6b), 3.78 (dd, J = 12.0, 6.0 Hz, H-6’a), and 3.91
(dd, J = 12.0, 2.5 Hz, H-6’b) were observed in the 1H NMR
spectrum. A characteristic anomeric signal at d 5.42 with a
small coupling constant (d, J = 4.0 Hz, H-1’), together with
12 oxygenated carbon signals containing two anomeric car-
bons (d 105.1 and 93.3) in the 13C NMR spectrum, sug-
gested that 1 possessed a disaccharide moiety. Alkaline
hydrolysis of 1 gave methyl (Z)-ferulate,13 together with su-
crose [a-D-Glc-(1?2)-b-D-Fru], which was confirmed by
HMBC analysis indicating linkage of the two sugars and by
comparing HPLC and optical rotation data with those of an
authentic sample.14 On further inspection of the HMBC
spectrum, each (Z)-feruloyl moiety at C-3 and at C-6 in
fructose (Fru) could be assigned unambiguously. The corre-
lations between H-3 (d 5.47) and H-6 (d 4.48 and 4.54) of
fructose and the corresponding carbonyl carbons (d 168.3
and 168.4) of (Z)-ferulate were observed in the HMBC spec-
trum, respectively (Fig. 2). Thus, the structure of 1 was de-
termined as (3,6-di-O-Z-feruloyl)-b-D-fructofuranosyl-(1?2)-
a-D-glucopyranoside, and it was named bistoroside A
(Fig. 1).

Bistoroside B (2) was isolated as a yellowish gum. Its
molecular formula was determined as C34H40O18 from the
[M + H]+ peak at m/z 737.2298 (calcd. for C34H41O18:
737.2293) in the HR-FAB-MS spectrum. The 1H and 13C
NMR spectra of 2 were almost identical to those of 1
(Table 1), except for the presence of an acetyl group signal.
This indicated that 2 possessed a structure similar to 1, con-

taining glucose (Glc) and fructose (Fru) units, two (Z)-feru-
loyl moieties, and one additional acetyl group. Acetylation
of 2 yielded an octaacetate (2a) identical to that obtained
from acetylation of 1, indicating that the two (Z)-feruloyl
moieties were located at C-3 and C-6 of the fructose unit in
2, as in the structure of 1. In the 1H and 13C NMR spectra of
2, the signals of H-6’ and C-6’ in 2 were shifted to lower
field (d 4.13, d 4.48, and d 65.5 for 2; d 3.78, d 3.91, and d
62.6 for 1), while that of C-5’ was shifted to higher field (d
71.7 for 2; d 74.5 for 1) when comparing the NMR spectra
of 1 and 2. This supported the assignment of the acetyl
group at C-6’ of glucose. The HMBC experiment of 2 dis-
played correlations between the protons at d 4.13 and 4.48
(H-6’ of Glc) and the carbonyl carbon at d 172.5, confirming
that the acetyl group was located at C-6’ of Glc. On the ba-
sis of this evidence, the structure of 2 was determined as
(3,6-di-O-Z-feruloyl)-b-D-fructofuranosyl-(1?2)-(6’-O-ace-
tyl)-a-D-glucopyranoside, and it was named bistoroside B
(Fig. 1).

Three other known compounds obtained in this investiga-
tion were identified as helonioside A (3),14 helonioside B
(4),14 and smilaside L (5)15 by comparison of their spectro-
scopic data with those published in the literature (Fig. 1).
Although several sucrose phenylpropanoid esters have previ-
ously been isolated from Polygonum sp.,16 this is the first
report of compounds from this class being isolated from a
medicinal plant from the genus Bistorta.

Experimental

General experimental procedures
Optical rotations were measured on a Jasco P-1020 polar-

imeter in MeOH. IR spectra were recorded on a Bruker IFS-
66/S FTIR spectrometer. UV spectra were recorded with a
Schimadzu UV-1601 UV–vis spectrophotometer. FAB and
HR-FAB mass spectra were obtained on a JEOL JMS700
mass spectrometer. NMR spectra, including 1H-1H COSY,
HMQC, and HMBC experiments, were recorded on a Varian
UNITY INOVA 500 NMR spectrometer operating at
500 MHz (1H) and 125 MHz (13C) with chemical shifts
given in ppm (d). Preparative HPLC was conducted using a

Fig. 1. Chemical structures of compounds 1–5.
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Gilson 306 pump with Shodex refractive-index detector and
Apollo Silica 5 mm column (250 � 10 mm). Silica gel 60
(Merck, 70–230 mesh and 230–400 mesh) and RP-C18 silica
gel (Merck, 230–400 mesh) were used for column chroma-
tography. The packing material for molecular-sieve column
chromatography was Sephadex LH-20 (Pharmacia Co.).
Low pressure liquid chromatography was carried out over a
LiChroprep Lobar1-A RP-18 (240 � 10 mm) column with a
FMI QSY-0 pump (ISCO). Merck precoated Silica gel F254

plates and RP-18 F254s plates were used for TLC. Spots
were detected on TLC under UV light or by heating after
spraying with 10% H2SO4 in C2H5OH (v/v).

Plant material
The aerial parts of B. manshuriensis (2.9 kg) were col-

lected from Mount Daeduk, Gangwon Province, Korea, in
June 2008. The plants were authenticated by one of the au-

Table 1. 1H and 13C NMR spectral data of compounds 1 and 2 in CD3OD.

1 2

Position 1H (J = Hz) 13C 1H (J = Hz) 13C
b-D-Fru 1 3.60 d (12.0) 65.3 3.59 d (12.0) 65.2

3.65 d (12.0) 3.64 d (12.0)
2 105.1 104.4
3 5.47 d (8.0) 79.1 5.49 d (8.0) 78.4
4 4.42 t (7.0) 75.0 4.45 t (7.0) 73.8
5 4.16 m 81.3 4.15 m 80.8
6 4.48 dd (12.0, 4.0) 66.3 4.49 dd (12.0, 4.0) 65.3

4.54 dd (12.0, 7.0) 4.52 dd (12.0, 7.0)
a-D-Glc 1’ 5.42 d (4.0) 93.3 5.43 d (4.0) 92.2
2’ 3.42 dd (10.0, 4.0) 73.3 3.44 dd (10.0, 4.0) 72.6
3’ 3.67 t (10.0) 74.9 3.64 t (10.0) 74.3
4’ 3.40 t (10.0) 71.4 3.26 t (10.0) 71.5
5’ 3.95 m 74.5 4.18 m 71.7
6’ 3.78 dd (12.0, 6.0) 62.6 4.13 dd (12.0, 6.0) 65.5

3.91 dd (12.0, 2.5) 4.48 dd (12.0, 2.5)
Feruloyl 1@ 128.2 127.6
2@ 7.83 d (2.0) 115.17 7.82 d (2.0) 114.84
3@ 147.93 147.93
4@ 149.89 149.3
5@ 6.82 d (8.5) 116.65 6.81 d (8.5) 115.26
6@ 7.16 dd (8.5, 2.0) 127.1 7.16 dd (8.5, 2.0) 126.6
7@ 6.92 d (13.0) 146.29 6.91 d (13.0) 145.5
8@ 5.90 d (13.0) 115.9 5.89 d (13.0) 115.29
9@ 168.4 167.7
OCH3 3.89 s 56.68 3.88 s 56.1
Feruloyl 1@’ 128.1 127.5
2@’ 7.83 d (2.0) 115.16 7.81 d (2.0) 114.81
3@’ 147.91 147.91
4@’ 149.81 149.2
5@’ 6.78 d (8.5) 116.63 6.78 d (8.5) 115.24
6@’ 7.13 dd (8.5, 2.0) 127.0 7.11 dd (8.5, 2.0) 126.5
7@’ 6.89 d (13.0) 146.26 6.86 d (13.0) 145.4
8@’ 5.83 d (13.0) 115.8 5.82 d (13.0) 115.6
9@’ 168.3 167.4
OCH3 3.87 s 56.64 3.86 s 56.0
OAc-6’ 172.5

2.10 s 20.5

Note: NMR data were obtained at 500 MHz for 1H and at 125 MHz for 13C.

Fig. 2. Key HMBC (?) correlations of 1.
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thors (K.R.L.). A voucher specimen (SKKU-2008–6) of the
plant was deposited in the herbarium of the School of Phar-
macy, Sungkyunkwan University, Suwon, Korea.

Extraction and isolation
The dried aerial parts of B. manshuriensis (2.9 kg) were

extracted three times at room temperature with 80% MeOH
over a period of 3 days and evaporated under reduced pres-
sure to give a crude extract (219 g). The crude extract was
dissolved in distilled water (800 mL) and successively ex-
tracted with n-hexane, CH2Cl2, EtOAc, and n-BuOH to pro-
vide n-hexane (10 g), CH2Cl2 (2 g), EtOAc (9 g), and
n-BuOH extracts (32 g). The EtOAc-soluble extract (9 g)
was subjected to normal-phase column chromatography
(CC) over silica gel using CHCl3/MeOH of increasing polar-
ity (7:1 to 1:1) to give six fractions (E1–E6). Fraction E2
(1.1 g) was subjected to reversed-phase column chromatog-
raphy over an RP-C18 silica gel using MeOH/H2O (3:2) to
provide five subfractions (E21–E25). Subfraction E21
(220 mg) was chromatographed on LiChroprep Lobar1-A
RP-18 using MeOH/H2O (1:1) to give four subfractions
(E211–E214). Subfraction E213 (45 mg) was separated on
Sephadex LH-20 column using 100% MeOH to yield bis-
toroside A (1, 8 mg) and helonioside A (3, 5 mg). Subfrac-
tion E22 (130 mg) was subjected to LiChroprep Lobar1-A
RP-18 column using MeOH/H2O (7:3) to afford three sub-
fractions (E221–E223). Subfraction E223 (52 mg) was sepa-
rated by preparative normal-phase HPLC using a solvent
system of CHCl3/MeOH (6:1) over 30 min at a flow rate of
2.0 mL/min to obtain bistoroside B (2, 26 mg) and helonio-
side B (4, 5 mg). Subfraction E23 (150 mg) was separated
over LiChroprep Lobar1-A RP-18 column using MeOH/H2O
(1:1) to afford smilaside L (5, 8 mg).

Bistoroside A (1)
Yellowish gum. ½a�25

D – 6.5 (c 0.25, MeOH). UV lmax
(MeOH) nm: 326, 299 (sh), 235, 217. IR (KBr) nmax: 3354,
2945, 2833, 1699, 1453, 1597, 1278, 1030 cm–1. 1H
(500 MHz) and 13C (125 MHz) NMR data: see Table 1.
HR-FAB-MS m/z: 695.2180 [M + H]+ (calcd. for C32H39O17:
695.2187).

Bistoroside B (2)
Yellowish gum. ½a�25

D – 4.7 (c 0.65, MeOH). UV lmax
(MeOH) nm: 327, 299 (sh), 235, 218. IR (KBr) nmax: 3357,
2945, 2833, 1701, 1598, 1518, 1453, 1278, 1121, 1029 cm–1.
1H (500 MHz) and 13C (125 MHz) NMR data: see Table 1.
HR-FAB-MS m/z: 737.2298 [M + H]+ (calcd. for C34H41O18:
737.2293).

Alkaline hydrolysis of 1 and 2
Compounds (1: 2.5 mg and 2: 6.0 mg) were hydrolyzed

with 3% KOH/MeOH (3 mL) at room temperature for
15 min. The reaction mixture was neutralized with 2N HCl
(monitored with indicator paper) and filtered. The filtrate was
concentrated under reduced pressure to give a residue that
was chromatographed over Sephadex LH-20 (100% MeOH)
and preparative normal-phase HPLC (CHCl3/MeOH/H2O,
9:7:1.5) to afford methyl (Z)-ferulate13 (0.3 mg from 1;
1.2 mg from 2) and sucrose (0.8 mg from 1; 2.7 mg from
2). The sucrose was identified by comparison of its optical

rotation value, ½a�25
D + 26.6 (c 0.15, MeOH) with that of an

authentic sample14 and by co-TLC comparison with an au-
thentic sample (CHCl3/MeOH/H2O, 9:7:1.5; Rf = 0.31). The
sucrose was detected by co-injection of an authentic sample
on preparative normal-phase HPLC using a solvent system
of CHCl3/MeOH/H2O (9:7:1.5) at a flow rate of 2.0 mL/min
in the same manner above, giving a single peak at 11.03 min.

Acetylation of 1 and 2
To each compound (1: 3.0 mg; 2: 3.0 mg) mixed with

pyridine (1 mL), acetic anhydride (1 mL) was added. Each
solution was stirred at room temperature for 24 h. Each re-
action solution was extracted with CHCl3 three times to give
each octaacetate, which was purified by a silica gel Waters
Sep-Pak1 Vac 6cc (hexane/EtOAc, 5:1). Octaacetate of 1
(1a): colorless gum. FAB-MS m/z: 1031 [M + H]+. 1H
NMR (CDCl3, 500 MHz) d: 7.93, 7.91 (1H each, d, J =
2.0 Hz, H-2@, H-2@’), 7.34–7.10 (4H, m, H-5@, H-5@’, H-6@,
H-6@’), 7.02, 6.97 (1H each, d, J = 13.0 Hz, H-7@, H-7@’),
5.95, 5.88 (1H each, d, J = 13.0 Hz, H-8@, H-8@’), 5.71 (1H,
d, J = 3.5 Hz, H-1’), 5.63 (1H, d, J = 6.0 Hz, H-3), 5.55
(1H, t, J = 6.0 Hz, H-4), 5.45 (1H, t, J = 9.5 Hz, H-3’),
5.01 (1H, t, J = 9.5 Hz, H-4’), 4.90 (1H, dd, J = 9.5,
3.5 Hz, H-2’), 4.40, 4.17 (1H each, d, J = 12.0 Hz, H2-1),
4.55–4.15 (6H, m, H-5, H2-6, H-5’, H2-6’), 3.91, 3.88 (3H
each, s, OCH3), 2.30, 2.28 (3H each, s, OAc � 2), 2.13, 2.12,
2.10, 2.05, 1.97, 1.81 (3H each, s, OAc � 6). Octaacetate of 2
(2a) was identical to 1a in terms of 1H NMR and TLC.
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Interactions of cytidine with N2-functionalized
guanosines and cytidine–– cytidine exchange
involving a GC pair —— NMR and fluorescence
spectroscopic study

Sanela Martic, Gang Wu, and Suning Wang

Abstract: Two N2-functionalized guanosines by diphenylaminobiphenyl and di(2-pyridyl)aminobiphenyl have been found to act
as the effective probes for G–C interactions in organic media. Because of the highly emissive nature of the N2-functionalized
guanosines in the visible region, the GC base pair formation event accompanied by distinct fluorescence quenching can be
readily monitored by fluorescence spectroscopy. NMR and fluorescence results confirm that the N2-arylguanosines form
H-bonded pairs with cytidine, selectively. An unusual exchange pathway between non-bound cytidine and bound cytidine,
in the GC pair, has been identified and extensively studied by NMR methods.

Key words: N2-guanosine, GC pair and cytidine exchange, fluorescence, NMR, hydrogen bonding.

Résumé : On a trouvé que deux guanosines fonctionnalisées en N2 par des groupes diphénylaminobiphényle et di(2-pyri-
dyl)aminophényle peuvent agir comme sondes efficaces pour les interactions G–C dans des milieux organiques. En raison
du grand pouvoir émetteur des guanosines fonctionnalisées en N2 dans la région visible, il est très facile par le biais de la
spectroscopie de fluorescence de détecter la fluorescence distincte de piégeage qui accompagne la formation d’une paire
de base GC. Les résultats de la RMN et de la fluorescence confirment que les N2-arylguanosines forment sélectivement
des paires avec la cytidine, par le biais de liaisons hydrogènes. Faisant appel à des études par RMN, on a identifié et étu-
dié une voie d’échange inhabituelle entre la cytidine non liée et la cytidine liée, dans la paire GC.

Mots-clés : N2-guanosine, paire GC, échange de cytidine, fluorescence, RMN, liaison hydrogène.

[Traduit par la Rédaction]

Introduction
Among the nucleobases, guanine displays the most versatile

H-bonding patterns, including Hoogsteen or Watson–Crick
interactions, or combination thereof, and is thus a valuable
building block in supramolecular chemistry.1 In addition,
the hydrogen-bonding motifs of guanine, such as G-quartets,
are also known to have important and unique biological
functions.2 Hence, developing new functionalized guano-
sines to facilitate the study of various H-bonding patterns
and self-assembled structures involving guanine has been a
very active research area. We have shown recently that the
attachment of an aryl group, such as a non-emissive n-butyl-
phenyl group, at the N2 site of the guanosine does not dis-
rupt the formation of G-quartet and G-octamer via H-bonds
in the presence of alkaline or alkaline-earth metal ions.3
Building on this knowledge, we have reported recently a
class of new luminescent hydrophilic N2-arylguanosines in-
cluding G1 and G2 shown in Chart 1.4 Because of the
highly emissive nature of the N2-functionalized guanosines
and their strong absorptions in the visible spectra, we have
shown that they can be used effectively in studying interac-
tions of guanosines with metal ions such as Zn(II) via a

combination of fluorescence, CD, and NMR spectroscopic
methods.4 In addition, the complementary base for guanine
in Watson–Crick interactions is cytosine; hence, various
functionalized guanosines or cytidines have been used previ-
ously to study the formation of the GC base pair and the
charge-transfer phenomenon via the GC pair between fluo-
rescent donor and acceptor.5 To our best knowledge, how-
ever, there have been no reports on GC base pairs involving
fluorescent N2-functionalized guanosines.6 To examine the
impact of N2-functionalization of guanosine on GC pair for-
mation, we investigated the interactions of the native cyti-
dine with G1 and G2 by both NMR and fluorescent
spectroscopic methods. However, because G1 and G2 have
poor solubilities in organic solvents and are sparingly solu-
ble in water or the mixture of water and alcohols, which
also compete for H bonds with guanosine and cytidine lead-
ing to complex H-bond patterns, no meaningful data could
be obtained. To overcome this problem, we converted G1
and G2 to lipophilic guanosines by protecting OH moieties
with acetyl groups, which greatly improved their solubility.
The resulting G1A and G2A guanosines display selective
H-bonding with cytidine in solvents such as CH2Cl2 that
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can be monitored by both NMR and fluorescent spectra. The
key results are reported herein.

Experimental section

All reagents were purchased from Aldrich Chemical Co.
and used without further purification unless stated otherwise.
Acetic anhydride, triethylamine, and acetonitrile were
freshly distilled under N2 prior to acetylation reactions.
Low-resolution and high-resolution mass spectrometry ex-
periments were performed using the electrospray ionization
mode on QSTAR XL MS/MS Systems using Analyst QS
Method. Excitation and emission spectra were recorded on
a Photon Technologies International QuantaMaster Model
C-60 spectrometer. Molecular orbital and molecular geome-
try calculations were performed using Gaussian 03 program
suite. Calculations were carried out at the B3LYP level of
theory using 6–31G** as the basis set for all atoms.

Fluorescence experiments
Excitation and emission spectra were recorded on a Pho-

ton Technologies International QuantaMaster Model C-60
spectrometer. To the prepared solutions of G1A (2.5 �
10–5 mol/L) and G2A (2.5 � 10–5 mol/L) in CH2Cl2, the
solution of 4-C (6.0 � 10–3 mol/L) was added in 5 mL ali-
quots.

NMR experiments
All 1D and 2D NMR experiments were recorded on

Bruker Avance 400 MHz or 600 MHz spectrometer at 298
K, unless otherwise specified. 1H NMR titrations were per-
formed using the solutions of G1A (6.8 � 10–4 mol/L) or
G2A (1.6 � 10–2 mol/L) in CD2Cl2 with the solution of 4-C
in CD2Cl2 being added in 10 mL aliquots. DOSY NMR ex-
periments were carried out with Bruker Avance-600 MHz
spectrometer using the pulse sequence of longitudinal eddy
current delay (LED) with bipolar-gradient pulses. The diffu-
sion period was varied from 50 to 90 ms. Calibration of the
field gradient strength was achieved by measuring the value
of translational diffusion coefficient (Dt) for the residual 1H
signal in D2O, Dt = 1.91 � 10–9 m2/s. All NOESY spectra at
298 K were acquired using a mixing time of 0.3 or 0.4 s and
the 10 s recycling delay. Phase-sensitive NOESY experi-
ment at 195 K was performed using a mixing time of 0.1 s
and a 2 s recycling delay. Phase-sensitive ROESY NMR
spectra were recorded on 400 MHz spectrometer at 195 K

using a variable mixing times of 0.08, 0.1, and 0.3 s and
the 3 s relaxation delay.

Synthesis of 2’,3’,5’-O-triacetyl-N2-(p-4,4’-
biphenyldiphenylamino)guanosine (G1A)

To a suspension of N2-(p-4,4’-biphenyldiphenylamino)-
guanosine, G1, (0.34 g, 0.57 mmol) and dimethylaminopyri-
dine (0.005 g, 0.04 mmol) in dry acetonitrile (10 mL),
freshly distilled triethylamine (0.30 mL, 2.21 mmol) was
added. After stirring for 5 min, freshly distilled acetic anhy-
dride (0.19 mL, 2.00 mmol) was added dropwise over
5 min, and the mixture was stirred for 2 h at room temper-
ature. The reaction mixture was quenched with methanol
(5 mL), and the organic solvents were removed to dryness.
The residue was treated using the chromatographic column
on CH2Cl2 and CH2Cl2/MeOH (95:5, v/v) as the eluents to
give G1A as the white solid. Yield: 0.17 g (43%). Mp >
300 8C. UV absorption lmax (CH2Cl2), nm (3 dm3mol–1cm–1):
236 (24 040) and 343 (36 272). Fluorescence (CH2Cl2): lex =
362 nm and lem = 410 nm. 1H NMR (400 MHz, DMSO-d6,
298 K) d (ppm): 10.82 (1H, br s, N1H), 8.96 (1H, br s,
N2H), 8.00 (1H, s), 7.61–7.58 (6H, m, J = 5.8, 8.6 Hz, Ph),
7.32 (4H, t, J = 7.9 Hz, Ph), 7.05 (8H, m, J = 7.8, 8.5 Hz,
Ph), 6.02 (1H, d, J = 5.0 Hz, 1’-H), 6.00 (1H, t, J = 5.8 Hz,
2’-H), 5.37 (1H, t, J = 5.7 Hz, 3’-H), 4.28 (1H, dd, J = 4.4,
5.3 Hz, 4’-H), 4.20 (1H, m, J = 4.1, 12.1 Hz, 5’-H), 4.13
(1H, m, J = 4.1, 12.4 Hz, 5’-H), 2.07 (3H, s, CH3), 2.05
(3H, s, CH3), 1.84 (3H, s, CH3). 13C NMR (500 MHz,
MeOD) d (ppm): 171.2, 170.1, 169.9, 148.1, 138.1, 134.3,
129.6 (6C), 127.6 (2C), 127.1 (2C), 124.6 (6C), 124.1 (2C),
123.3 (2C), 122.3 (2C), 121.1, 115.6, 96.8 (2C), 87.5 (C1’),
80.1 (C4’), 72.6 (C2’), 70.9 (C3’), 63.1 (C5’), 19.6 (CH3), 19.5
(CH3), 19.4 (CH3). ESI-MS+ m/z: 729.2465 [M + H]+.
HRMS-EI+ m/z calcd. for C40H36N6O8: 728.2594, found:
728.2538.

Synthesis of 2’,3’,5’-O-triacetyl-N2-(p-4,4’-
biphenyldipyridylamino)guanosine (G2A)

G2A was obtained using the same procedure as for G1A
with G2 as the starting material. Yield: 0.08 g (40%).
Mp 241–250 8C. UV absorption lmax (CH2Cl2), nm (3
dm3mol–1cm–1): 235 (24 003) and 319 (50 240). Fluores-
cence (CH2Cl2): lex = 344 nm and lem = 386 nm. 1H NMR
(400 MHz, DMSO-d6, 298 K) d (ppm): 10.83 (1H, br s,
N1H), 8.97 (1H, br s, N2H), 8.25 (2H, d, J = 3.7 Hz, Py),
8.02 (1H, s, 8-H), 7.72–7.65 (8H, m, J = 7.8, 8.4 Hz, Ph),
7.16 (2H, d, J = 8.4 Hz, Ph), 7.04 (2H, d, J = 5.3 Hz, Py),
6.99 (2H, d, J = 8.8 Hz, Py), 6.08 (1H, d, J = 5.3 Hz, 1’-H),
6.01 (1H, t, J = 5.8 Hz, 2’-H), 5.39 (1H, t, J = 5.7 Hz, 3’-H),
4.28 (1H, m, J = 4.3, 9.6 Hz, 4’-H), 4.22 (1H, m, J = 3.9,
12.4 Hz, 5’-H), 4.19 (1H, m, J = 3.9, 12.3 Hz, 5’-H), 2.09
(3H, s, CH3), 2.06 (3H, s, CH3), 1.85 (3H, s, CH3). 13C
NMR (500 MHz, MeOD) d (ppm): 170.9, 170.2, 170.1,
158.2, 150.4, 147.9 (3C), 144.1, 138.8 (3C), 138.4, 138.1,
137.6, 136.4, 127.9 (3C), 127.3 (2C), 127.2 (3C), 122.5
(2C), 119.0 (2C), 117.9 (2C), 87.6 (C1’), 80.0 (C4’), 72.5
(C2’), 70.8 (C3’), 62.8 (C5’), 19.3 (CH3), 19.2 (CH3), 19.1
(CH3). ESI-MS+ m/z: 731.8851 [M + H]+. HRMS-ESI+ m/z
calcd. for C38H34N8O8 + H: 731.2572, found: 731.2578.

Chart 1.
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Synthesis of 2’,3’,5’-O,N2-tetraacetyl-N2-(p-4,4’-
biphenyldipyridylamino)guanosine (G2B)

G2B was isolated as a side product from the same reac-
tion for G2A. Yield: 0.03 g (18%). Mp 156–164 8C. 1H
NMR (400 MHz, CD3CN, 298 K) d (ppm): 12.98 (broad,
N1H, 1H), 8.24 (d, J = 4.5 Hz, 2H), 7.82 (d, J = 8.4 Hz,
2H), 7.73 (s, 1H, H8), 7.72 (d, J = 6.5 Hz, 2H), 7.65 (dt, J =
1.8, 9.1 Hz, 2H), 7.48 (d, J = 8.4 Hz, 2H), 7.21 (d, J =
8.5 Hz, 2H), 7.02 (m, 4H), 5.75 (d, J = 4.6 Hz, 1H, H1’),
5.57 (t, J = 4.9 Hz, 1H, H2’), 4.41 (t, J = 6.0 Hz, 1H, H3’),
4.05 (m, J = 5.1, 11.5 Hz, 1H, H4’), 3.71 (m, 2H, H5’, H5@),
2.03 (s, CH3, 3H), 1.94 (s, CH3, 3H), 1.88 (s, CH3, 3H), 1.86
(s, CH3, 3H). 13C NMR (400 MHz, CD3CN, 298 K) d

(ppm): 175.7, 170.2, 169.4, 169.3, 158.1 (2C), 155.3, 150.5,
148.3, 147.5 (2C), 145.4, 140.7, 139.4, 138.0 (2C), 137.7
(2C), 135.9, 129.7 (2C), 128.4 (2C), 127.9 (2C), 127.3
(2C), 121.9, 118.6 (2C), 117.3, 87.9 (C1), 79.4 (C4), 71.9
(C2), 70.7 (C3), 63.8 (C5), 25.8 (CH3), 19.8 (CH3),
19.6 (CH3), 19.5 (CH3). HRMS-ESI+ m/z calcd. for
C40H36N8O9�H+: 773.2678, found: 773.2666.

Results and discussion

NMR measurements

GC base pair formation
The structure of the cytidine (4-C) used in the study and

the GC base pair with labels are shown in Chart 2. 1H NMR
spectra indicated that in the absence of 4-C, G1A and G2A
exist predominantly as monomers in CD2Cl2 at 298 K. The
addition of 4-C to the solution of G1A or G2A in CD2Cl2
results in upfield shifts of the imino and amino resonances
of the guanine and cytosine units, indicative of H-bonding.
As shown in Fig. 1, upon [G1A]:[4-C] base pair formation,
a slight change was observed for the phenyl protons (Ho) di-
rectly attached to the N2-site of guanine, while the H8 signal
of the guanine ring remains virtually unchanged. The most
significant change is observed for the H6 and H5 resonances
of 4-C, which shift ~ 0.1–0.3 ppm upfield. Upon cooling to
228 K, the [G1A]:[4-C] dimer can be clearly identified
through the sharp peaks at ~ 13.1, 12.2, and 10.7 ppm that
can be assigned to the N1H (G1A), N4H (4-C), and N2H
(G1A), respectively, as presented in Fig. 2. At 228 K, the
NOE cross peaks are of the same phase as the diagonal
peaks. The key NOE cross peaks between the N1H (G1A)
with N4H (4-C) in the GC base pair were observed in the
NOESY NMR spectrum, confirming the GC pair formation.
The GC pair formation was further supported by ESI-MS
data, with a peak at m/z 1140 identified as [G1A:4-C + H]+

(see Fig. S1 in the Supplementary data). Similar NMR and
ESI-MS data were also obtained for the [G2A]:[4-C] base
pair (see Figs. S2–S4 in the Supplementary data). The rela-
tive ribose stereogeometry of the GC base pair was assigned
by NOESY NMR and was found to be syn for both N2-
arylguanosines, owing to the strong NOE cross peak between
its H1 and H8, and anti for 4-C, judging from the strong
NOE between its H2 and H6 protons.7 An association con-
stant could not be determined by NMR dilution method be-
cause of the strong GC association. As a control study, we
also examined the interaction of 2’,3’,5’-O,N2-tetraacetyl-N2-
(p-4,4’-biphenyldipyridylamino)guanosine (G2B) with 4-C,

where the H-donor site of the N2 group is blocked by an
acetyl group. Not surprisingly, G2B did not form a GC
dimer as confirmed by NMR (see Fig. S5 in the Supplemen-
tary data for NMR). Thus, the NMR data established un-
equivocally that the N2-functionalization by an aryl group
does not impede the ability of the guanosine to form a H-
bonded base pair with cytidine.

Dynamic exchange of non-bound and bound 4-C in the
GC pair

Although the GC base pair formation has been exten-
sively investigated, little is known about the interaction and
the exchange mechanism of a GC pair with non-bound G or
C. A previous NMR study on the interaction of a GC pair
with free guanosine has identified a GCG trimer.8 However,
the exact nature of the interactions between the GC pair and
free cytidine remains unclear. The GC pair formed by G1A
and G2A with 4-C provided us an opportunity to study such
interactions by NMR methods. As shown in Fig. 3, the addi-
tion of more than 1 equiv. of 4-C to the solution of G1A
results in the sharpening of the N1H and N2H (G1A) reso-
nances along with a slight downfield shift. Surprisingly, the
N4H (4-C) proton is shifted upfield (~3 ppm) and broad-
ened, indicating a dynamic process. The overall chemical
shift positions and the sharpness of the exchangeable G1A
protons indicate the complex formation by H-bonds. At
[G1A]:[4-C] ’ 1:4 ratio, the chemical shifts of the G1A
protons are similar to those of [G1A]:[4-C] = 1:1, while the
chemical shifts of 4-C exhibit significant changes. These
findings support that in the presence of excess amount of 4-C,
G1A remains involved in the H-bonding in the GC pair
while cytidine undergoes some dynamic exchange. Similar
trends were also observed for G2A when treated with exces-
sive 4-C (see Fig. S6 in the Supplementary data). DOSY
NMR study on [G2A]:[4-C] and [G2A]:[4-C]2 shows that
the diffusion coefficients Dt of these two species are similar
(see Fig. S7 in the Supplementary data), thus supporting that
the stable GCC trimer species is unlikely, but it may be in-
volved in a dynamic process.

Variable temperature NMR experiments were performed
for [G1A]:[4-C]4 to further probe the chemical-exchange
process. As shown in Fig. 4, at temperatures below 208 K,
one type of G1A and two types of 4-C peaks (denoted as 4-C
and 4-C*) were observed. The sharp peaks between 10.5
and 13.4 ppm are assigned to N2H (G1A), N1H (G1A), and
N4H (4-C) of the GC pair. The broad resonance at 10.2 ppm
can be assigned to a N4H* of the non-bound 4-C*. Since the
N4H* proton remains broad and below 12 ppm, we can con-
clude that it does not belong to the typical [4-C]2 dimer.
Further lowering of the temperature to <188 K results in the

Chart 2.
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splitting of all non-exchangeable protons into 4-C and 4-C*
as well.

To gain structural information about the dynamics of this
system and to establish the connectivity between the GC
pair and the non-bound 4-C*, COSY, NOESY, and ROESY
NMR experiments were performed on the mixture of
[G1A]:[4-C]2 and [G2A]:[4-C]2. The spectroscopic data for
G2A are presented here because of the higher resolution and
spectral quality compared with those for G1A. Complete
spectral assignment for G2A and 4-C resonances in
[G2A]:[4-C]2 was established using COSY. NOESY NMR
was performed at 195 K, allowing the identification of
closely related protons. Figure 5 shows the strong NOE sig-
nature cross peaks for [G2A]:[4-C]2 between N1H (G2A)/
N4H (4-C) protons indicative of Watson–Crick H-bonding.
It is also worth noting that the NOE cross peaks observed

between N1H (G2A), N4H (4-C), and N4H* (4-C*) with
N4Ac (4-C) and N4Ac* (4-C*) indicate that these protons
are in close proximity to each other (see Fig. S8 in the Sup-
plementary data). In the presence of excessive cytidine, all
the cross peaks in the NOESY spectrum are of the same
phase as the diagonal peaks.

To confirm NOE correlations and to distinguish them
from chemical-exchange cross peaks, a 2D ROESY NMR
spectrum was recorded at 195 K (Fig. 6), which reveals
clear NOE cross peaks between the bound 4-C and non-
bound 4-C* (e.g., N4H (4-C)/N4Ac* (4-C*) and N4H* (4-
C*)/N4Ac (4-C)). In addition, the ribose protons associated
with 4-C in the [G2A]:[4-C] base pair are found to be in
close proximity to H6* (4-C*) proton and vice versa. Fur-
thermore, the H6 proton (4-C) exhibits a NOE cross peak with
the H5* (4-C*) proton. In addition, the chemical-exchange

Fig. 1. Partial 1H NMR spectra of (A) 4-C, (B) G1A, and (C) [G1A]:[4-C] (CD2Cl2, 298 K).

Fig. 2. Partial NOESY NMR spectrum of [G1A]:[4-C] (CD2Cl2, 228 K).
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Fig. 3. 1H NMR spectral change of G1A with the addition of 4-C (CD2Cl2, 298 K, [G1A] = 6.8 � 10–4 mol/L).

Fig. 4. Partial variable temperature NMR spectra of [G1A]:[4-C] = 1:4, (CD2Cl2, [G1A] = 6.8 � 10–4 mol/L).

Fig. 5. Partial NOESY NMR spectrum of [G2A]:[4-C]2 (CD2Cl2, 195 K).
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interaction was observed between the proton pairs of H6 (4-C)/
H6* (4-C*) and H5 (4-C)/H5* (4-C*). The key protons that
are involved in GC base pair formation all undergo chemical
exchange with each other, which makes the complete as-
signment of the final structure difficult. However, on the ba-
sis of the relative chemical shifts of non-exchangeable
protons and the specific NOE interactions shown in Fig. 6,
it can be concluded that there are two types of cytidines,

non-bound 4-C* and bound 4-C with G2A, which undergo
chemical exchange with each other, leading to the averaging
of the 4-C signals at above 208 K. These findings are con-
sistent with the presence of p–p stacking interactions be-
tween 4-C in the [G2A]:[4-C] pair and non-bound 4-C*.
Since G2A does not exhibit NOE with H6* (4-C*) and H5*
(4-C*) protons the possibilities of p–p interactions between
G2A in the [G2A]:[4-C] pair and 4-C* can be ruled out.

Fig. 6. Partial ROESY NMR spectra of [G2A]:[4-C]2 (CD2Cl2, 195 K, red: NOE cross peaks, black: chemical-exchange cross peaks).
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Using the variable temperature NMR data, the exchange rate
kc and the activation free energy DG{ for the exchange pro-
cess were estimated to be 88 s–1 and 43 kJ mol–1, respec-
tively, at 208 K.

Fluorescence measurement
In contrast to the non-functionalized guanosines, which

are weakly emissive in the UV region, G1A and G2A are
highly emissive in the visible region, thus making it possible
to monitor the G–C interactions by fluorescence spectro-
scopy as well. As shown in Fig. 7, the addition of 4-C to
the solution of G1A or G2A in CH2Cl2 results in quenching
of the fluorescence emission of the N2-arylguanosines. The
Stern–Volmer plots support the formation of a stable 1:1
species with 4-C (Fig. 6, inset), which is most likely respon-
sible for the quenching of the guanosine emission. The bind-
ing constants for the GC pairs were determined to be 5 �
105 M–1 and 2 � 106 M–1 for G1A and G2A, respectively
(see Fig. S9 in the Supplementary data).9 These binding
constants are in agreement with those reported in the litera-
ture for other GC pairs.10

As a control study, the fluorescence titration of G2B with
4-C was also carried out (see Fig. S10 in the Supplementary

data), which, not surprisingly, does not show any fluorescent
quenching, thus further supporting the role of selective H-
bonding between G2A and 4-C in the fluorescence quench-
ing. The selectivity of the fluorescence response of G1A and
G2A toward cytidine was further confirmed by the competi-
tion experiments of 2’,3’,5’-O-triacetyladenosine (A) and
3’,5’-O-diacetylthymidine (T) with 4-C for binding with
G1A and G2A. As shown in Fig. 8, both A and T have no
impact at all on the fluorescent spectrum of G1A. Similar
results were also obtained for G2A (see Fig. S11 in the Sup-
plementary data).

Molecular orbital calculations
Our previous TD-DFT calculations have established that

the lowest electronic transitions and the fluorescence of
G1A and G2A are p–p* transitions centered on guanine
and the biphenyl-NAr2 group.4 To understand the origin of
the fluorescence quenching upon GC pair formation, DFT
calculations were performed for the [G1A]:[4-C] pair. The
ground-state structure of the [G1A]:[4-C] pair was fully op-
timized at a B3-LYP/6–31G** level of theory and is pre-
sented in Fig. 9 along with the diagrams of the HOMO and
LUMO levels.11 The HOMO level of [G1A]:[4-C] consists

Fig. 7. Fluorescence titrations of (A) G1A and (B) G2A with 4-C (CH2Cl2, 2.5 � 10–5 mol/L, lex = 362 nm (G1A) and 344 nm (G2A).
Inset: Stern–Volmer plots at lmax.

Fig. 8. Fluorescence spectra of G1A in the presence of A (left) or T (right) nucleosides with or without 4-C (CH2Cl2).
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of p orbitals of the biphenyl-NPh2 group while the LUMO
level is made of entirely the p* orbitals of the cytosine
ring. Hence, in contrast to G1A, where the lowest electronic
transition is from a p–p* transition localized on the same
part of the molecule, the lowest electronic transition of
[G1A]:[4-C] is a charge transfer from the N2 substituent to
the cytosine ring. The low lying LUMO of the cytosine in
the GC pair is therefore clearly responsible for quenching
the emission of G1A. The guanine ring has no contributions
to either the HOMO or the LUMO level of the GC pair, and
probably acts as a bridge to facilitate H-bonds and electronic
transitions between the N2 substituent and the cytosine ring.
Many examples of fluorescence quenching via intramolecu-
lar charge transfer in donor–acceptor types of GC base pair
facilitated by H-bonding are known in the literature.12 Our
compounds are however the first example showing charge-
transfer fluorescence quenching via the GC pair involving
N2-functionalized guanosines.

In summary, the aryl group at the N2 site of guanosines
G1A and G2A does not impede the selective formation of
the H-bonding pair with cytidine. In fact, it facilitates the
study of the G–C interactions via fluorescence spectroscopy
owing to its highly fluorescent nature and the high sensitiv-
ity of the fluorescence spectrum toward G–C pair formation.
An unusual exchange pathway between bound and free cyti-

dine molecules and a potential p-stacked intermediate have
been identified by NMR data.

Supplementary data
Supplementary data for this article are available on the

journal Web site (canjchem.nrc.ca).
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Determination of diltiazem based on the reduction
of Cu(II)–BCA complexes in micellar medium

Larissa Zuppardo Lacerda Sabino, Daniele Cestari Marino, and
Horacio Dorigan Moya

Abstract: A simple method was developed for determining microquantities of diltiazem, based on the reduction of cop-
per(II) in buffered solution (pH 7.0) and the use of a micellar medium containing 4,4’-dicarboxy-2,2’-biquinoline acid. The
copper(I) produced reacts with 4,4’-dicarboxy-2,2’-biquinoline acid and the complexes formed are spectrophotometrically
measured at 558 nm. A typical calibration graph shows good linearity (r = 0.993) from 20 to 100 mg mL–1 of diltiazem.
The limit of detection and relative standard deviation were calculated as 12 mg mL–1 (99% confidence level) and 3.5%
(40 mg mL–1; n = 6), respectively, with a mean recovery value of 96.5% found in pharmaceutical dosages. A straightfor-
ward and effective way to recycle the reagents is addressed. The hazardous aspects of the Cu(I)–BCA reaction are pre-
sented as well.

Key words: diltiazem, Cu(I), 4,4’-dicarboxy-2,2’-biquinoline acid (bicinchoninic acid), spectrophotometry.

Résumé : On a développé une méthode simple pour déterminer des microquantités de diltiazem basée sur la réduction du
cuivre(II), dans une solution tamponnée (pH de 7,0) et un milieu micellaire contenant de la 4,4’dicarboxy-2,2’-biquinoléine.
Le cuivre(I) qui est produit réagit avec l’acide 4,4’-dicarboxy-2,2’-biquinoléine et les complexes qui se forment peuvent
être mesurés d’une façon spectrophotométrique à 558 nm. Un graphique de calibration typique présente une bonne linéarité
(r = 0 093) pour des concentrations allant de 20 à 100 mg mL–1 de diltiazem. On a calculé que la limite de détection et la
déviation standard relative sont respectivement égales à 12 mg mL–1 (niveau de confiance de 99 %) et de 3,5 % (40 mg
mL–1; n = 6) avec une valeur moyenne de récupération de 96,5 % des dosages présents dans des formulations pharmaceu-
tiques. On présente les risques associés à l’utilisation de la réaction Cu(I)/ABC ainsi qu’une méthode simple et efficace de
recycler les réactifs utilisés.

Mots-clés : diltiazem, Cu(I), acide 4,4’-dicarboxy-2,2’-quinoléine (acide bicinchoninique, ABC), spectrophotométrie.

[Traduit par la Rédaction]

Introduction

Only a few ligands, including neocuproine and bathocu-
proine, are able to stabilize Cu(I) in aqueous solution; this
stabilization results from the formation of the respective
Cu(I) charge-transfer transition complexes.1 However, be-
cause of the low solubility of these compounds in water,
the aqueous solution is not used on a wide scale in the anal-
ysis of drugs; instead, the Cu(I)–neocuproine complexes in
ethanolic medium are used for the determination of ascorbic
acid,2 a-tocopherol,3 ceftazidime,4 and isoniazid5 in pharma-
ceutical preparations. The Cu(I)–bathocuproine complexes
were recently used to quantify some dibenzazepine drugs.6

The 4,4’-dicarboxy-2,2’-biquinoline acid (bicinchoninic
acid), or BCA, is a weak organic acid (pKa1 = 1.87; pKa2 =
2.85) derived from quinoline (Fig. 1a), which acts as a spe-
cific chelating agent for Cu(I) in aqueous solution forming
violet soluble complexes showing absorption maxima at 357
(3 = 4.2 � 104 L mol–1 cm–1) and 558 nm (3 = 7.7 � 103 L
mol–1 cm–1).7 It was initially used to determine copper in

different samples, such as alloys,8 minerals,9 and blood.10

The determination was based on the reduction of Cu(II) us-
ing hydroxylamine hydrochloride as the reducing agent. It
has also been used to quantify the total level of protein,11

reducing sugars,12 and uric13 and ascorbic14 acids. In our
previous work,15 it was shown that polyphenols reduced
Cu(II) to Cu(I) in a buffered ammonium acetate solution
(pH 7.0) containing BCA. This work also presented an alter-
native analytical method for determining tannins in wines
and teas by flow injection analysis, with a limit of detection
of 10 nmol L–1 (99.7% confidence level) and a linear range
from 0.5 to 5 mmol L–1 of tannic acid.

The British Pharmacopeia16 recommends a non-aqueous
titration technique for determining the drug 3-acetyloxy-5-
(2-(dimethylamino)ethyl)-2,3-dihydro-2-(4-methoxyphenyl)-
1,5-benzo thiazepin-4(5H)one (Fig. 1b), known as diltiazem,
which is one of the pharmaceutical compounds most widely
used as Ca2+-blocking drugs. However, as this method is
based on acid–base properties, other weak acids or bases
(e.g., stearate or acetate) present in the samples may inter-
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fere. Moreover, this procedure presents some disadvantages,
such as higher reagent consumption and large amounts of
waste.

Table 1 shows a selection of some suggested alternative
methods for diltiazem quantification including voltametric,17

potentiometric,18,19 chromatographic,20–24 and spectrophoto-
metric techniques.25–33 Despite the good analytical parame-
ters obtained in the voltametric and chromatographic
methods, they demanded more expensive pieces of equip-
ment, which are not always available in quality control lab-
oratories. Potentiometric techniques could be more useful
for this purpose but they use either organic solvents16 or se-
lective electrodes, which must be previously assembled.18,19

In contrast, chromatographic techniques have been preferen-
tially used for diltiazem determination in biological samples
such as human plasma20,22,24 or urine.24

It can be also seen from Table 1 that most of the methods
presented are based on spectrophotometric analysis, prob-
ably because of its simplicity, low cost, and the roughness
of the spectrophotometric technique. However, many of
them use extractive procedures with organic solvents26–28 or
have some analytical steps that take a long time to be com-
pleted.31 Other methods use hazardous reagents demanding
proper disposal.32,33

This study presents a new spectrophotometric method for
the determination of diltiazem, which reduces Cu(II) to
Cu(I) in the presence of BCA forming Cu(I)–BCA com-
plexes at pH 7.0 (maintained with ammonium acetate buffer)
in a micellar medium containing dodecyltrimethylammonium
bromide (Fig. 2). The absorbance measurement at 558 nm,
characteristic of the Cu(I)–BCA complexes,7 is proportional
to the drug concentration. The proposed method is faster

than some spectrophotometric procedures and does not re-
quire any organic solvent. Additionally, it presents advan-
tages when compared to the official method:16 it is a less-
demanding method and it significantly minimizes waste gen-
eration.

Experimental

Apparatus, reagents, and chemicals
The spectrophotometric measurements were made in a

HPUV 8453 spectrophotometer using 1.00 cm glass cuv-
ettes.

All reagents were of AR or CP grade from Merck, Sigma-
Aldrich, or Fluka Chemie A.G. Deionized water was used in
all solutions.

Pharmaceutical grade diltiazem�HCl, C22H26N2O4S�HCl,
was generously supplied as a gift from Farmalab Ind. Quı́-
micas e Farmacêuticas Ltda., São Paulo, Brazil. Stock stand-
ard solution 1.0 � 10–2 mol L–1 was prepared by dissolution
in water just before use. Commercial drugs containing diltia-
zem�HCl with 30 mg per tablet and 90, 120, and 180 mg per
capsule were used as samples.

Copper(II) nitrate, Cu(NO3)2�6H2O, 1.0 mol L–1, stock
solution was prepared from direct dissolution of the salt in
water. A 1.0 � 10–2 mol L–1 working solution was prepared
by suitable dilution in water. Standardization was carried out
by complexometric titration with EDTA.

BCA 3.0 � 10–2 mol L–1 stock solution was prepared by
dissolution of the dissodium salt of 4,4’-dicarboxy-2,2’-bi-
quinoline, Na2C20H10N2O4, in water.

Stock solutions of DTAB (dodecyltrimethylammonium
bromide, CH3(CH2)11N(CH3)3Br), 0.33 mol L–1, and ammo-
nium acetate, CH3CO2NH4, 2.0 mol L–1 were prepared by
dissolution in water.

Sample preparation
Samples were prepared from two forms currently found in

the local pharmaceutical market: tablets and capsules. For
the first form, 30 mg tablets were used. The second one was
prepared from three different alternatives: 180 mg, 120 mg,
and 90 mg capsules.

To compensate for the different drug quantity present in
the different versions of the capsules (180, 120, and 90 mg),
one 180-mg capsule; two 120-mg capsules. or three 90-mg
capsules were used.

Regardless of the sample form, all drug samples were fil-
tered through filter paper into a 25.0 mL volumetric flask
and diluted with deionized water.

Procedures
The calibration graph of the proposed procedure was ob-

tained by preparing six sets of solutions containing 250 mL
Cu(II) 1.0 � 10–2 mol L–1, 2.0 mL ammonium acetate
2.0 mol L–1 (to keep the pH of the solution at 7.0), 250 mL
BCA 3.0 � 10–2 mol L–1, and 120 mL DTAB 0.33 mol L–1

added in the sequence described. Each solution was trans-
ferred into a 5.00 mL volumetric flask. Aliquots with vol-
umes ranging from 25 to 120 mL of diltiazem�HCl stock
standard solution 1.0 � 10–2 mol L–1 were added to the
flasks which were then filled to the mark with deionized
water. The resulting solutions were mixed well and placed

Fig. 1. (a) Structure of 4,4’-dicarboxy-2,2’-biquinoline acid (BCA);
(b) structure of diltiazem.
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Table 1. Analytical parameters of some selected methods for diltiazem determination in pure or dosage forms.

Method LR (mg mL–1) LOD (mg mL–1) Remarks Reference
Voltametry 0.045–0.406 2.7�10–3a Adsorptive stripping was used to determine the drug in phos-

phate buffer (pH 7.0) with an adsorptive cathodic peak ob-
served at –1.72 V vs. Ag–AgCl.

17

Potentiometry 4.51–45100 3.2 Based on a membrane containing the drug and tetraphenylborate
(slope 55.5 mV/pC).

18

Potentiometry 4.51–451 0.45 Based on incorporation of DNNS along with the drug into a
PVC membrane (slope 60.1 mV/pC).

19

Chromatography 0–0.3 3�10–3b A reversed phase HPLC method with extn. of the drug in a mix-
ture of hexane, CHCl3 and isopropanol (60:40:5 v/v) and hy-
dromethanolic solution (80:20 v/v) as mobile phase with UV
detection at 239 nm.

20

Chromatography (5–25)�104 5�103c Based on a solid phase extraction coupled with reversed-phase
HPLC with UV detection.

21

Chromatography 0.02–0.5 5�10–3b HPLC method for detn. of the drug based on a solid-phase and
liq.–liq. extraction for the drug using acetonitrile – 0.025 mol
L–1 KH2PO4 (pH 5.5), 35:65 (v/v) as mobile phase with UV
detection at 215 nm.

22

Chromatography 0.092–0.431 0.028 Based in a hybrid micellar as mobile phase of 0.05 mol L–1 SDS
– 5% pentanol; UV detection at 220 nm.

23

Chromatography 0–0.4 2�10–3a,b HPLC method using MeOH–CH2Cl2–hexane as the mobile phase
and UV detection at 240 nm.

24

Spectrophotometry 2.5–20.0 (BTB) NA Based on the formation of ion-pair complexes of the drug with
acid–base indicators in acidic medium, with extraction in
CHCl3 and measurements at 415 nm.

25

2.5–10.0 (BPB) NA —
2.5–12.5 (BCG) NA —

Spectrophotometry 40–200 NA Based on the formation of an ion-assocn. complex from the re-
action of the drug and Erythrosin B with extraction in CHCl3

and measurements at 491 nm.

26

Spectrophotometry 8–40 NA Based on the alkaline hydrolysis of the drug with MBTH and
measurements at 593 nm.

27

50–170 NA Based on the formation of a ternary complex with extraction in
CH2Cl2 and measurements at 536.8 nm.

Spectrophotometry 60–600 (CT) NA Based on the formation of complex of the drug with cobalt thio-
cyanate (CT) or methyl orange (MO), extd. into org. solvents,
and measured at 630 nm and 420 nm, respectively.

28

5–60 (MO) NA
Spectrophotometry 500–3500 NA Based on the reaction with ammonium reineckate reagent and

the ppt. formed isolated and dissolved in acetone with mea-
surements 525 nm.

29

Spectrophotometry 12–32 NA Based on the oxidn. of the drug with Fe(III) in acidic medium in
presence of 1,10-phen. with measurements 510 nm.

30

Spectrophotometry 2.5–25 0.12 Based on the reaction of the drug with NaClO; destruction of the
excess NaClO by NaNO2; reaction of drug chloro deriv. with
starch and KI in NaHCO3 medium, with measurements at
540 nm.

31

Spectrophotometry 0–50 0.02 Based on the reaction of the drug with boiling solution of
NaVO3 in H2SO4 medium (11 mol L–1) for 20 min and mea-
surements at 750 nm.

32

Spectrophotometry 3.5–7.0 (C2R) 0.007 Based on the addn. of excess of (NH4)2Ce(SO4)3.2H2O in a med-
ium containing the drug and detn. of the unconsumed oxidant
by a decrease of C2R at 528 nm or by a decrease of Rh6G at
525 nm.

33

3.5–6.3 (Rh6G) 0.024 —
Spectrophotometry 20–100 12 Based on the reduction of Cu(II) to Cu(I) by the drug in a buf-

fered ammonium acetate medium (pH = 7.0) in presence of
the ligand BCA in a micellar medium containing DTAB.

This work

Note: LR = linear range; LOD = limit of detection; NA = not available; DNNS = dinonylnaphthalene sulfonic acid; SDS = sodium dodecyl sulfate; BTB =
bromothymol blue; BPB = bromophenol blue; BCG = bromocresol green; DDQ = 2,3-dichloro-5,6-dicyano-benzoquinone; MBTH = 3-methylbenzothiazolo-
nehydrazone; C2R = chromotrope 2R; 1,10-phen = 1,10-phenantroline; Rh6G = rhodamine 6G.

aAlso in urine sample.
bAlso in human plasma sample.
cGel sample.
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in a boiling water bath for 5 min. After the solutions were
cooled, the absorbance was measured at 558 nm using a
mixture containing 0.5 mmol L–1 Cu(II), 1.5 mmol L–1

BCA, 8.0 mmol L–1 DTAB, and 0.8 mol L–1 ammonium
acetate as reference solution (Fig. 3).

The multiple standard addition method was used to ana-
lyze the samples. Fifty mL of the prepared sample solution
was transferred to five 5.0 mL volumetric flasks. Each flask
contained 250 mL Cu(II) 1.0 � 10–2 mol L–1, 2.0 mL ammo-
nium acetate 2.0 mol L–1, 250 mL BCA 3.0 � 10–2 mol L–1,
and 120 mL DTAB 0.33 mol L–1. Diltiazem HCl 1.0 � 10–2

mol L–1 standard solution was not added to the first of the
five flasks. To the second, third, fourth, and fifth flasks
were added 23, 36, 45 and 67, mL, respectively (Fig. 3).

The reference procedure, based on a non-aqueous titra-
tion, was carried out as described in the British Pharmaco-
poeia.16

Results and discussion
Diltiazem undergoes oxidation by Cu(II) in the presence

of BCA in a buffered ammonium acetate medium (pH 7.0).
However, the reaction requires a very long time (more than
20 h) for completion at room temperature (Fig. 4, curve II)
and a light green precipitate of Cu(II)–BCA was formed in
the bottom of the cuvette. Initial efforts to accelerate this re-
action by carrying it out in a micellar medium (Fig. 4, curve
III) decreased the reaction time to four hours but did not
avoid the formation of the same precipitate. However, heat-
ing this solution accelerated the reaction and also prevented
the formation of any precipitates. The highest analytical sig-
nal, using the Cu(I)–BCA complexes at 558 nm, was
achieved in a solution containing 0.5 mmol L–1 Cu(II),
1.5 mmol L–1 BCA, and 8.0 mmol L–1 DTAB in 0.8 mol
L–1 ammonium acetate medium (pH 7.0) and by heating the
mixture in a boiling water bath for 5 min. No bathochromic
effect was observed after this treatment. After the reaction
completion, the absorbance value of the complexes re-
mained constant at room temperature for 24 h in the dark
refrigerator.

Variations in the concentration of Cu(II) and BCA were
tested providing a Cu(II):BCA proportion of 1:3. The
Cu(II)–BCA light green precipitate was formed when the
concentrations were Cu(II) 1.0 mmol L–1 and BCA
3.0 mmol L–1. A decrease of about 30% in the absorbance
values in much lower concentrations (e.g., Cu(II)
0.05 mmol L–1 and BCA 0.15 mmol L–1) was observed.

The buffer solution used is essential for this diltiazem de-
termination providing its addition is made after Cu(II) in the
following order: (Cu(II) + buffer + BCA) + DTAB + diltia-
zem. In the majority of analytical studies with the Cu(I)–
BCA complexes, an acetic acid – sodium acetate buffer sol-
ution was used to keep the pH 7.0,9,10,13,14 though it is far
from its buffering capacity. Thus, some buffer solutions had
to be tested for this reaction. When potassium citrate
(pH 7.4) and sodium citrate (pH 7.5) solutions were used,
the absorbance signal decreased by 70% and 65%, respec-
tively, probably because of the Cu(II)–citrate complex for-
mation (log b = 14).34 Potassium phosphate (pH 7.0) and
Na2B4O7–HCl buffer solutions (pH 7.4) could be used but a
green turbid solution was observed before adding BCA.

In the tannin determination mentioned above,15 a
0.03 mol L–1 ammonium hydroxide solution was used as a
carrier to avoid precipitation of Cu(II)–BCA. Under this
condition, a stable baseline was observed without affecting
sensitivity and reproducibility. Taking all of this into consid-
eration, a reasonable decision was the use of ammonium
acetate to adjust the pH to 7.0. At this pH, NH3 is present
as ammonium ion. At the same pH, acetate ion does not
complex Cu(II) in a pronounced way (log b1 = 1.70; log b2
= 2.69; log b3 = 3.0; log b4 = 2.9).34 The influence of am-
monium acetate concentration was then investigated. It was
found that in ammonium acetate 1.0 mol L–1 the absorbance
value decreased about 50%, probably because of the forma-
tion of [Cu(NH3)4]2+ complex (log b4 = 12).34 At lower con-
centrations such as 0.5 mol L–1, a slightly green turbid
solution was formed and the absorbance value decreased
60% (Fig. 5).

Several surfactants were tested to accelerate this reaction
(all tests were performed over heating). Anionic surfactants,
such as sodium laurylethersulphate and sodium laurylsul-
phate, did not prevent the precipitation at all. Nonionic sur-
factant such as Triton X-100 and Tween 20 did prevent it.
However, the reference solution remained markedly violet,
which would represent no advantage regarding the absorbance
measurements. A cationic surfactant based on quaternary am-
monium cations like CTAB (hexadecyltrimethylammonium
bromide) or CTAC (hexadecyltrimethylammonium chloride)
prevents the precipitation. However, CTAB and CTAC pro-
duce deeper violet reference solutions than DTAB (dodecyl-
trimethylammonium bromide). Because DTAB was the only
surfactant tested that did not strongly react with Cu(II)–BCA
under the experimental conditions addressed in the article,
different final concentrations were tested, namely 4, 6, 8,
10, 50, and 100 mmol L–1. The best analytical signal was
achieved with 8 mmol L–1, which is below the DTAB crit-
ical micellar concentration (15 mmol L–1) (Fig. 6).

Uunder these optimized conditions (Cu(II) = 0.5 mmol
L–1, BCA = 1.5 mmol L–1, DTAB = 8.0 mmol L–1, ammo-
nium acetate = 0.8 mol L–1, and heating this mixture in a
boiling water bath for 5 min), the calibration graph was lin-
ear for diltiazem�HCl concentrations from 20 to 100 mg
mL–1, which is described by the regression equation A =
0.06003 + 0.00203 � [D], r = 0.993, where A is the absorb-
ance measured at 558 nm and [D] is the diltiazem�HCl con-
centration in mg mL–1 (Fig. 3). The limit of detection,
defined as three times the standard deviation of the linear
coefficient divided by the angular coefficient value, was es-
timated as 12 mg mL–1 at 99% confidence level, which is
significantly lower than that required for the determination
of diltiazem in all of the pharmaceutical formulations. The
relative standard deviation was estimated as 3.5% for 5
measurements of a 40 mg mL–1 diltiazem standard solution,
which can be considered satisfactory. The analytical results
obtained are summarized in Table 2 and they are well
aligned with the official method,16 demonstrating that the
procedure suggested here can be used as an alternative
method for diltiazem�HCl quantification in dosage forms.

To confirm the consistency of the proposed method, drug
samples were spiked with diltiazem�HCl (50, 80, 100, and
150 mmol L–1), and the recovery of diltiazem�HCl was esti-
mated. Data presented in Table 3 show recoveries from 87.8
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to 103%, with a mean value of 96.5%. Additionally, the
curve obtained by the multiple standard addition method for
the samples was parallel when compared with the one de-
scribed by the calibration graph (slope differences between
5%–8%). These curves indicate that matrix effects on the
proposed procedure can be negligible (Fig. 3).

The influence of common additives found in tablets and
capsules was tested for their possible interferences in this
reaction for diltiazem determination. It was observed that
talc, starch, and magnesium stearate did not interfere
because they remain insoluble after dissolution of the
samples. The effects of glucose, lactose, and sucrose were
also investigated since they are usually found as adjuvants
in pharmaceutical preparations. Thus, solutions containing

50 mmol L–1 diltiazem�HCl and three known concentrations
(0.05, 0.5, and 2.5 mmol L–1) of these substances were ana-
lyzed by the proposed procedure. No interference was ob-
served up to 50-fold excess of glucose, lactose, and sucrose.
As the samples containing diltiazem�HCl are diluted 100-
fold (see Experimental), those substances present in the levels
usually found in dosage forms will probably not interfere.
The results observed in the interference study and the good
recoveries estimated for three drug-spiked concentrations in
the four kinds of samples (Table 3) confirmed that the
proposed method can be used as an alternative method for
diltiazem�HCl.

Hazardous aspects of the Cu(I)–BCA reaction
The toxicological properties of BCA have not been fully

Fig. 2. Absorption spectra of: I = Cu(II) 0.5 mmol L–1 + BCA 1.5 mmol L–1 + 8.0 mmol L–1 DTAB + 0.8 mol L–1 ammonium acetate; II =
solution I + 80 mg mL–1 diltiazem�HCl, after being placed in a boiling water bath for 5 min. Water as reference solution.

Fig. 3. (&) Calibration (A = 0.06003 + 0.00203 � [D], r = 0.993,
n = 6) and (*) the multiple standard addition method (A = 0.02071
+ 0.00212 � [D], r = 0.990, n = 5) curves obtained for diltiazem
determination using the Cu(I)–BCA complexes. Sample = one
180 mg capsule of diltiazem�HCl. Cu(II) = 0.5 mmol L–1; BCA =
1.5 mmol L–1; DTAB = 8.0 mmol L–1; and ammonium acetate =
0.8 mol L–1. All spectrophotometric measurements at 558 nm after
being placed in a boiling water bath for 5 min. Water as reference
solution.

Fig. 4. Variation of absorbance at 558 nm of solutions containing: I
= Cu(II) 0.5 mmol L–1 + BCA 1.5 mmol L–1 + 0.8 mol L–1 ammo-
nium acetate + 8.0 mmol L–1 DTAB; II = Cu(II) 0.5 mmol L–1 +
BCA 1.5 mmol L–1 + 0.8 mol L–1 ammonium acetate + 40 mg mL–1

diltiazem�HCl; III = Cu(II) 0.5 mmol L–1 + BCA 1.5 mmol L–1 +
0.8 mol L–1 ammonium acetate + 8.0 mmol L–1 DTAB + 40 mg
mL–1 diltiazem�HCl. All measurements at room temperature, with
water as reference solution.
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studied so far but it may cause sore eyes and affect mucous
membranes, and it is expected to be internally toxic, so it
must be appropriately disposed of.

The total waste volume of Cu(II), BCA, DTAB, and am-
monium acetate for each determination (5 mL) were approx-
imately 0.16, 2.9, 12, and 310 mg, respectively. However,
the waste obtained after many BCA analysis can be recycled
using a simple procedure. First, the solution should be alkal-
ized to pH 12 with 3.0 mol L–1 NaOH solution to precipitate
all of the copper ion. After removing the copper hydroxo-
compounds by filtration, the solution remaining is acidified
with a 2.0 mol L–1 HCl solution to protonate (pKa1 = 1.87;
pKa2 = 2.85) and separate all the BCA present. The insolu-
ble H2BCA obtained is then filtered and must be recrystal-
lized before new use.

Conclusion

The procedure presented here is a simple and accurate al-
ternative method for diltiazem�HCl determination in dosage
forms. It provides good sensitivity when compared with
most of the spectrophotometric methods previously reported
for this drug. The colored Cu(I)–BCA complexes formed are
stable for more than 24 h, which makes the method more
practicable. Besides, the validity of the proposed method is
well demonstrated by analyzing various dosage forms of dil-
tiazem�HCl. Additionally, as it is free from interference by
common additives, it can be used for routine quality control.

Although there are already several methods for deterining
diltiazem�HCl determination, this is the first report of an an-
alytical procedure based on the reduction of Cu(II) to Cu(I)
by this drug in the presence of BCA in a micellar medium
containing DTAB. Among its advantages are low cost of
the technique, low reagent consumption, and no need for or-
ganic solvents. In addition, the possibility of the recovery of

Fig. 5. Variation of absorbance at 558 nm of solutions containing
Cu(II) 0.5 mmol L–1 + BCA 1.5 mmol L–1 + 8.0 mmol L–1

DTAB + 150 mg mL–1 diltiazem�HCl and ammonium acetate. All
measurements made after being placed in a boiling water bath for
5 min. Water as reference solution.

Fig. 6. Variation of absorbance at 558 nm of solutions containing
Cu(II) 0.5 mmol L–1 + BCA 1.5 mmol L–1 + 0.8 mol L–1 ammo-
nium acetate + 100 mg mL–1 diltiazem�HCl and DTAB. Reference
solution: Cu(II) 0.5 mmol L–1 + BCA 1.5 mmol L–1 + 0.8 mol L–1

ammonium acetate and DTAB. All measurements made after being
placed in a boiling water bath for 5 min.

Table 2. Determination of diltiazem�HCl in phar-
maceutical forms by the reference and the present
methods.

Sample

Diltiazem�HCl (mg)a

Informed
value

Reference
method16

Present
method

Tablets 30 30.5±0.3 29.3±0.8
Capsule 90 90.7±0.7 89.2±0.9
Capsule 120 122±1 119±2
Capsule 180 179±2 182±1

aMean and relative standard deviation results obtained
with the average of three analyses.

Table 3. Recovery rates from diluted samples of diltiazem for-
mulations obtained with four different quantities of spiked con-
centrations using the Cu(I)–BCA complexes.

Diltiazem concentration (mg mL–1)

Sample
Diluted
sample Added Found

Recovery
(%)

Tablets of 30 mg 48 22.5 63.0 87.8
36.0 75.8 90.2
45.0 89.0 95.6
67.5 114 98.7

Capsules of 90 mg 108 67.5 176 100
22.5 132 101
36.0 148 103
67.5 179 102

Capsules of
120 mg

96 45.0 130 92.3

22.5 114 96.7
36.0 129 98.3
67.5 155 94.8

Capsules of
180 mg

72 36.0 99.7 92.3

22.5 90.1 95.3
45.0 114 97.5
67.5 137 98.0
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the BCA and Cu(II) makes this procedure more attractive
from the environmental point of view.
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Removal of Cd(II) and Pb(II) complexes with
glycolic acid from aqueous solutions on different
ion exchangers

Justyna Jachuła, Dorota Kołodyńska, and Zbigniew Hubicki

Abstract: The sorption of Cd(II) and Pb(II) ions from aqueous solutions on different ion exchangers was investigated by
using glycolic acid (GA) as a complexing agent. Glycolic acid is useful for organic synthesis in oxidation–reduction, ester-
ification, and long-chain polymerization. The experiments were carried out by using the following chelating ion exchang-
ers: Purolite S-930, Purolite S-940, Purolite S-950, Diaion CR-20, and Wofatit MC-50 and the cationic ion exchangers:
Purolite C-104, Lewatit CNP-80, and Lewatit SP-112. The influence of the initial concentration of Cd(II) and Pb(II) and
glycolic acid, pH of the solution, and phase contact time on the sorption percentage was determined in the batch experi-
ments. Pseudo-first-order and pseudo-second-order kinetic models were used to describe the kinetic data, and the rate con-
stants were evaluated. The experimental data, fitted using the Langmuir and Freundlich adsorption models, were applied to
describe the equilibrium isotherms and determined the isotherm constants. The Cd(II) and Pb(II) concentrations in the raf-
finate were determined by the AAS method.

Key words: heavy-metal ions, ion exchangers, glycolic acid, sorption, removal.

Résumé : Utilisant l’acide glycolique (AG) comme agent complexant, on a étudié la sorption des ions Cd(II) et Pb(II) pré-
sents dans diverses solutions aqueuses sur différents échangeurs d’ions. L’acide glycolique est aussi utile en synthèse orga-
nique pour les réactions d’oxydation et de réduction, d’estérification et de polymérisation de longues chaı̂nes. Dans le
cadre de notre travail, les expériences ont été effectuées à l’aide des échangeurs d’ions chélatants Purolite S-930, Purolite
S-940, Purolite S-950, Diaion CR-20, Wofatit MC-50 ainsi que des échangeurs cationiques Purolite C-104, Lewatit CNP-
80 et Lewatit SP-112. Par le biais d’expériences par lots, on a déterminé l’influence de la concentration initiale des ions
Cd(II) et Pb(II) et de l’acide glycolique ainsi que du temps de contact sur le pourcentage de sorption. On a utilisé des mo-
dèles cinétiques du pseudo-premier ordre et du pseudo-deuxième ordre pour décrire les données cinétiques ainsi que les
constantes de vitesse. Les données expérimentales ajustées en faisant appel aux modèles d’adsorption de Langmuir et de
Freundlich ont été appliquées pour décrire les isothermes d’équilibre et pour déterminer les constantes isothermes. Les
concentrations de cadmium(II) et de plomb(II) dans les raffinats ont été déterminées par une méthode de spectroscopie
d’absorption atomique (SAA).

Mots-clés : ions de métaux lourds, échangeurs d’ions, acide glycolique, sorption, élimination.

[Traduit par la Rédaction]

Introduction

The need for clean water increases year by year, and yet
water sources are reduced by pollution of our waterways
with industrial chemicals.1 The disposal of effluents contain-
ing heavy metals is related to a wide range of industrial op-
erations, such as electroplating, chemical manufacturing,
leather tanning, and especially mining and mineral process-
ing. The removal of such contaminants up to the levels ap-
proved by national or international agencies could not be
entirely solved by conventional methods like precipitation,
coagulation, and so forth.2 Recently, sorption processes
have proved to be effective for the removal of pollutants
from wastewaters.3–6

In recent years, the use of a-hydroxy acids especially in
cosmetic products has greatly expanded.7–9 The most com-
monly used in skin products is glycolic acid (hydroxyacetic
acid). It is manufactured by bubbling carbon monoxide
through formaldehyde, by the action of sodium hydroxide
on monochloroacetic acid (ClCH2CO2H + NaOH ?
HOCH2CO2H + NaCl), and by the electrolytic reduction of
oxalic acid. It is available pure and in aqueous solution. It
can be isolated from natural sources, such us sugarcane.
Glycolic acid is used in various skin-care productsbecause
of its excellent capability of skin penetration. It is also use-
ful for organic synthesis in a range of reactions, including
oxidation–reduction, esterification, and long-chain polymer-
ization. It is used as a monomer in the preparation of poly-

Received 2 November 2009. Accepted 10 February 2010. Published on the NRC Research Press Web site at canjchem.nrc.ca on 6 May
2010.
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glycolic acid and other biocompatible copolymers (e.g.,
PLGA).10 Among others, this compound finds employment
in the textile industry, food processing, and ink and paint
production.

Previous research confirms the fact that due to the hy-
droxyl group at the a-position of the carboxylic acid, hy-
droxyacetic acid has higher acidity (pKa 3.83) and stronger
chelating properties toward metal ions than an unfunctional-
ized carboxylic acid (pKa 4.8).11–15 Thus, it is used industri-
ally for rust removal, degreasing, and so forth. Novel
glycolic acid/platinum complexes have antitumor activity
comparable to or more potent than that of cis-platinum. It
should be added that its nephrotoxicity is very low.16

As for the removal of heavy-metal ions from water,
among numerous separation techniques, sorption processes
can be very useful in terms of technical and economical fea-
sibility. This is attributed to its low cost, easy availability of
sorbents, simplicity of design, high efficiency, and easiness
of operation.17

The aim of this work is to determine the influence of the
complexing agent, which is glycolic acid, on the removal of
heavy-metal ions from waters and wastewaters. Its influence
on the effectiveness of sorption was tested for the chelating
ion exchangers: Purolite S-930, Purolite S-940, Purolite S-
950, Diaion CR-20, and Wofatit MC-50, and the cationic
ion exchangers: Purolite C-104, Lewatit CNP-80, and Lewa-
tit SP-112. The evaluation of different chemical conditions
on the ion-exchange capacity and on the kinetics of Cd(II)
and Pb(II) complexes with glycolic acid permitted the opti-
mization of heavy-metal removal.

Materials and methods

Resin
The chelating ion exchangers Purolite S-930, Purolite S-

940, Purolite S-950 (Purolite Int. Ltd.), Diaion CR-20 (Mit-
subishi Chemical Corp.), and Wofatit MC-50 (Lanxess)
were used together with the cationic ion exchangers Purolite
C-104 (Purolite Int. Ltd.), Lewatit CNP-80, and Lewatit SP-
112 (Lanxess). Their main characteristics are presented in
Table 1. The exchangers were washed with 1 mol/L NaOH
and 1 mol/L HCl to remove organic and inorganic impur-
ities and then washed several times with deionised water
prior to use.

Chemicals
Cd(II) and Pb(II) nitrates were obtained from POCh Gli-

wice. Cd(II) and Pb(II) solutions were prepared by dissolv-
ing their nitrates in distilled water. They were diluted to get
the solutions of various concentrations. Then, the appropri-
ate amount of glycolic acid solution (denoted in this paper
as GA), obtained from PP-H-U Domena Poland, was added.

The initial pH values of the solutions were in the range
3.0 to 3.5. All chemicals used were of analytical reagent-
grade. It is well-known that M(II) ions are octahedrally co-
ordinated by one carboxylate O atom and one hydroxyl O
atom from each glycolate ligand and two water O atoms in
cis positions. The general formula of the formed complexes
is [M(HOCH2COO)2(H2O)2].18–20

Column studies
The breakthrough curves of the Cd(II) and Pb(II) ions in

the presence of glycolic acid were determined using 10 mL
of the swollen ion exchanger packed in 10 mm diameter
glass column with a glass-wool stopper. The prepared solu-
tions of complexed metal ions were passed continuously
downwards through the resin beds keeping the flow rate at
0.6 mL/min. The effluent was collected in fractions in which
the metal(II) content was determined. The mass (Dg) and
volume (Dv) distribution coefficients as well as the working
(Cw) and total (Cr) ion-exchange capacities were calculated
from the determined breakthrough curves according to eqs.
[1–3]21

½1� Dg ¼
V � ðV0 þ ViÞ

mj

½2� Dv ¼
V � ðV0 þ ViÞ

Vj

½3� Cw ¼
Vec0

Vj

where V is the volume of effluent at c = c0 /2 (determined
graphically) (mL), V0 is the dead volume in the column
(liquid volume in the column between the bottom edge of
ion-exchanger bed and the outlet) (mL), and Vi is the void
(interparticle) ion-exchanger-bed volume, which amounts to
~40% of the bed volume (mL), mj is the dry ion-exchanger
mass (g), Vj is the bed volume (mL), Ve is the effluent vo-
lume to the break point (L), and c0 is the initial concentra-
tion of M(II) solution (mg/L).

The total ion-exchange capacities (Cr) were calculated by
integration along the curve.

Batch studies
The sorption of Pb(II) and Cd(II) ions in the presence of

glycolic acid on the above-mentioned ion exchangers was
investigated by batch operation as a function of the initial
concentration of the metal and glycolic acid, pH of the solu-
tion, and contact time. The experiments were performed to
determine the concentration of the analyzed metals at the
equilibrium (qe), at a specific time (qt), and sorption percent
(S%). The resin phase concentrations of M(II) at the equili-
brium, qe (mg/g), at a specific time, qt (mg/g), and sorption
percent (S%) were obtained according to22

½4� qe ¼
ðc0 � ceÞV

m

½5� qt ¼
ðc0 � ctÞV

m

½6� Sð%Þ ¼ c0 � ct

ct

� 100

where ce is the concentration of M(II) in the aqueous phase
at equilibrium (mg/L), ct is the concentration of M(II) in the
aqueous phase at time t (mg/L), V is the volume of the solu-
tion (mL or L), m is the mass of the ion exchanger (g).
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In the case of the equilibrium and kinetic experiments,
0.2 g of the ion exchanger was added into 100 mL flasks
and mixed in 20 mL solution of Pb(II) and Cd(II) ions in
the presence of GA. The initial concentration of each solu-
tion was 1 � 10–3 mol/L. The flasks were shaken at the con-
stant temperature of 25 8C. The samples were collected at
the defined time or at different time intervals. After comple-
tion of each batch of experiments, the solution was filtered.
The filtrate was analyzed by atomic absorption spectro-
metry (AAS) to determine the amount of metal left after
sorption. The experiments were conducted in the three par-
allel series. The reproducibility of the measurements was
within 5%.

Adsorption studies
Adsorption isotherm studies were carried out using the

batch equilibrium technique. Initial concentrations of the
studied solutions were prepared in the range from 1 � 10–3

mol/L to 2.5 � 10–2 mol/L. Ion-exchanger samples (0.2 g)
and 20 mL solutions of Cd(II) and Pb(II) ions in the pres-
ence of glycolic acid were mixed in 100 mL flasks until
equilibrium was reached. The adsorption equilibrium data
were fitted into the Langmuir and Freundlich models, which
were represented as23

½7� qe ¼
q0KLce

1þ KLce

½8� qe ¼ KFc1=n
e

where qe is the equilibrium M(II) ions concentration on the
ion exchanger (mg/g), q0 is the monolayer capacity of the
ion exchanger (mg/g), KL is the Langmuir adsorption con-
stant (L/mg) related to the free energy of adsorption (L/mg),
KF is the Freundlich adsorption capacity (mg/g (L/mg)1/n),
and 1/n is the Freundlich constant related to the surface
heterogeneity.

Desorption studies
To investigate the possibility of repetitive use of the ion

exchangers Purolite S-940 and Lewatit SP-112, desorption
experiments were conducted under batch experimental con-
ditions, and desorption efficiencies were compared. Samples
(0.5 g) of the above-mentioned ion exchangers saturated
with Pb(II) ions in the presence of glycolic acid were in
contact with 50 mL of different regeneration agents for 2 h.
The use of demineralized water showed insignificant metal-
ions desorption capacity. Therefore, 1 mol/L NaCl, HCl,

HNO3, and H2SO4 solutions were selected as the optimal re-
generation agents for the systems studied. The amount of
metal ions eluted from the solution was then determined
and expressed as a desorption efficiency.

Instruments
A mechanical shaker (Elpin type 357, Elpin-Plus, Poland)

was used for the batch experiments. A pH meter (PHM 84,
Radiometer, Denmark) with the glass REF 451 and calomel
pHG 201–8 electrodes was used for pH measurements. An
atomic absorption spectrometer (ContrAA, Analytic Jena,
Germany) was used for quantitative determination of
Cd(II) and Pb(II) ions concentrations. An FTIR spectrome-
ter (ALPHA model, including a platinum ATR sampling
module with a single-bounce diamond crystal and deuter-
ated triglycine sulfate (DTGS) detector (Bruker Optik
GmbH, Germany)) was used to record the FTIR spectra of
Lewatit C-104 and Purolite S-930 before and after loading
of Pb(II) in the presence of GA in the spectral range 400–
4000 cm–1.

Results and discussion

The spectroscopic analysis
An FTIR spectrometer with ATR module was used to re-

cord the IR spectra of the samples. They are presented in
Figs. 1 and 2.

In the spectra of the cation exchanger Purolite C-104
(similar to Lewatit CNP-80), which posesses the carboxylic
functional groups, appear the bands which are characteristic
of the carbonyl group vibrations at about 1698 cm–1. After
the sorption of Pb(II) ions, a band appears in the range
from 1216 to 1163 cm–1 associated with asymmetric and
symmetric vibrations of the carboxylate anion, indicating an
ion-exchange mechanism of sorption (Fig. 1). Thus, one can
suppose that decomposition of the Pb(II)–GA complex takes
place, and the sorption of metal ions occurs

½9� 2RCOO� � Naþ þM2þ$ðRCOO�Þ2 �M2þ þ 2Naþ

where R is the cation-exchange skeleton. An analogous ion-
exchange mechanism can be assumed in the case of Lewatit
SP-112 with the sulfonic acid functional groups

½10� 2RSO3
� � Hþ þM2þ$ðRSO3

�Þ2 �M2þ þ 2Hþ

In the case of the chelating ion exchanger Purolite S-930
(Fig. 2) (and Wofatit MC-50) with iminodiacetic functional
groups, the bands connected with the presence of carboxyl

Table 1. Characteristics of the ion exchangers.

Ion exchanger

Typical properties

Matrix Active groups Delivery form Bead size (mm) Total capacity (equiv./L)
Purolite C-104 PS-DVB (gel) Carboxylic H+ 0.3–1.2 4.2
Lewatit CNP-80 PA-DVB (macroporous) Carboxylic H+ 0.3–1.6 4.3
Lewatit SP-112 PS-DVB (macroporous) Sulfonic Na+ 0.65 1.7
Purolite S-930 PS-DVB (macroporous) Iminodiacetic Na+ 0.3–1.0 1.6
Purolite S-940 PS-DVB (macroporous) Aminophosphonic Na+ 0.4–0.85 20 g Ca/L
Purolite S-950 PS-DVB (macroporous) Aminophosphonic Na+ 0.3–1.2 2.0
Diaion CR-20 PS-DVB (gel) Polyamine H+ 0.3–0.55 0.8
Wofatit MC-50 PS-DVB (gel) Iminodiacetic Na+ 0.3–1.2 1.2
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groups occurring at 1633 cm–1 and 1601 cm–1, respectively,
are overlapped by those characteristic of vibrations of the –
NH bond observed in the range 1500 to 1650 cm–1. After

sorption the bands connected with the presence of carboxy-
late groups are shifted from 1399 cm–1 and 1328 cm–1 to
1381 cm–1 and 1321 cm–1. It is well-known that the iminodi-
acetic functional groups in sodium or hydrogen form chelate
heavy-metal ions by ion attraction to the dicarboxylic func-
tionality and electron donation from nitrogen24

For Purolite S-940 and Purolite S-950 with the amino-
phosphonic functional groups, the most favourable model of
chelation when the pH increases into the weak-acid region is
the formation of a four-membered ring. In this case, these

Fig. 1. FTIR spectrum of Purolite C-104 before and after the sorp-
tion process of Pb(II) ions in the presence of GA.

Fig. 2. FTIR spectrum of Purolite S-930 before and after the sorp-
tion process of Pb(II) ions in the presence of GA.

Fig. 3. Breakthrough curves of Cd(II) in the presence of GA on
Purolite S-930, Purolite S-950, Purolite C-104, Lewatit CNP-80,
and Lewatit SP-112.

Fig. 4. Breakthrough curves of Pb(II) in the presence of GA on
Purolite S-930, Purolite S-950, Purolite C-104, Lewatit CNP-80,
and Lewatit SP-112.

Table 2. Mass (Dg) and volume (Dv) distribution coefficients as
well as working (Cw) and total (Cr) ion-exchange capacities for
Cd(II) and Pb(II) in the presence of GA on Purolite C-104, Lewa-
tit CNP-80, Lewatit SP-112, Purolite S-930, and Purolite S-950.

Ion exchanger Dg Dv Cw Cr

Cd(II)
C-104 501.30 100.76 0.0006 0.0019
CNP-80 560.90 101.24 0.0001 0.0017
SP-112 4394.36 819.94 0.0083 0.0092
S-930 1359.15 193.03 0.0001 0.0022
S-950 2726.18 415.55 0.0025 0.0046

Pb(II)
C-104 3035.37 610.08 0.0052 0.0123
CNP-80 3782.31 682.67 0.0041 0.0136
SP-112 4838.59 902.83 0.0155 0.0189
S-930 1745.04 193.26 0.0001 0.0024
S-950 4164.25 634.76 0.0083 0.0134
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functional groups can act as tridentate ligands and the struc-
ture of complexes can be as follows:25

In acidic conditions, because of strong protonation, the
amino-nitrogen atom does not participate in the bond forma-
tion, and complexes without amine-group contribution can
also be formed. The most frequent structure is

As for Diaion CR-20 with polyamine functional groups,
in the pH range from 4 to 10, it acts as a chelating ion ex-
changer,26,27 whereas in acid medium, it behaves as a basic
anion exchanger. For Pb(II) and Cd(II) ions in the presence
of glycolic acid at pH in the range from 3.0 to 3.5, the sorp-
tion process can be analogous to that previously presented
for Purolite C-104 or Lewatit SP 112.

Sorption of Cd(II) and Pb(II) in the presence of glycolic
acid

Dynamic method
As evident from the plots presented in Figs. 3 and 4 and

the comparison of the mass (Dg) and volume (Dv) distribu-
tion coefficients as well as the working (Cw) and total (Cr)
ion-exchange capacities of Cd(II) and Pb(II) ions in the
presence of GA (Table 2), the highest values of Dg were ob-
tained on Lewatit SP-112 with the sulfonic acid functional
groups. The smallest values were obtained in the case of
sorption of Cd(II) in the presence of GA on Lewatit C-104.
Dv values are identical for both Cd(II) and Pb(II) ions in the
presence of glycolic acid sorbed on Purolite S-930. The re-
sults are also in agreement with the selectivity order of the
above-mentioned ion exchangers, which is as follows:

Purolite C-104 (and also Lewatit CNP-80): H+ >
Ra2+ > Ba2+ > Pb2+ > Sr2+ > Cu2+ > Ca2+ > Zn2+ >
Fe2+ > Mg2+ > K+ > NH4

+ > Na+.
Lewatit SP-112: Ba2+ > Pb2+ > Sr2+ > Cu2+ > Ca2+ >
Zn2+ > Fe2+ > Mg2+ > K+ > NH4

+ > Na+ > H+.
Purolite S-930 (and also Wofatit MC-50): Cr3+ >
Cu2+ > Ni2+ > Zn2+ > Co2+ > Cd2+ > Fe2+ > Mn2+ >
Ca2+ >> Na+.
Purolite S-940 (and also Purolite S-950): Pb2+ >
Cu2+ > U4+, Zn2+, Al3+ > Mg2+ > Sr2+ > Ca2+ >
Cd2+ > Na+ > Ba2+.
Diaion CR-20: Hg2+ > Pb2+ > Fe3+ > Cu2+ > Zn2+ >
Cd2+ > Ni2+ > Co2+ > Ag+ > Mn2+. The Pb(II) ions ex-
hibit higher affinity for these ion exchangers than
Cd(II) ions.

Batch method
Earlier studies on heavy-metal ion sorption have shown

that pH is an important parameter affecting the sorption
process. Most metal ions are soluble in water in appropriate
pH ranges and are quite insoluble in other cases. Even
within the optimal pH ranges for solubility, most metal ions
are soluble to only a limited extent. In the presence of com-
plexing agents, the metal ions are capable of remaining in
the solution. It was observed that the efficiency of removal
of selected heavy-metal complexes does not depend on the
pH in all cases. Figures 5a and 5b show the variation of the
resin phase concentrations at the equilibrium of Cd(II) and
Pb(II) ions in the presence of GA as a function of pH for
Purolite S-930, Purolite S-940, Purolite S-950, Diaion CR-
20, Wofatit MC-50, Purolite C-104, Lewatit CNP-80, and
Lewatit SP-112.

For Purolite S-930, Purolite S-940, Purolite S-950, and
Lewatit SP-112, the sorption of Cd(II) ions in the presence
of GA slightly depends on the pH. Maximum sorption ca-
pacity (6.23 mg/g) for Cd(II) was observed for Diaion CR-
20 at pH 4.0. In this case, the sorption percentage (S%) was
57%. For Wofatit MC-50, the highest sorption percentage
(81.6% for Cd(II) ions) was observed in the pH range from
4 to 6. For Purolite C-104, the sorption capacities of Cd(II)
ions were from 0.03 mg/g at the pH 2.0 to 8.33 mg/g at
pH 6.0. For Lewatit CNP-80, the sorption capacities increase
from 0.13 mg/g at the pH 2.0 to 9.00 mg/g at pH 6.0. A
similar situation was found for the sorption of Pb(II) ions in
the presence of GA on the above-mentioned ion exchangers.

Fig. 5. Comparison of the resin phase concentrations of (a) Cd(II)
and (b) Pb(II) ions in the presence of GA on the ion exchangers
under discussion, depending on the pH value of the solution.
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Fig. 6. Comparison of the sorption capacities (a–b) and the pseudo-second-order kinetic (c–d) for the M(II) ions in the presence of the GA
on the chelating ion exchangers Purolite S-940, Diaion CR-20, and Wofatit MC-50 and cationic ion exchangers Purolite C-104, Lewatit
CNP-80, and Lewatit SP-112, depending on the phase contact time.

Table 3. Kinetic parameters fo the M(II) ions in the presence of GA on Purolite
S-940, Diaion CR-20, Wofatit MC-50, Purolite C-104, Lewatit CNP-80, and
Lewatit SP-112.

Ion exchanger S-940 CR-20 MC-50 C-104 CNP-80 SP-112

Cd(II) (pseudo-second-order)
qe,exp 14.96 14.90 9.65 12.21 12.02 13.31
q2 15.02 14.92 9.90 13.16 12.35 13.33
k2 0.18 4.50 0.04 0.01 0.03 0.93
h 1.39 1.00 4.42 1.68 4.97 1.66
R2 0.999 1.000 0.999 0.999 0.999 1.000

Cd(II) (intraparticle diffusion)
ki 0.10 0.01 0.53 1.08 0.92 0.52
R2 1.000 0.824 0.499 0.812 0.675 0.409

Pb(II) (pseudo-second-order)
qe,exp 15.09 6.44 13.49 16.95 20.49 20.54
q2 15.02 6.41 13.70 18.87 20.83 20.95
k2 0.633 0.077 0.06 0.01 0.12 0.23
h 14.85 3.14 10.99 1.450 2.63 1.00
R2 1.000 0.998 0.999 0.998 1.000 0.999

Pb(II) (intraparticle diffusion)
ki 1.59 0.04 0.61 1.38 0.65 0.42
R2 0.694 0.045 0.498 0.909 0.590 0.490
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It was also found that the sorption equilibrium was reached
after 120 min, depending on the initial metal ion concentra-
tion (Figs. 6a and 6b). For the kinetic data, kinetic analysis
was performed with the aid of the pseudo-first- and the
pseudo-second-order equations:28,29

½14� dq

dt
¼ k1ðqe � qÞ

½15� dq

dt
¼ k2ðqe � qÞ2

where qe and q are the removal amount of M(II) ions per
unit mass of the ion exchanger at equilibrium and time t, re-
spectively. Figures 6c and 6d show a plot of the linearized
form of the pseudo-second-order model according to the
equation:

½16� t

q
¼ t

qe

þ 1

k2q2
e

for the sorption of M(II) ions in the presence of GA on the
chelating ion exchangers Purolite S-940, Diaion CR-20, and
Wofatit MC-50 and the cationic ion exchangers Purolite C-
104, Lewatit CNP-80, and Lewatit SP-112. As follows from
the data presented in Table 3, the correlation coefficients
(R2) for the pseudo-second-order kinetic plots were above
0.998 and the calculated sorption capacities (q2) values are
also in agreement with experimental values (qe,exp). In con-
trast to the pseudo-second-order kinetic model, the pseudo-
first-order model gives a poor correlation (R2) for the sorp-
tion of Cd(II) and Pb(II) ions in the presence of GA, and
these data are not presented.

In addition to the pseudo-second-order rate equation, the
intraparticle diffusion model is commonly used for examin-
ing the steps involved during adsorption. It can be expressed
as30

½17� qt ¼ kit
0:5

where ki is the diffusion coefficient (mg/g min0.5).
The results show also that the intraparticle diffusion

model does not adequately describe the sorption results of
M(II) ions in the presence of GA on the ion exchangers
under discussion (Table 3).

Adsorption studies
Two important isotherms are selected in this study to op-

timize the design of adsorption systems. The Langmuir ad-
sorption isotherm assumes that adsorption occurs in specific
homogeneous sites within the adsorbent and has found suc-
cessful application in many adsorption studies of monolayer
adsorption. The Freundlich isotherm is an empirical equation
employed to describe the heterogeneous system.28

Table 4 shows that the values of R2 suggest that the Lang-
muir isotherm provides a good model of the sorption system
with Purolite S-930, Purolite S-940, Purolite C-104, Lewatit
CNP-80, and Lewatit SP-112. For the other ion exchangers,
the Freundlich isotherm is more suitable. The sorption ca-
pacity for Cd(II) in the presence of GA is the highest in the
case of Lewatit SP-112 and Purolite S-940, but the sorption
constant, KL is the largest for Purolite S-940. For Pb(II) in
the presence of GA, the sorption capacity is also high in the
case of Lewatite SP-112. The sorption constant, KL is the
largest for Purolite S-930.

In the case of Cd(II)–GA (1:2) system, the experimental
sorption capacities (qe,exp) were 103.6 mg/g for Purolite S-
930, 133.2 mg/g for Purolite S-940, 32.33 mg/g for Diaion
CR-20, 34.23 mg/g for Wofatit MC-50, 34.05 mg/g for Pur-
olite C-104, 12.04 mg/g for Lewatit CNP-80, and
181.16 mg/g for Lewatit SP-112. They are in good agree-
ment with the calculated capacities (q0). In the Pb(II)–GA
(1:2) system, the experimental sorption capacities were
243.39 mg/g for Purolite S-930, 332.80 mg/g for Purolite S-
940, 62.41 mg/g for Diaion CR-20, 89.95 mg/g for Purolite
C-104, 68.21 mg/g for Lewatit CNP-80, and 474.83 mg/g
for Lewatit SP-112, and they are also in agreement with the
obtained capacities.

Table 4. Isotherm parameter values for Cd(II) and Pb(II) ions in the presence of
GA in the (1:1) system on Purolite S-930, Purolite S-940, Diaion CR-20, Wofatit
MC-50, Purolite C-104, Lewatit CNP-80, and Lewatit SP-112.

Ion exchanger

Langmuir constants Freudlich constants

q0 KL R2 KF n R2

Cd(II)
S-930 111.11 0.066 0.999 9.42 2.39 0.437
S-940 142.85 0.089 0.999 37.58 4.78 0.760
CR-20 35.79 0.002 0.974 0.50 1.78 0.981
MC-50 36.88 0.002 0.813 0.95 2.11 0.906
C-104 40.18 0.005 0.979 1.34 2.11 0.959
CNP-80 16.02 0.025 0.999 4.56 5.43 0.959
SP-112 171.29 0.651 0.993 48.08 5.02 0.636

Pb(II)
S-930 250.00 0.042 0.999 33.88 3.28 0.681
S-940 357.14 0.007 0.997 12.42 2.15 0.809
CR-20 64.19 0.002 0.977 1.66 2.24 0.883
C-104 94.26 0.004 0.998 1.41 1.76 0.962
CNP-80 70.81 0.008 0.995 10.19 3.94 0.966
SP-112 476.19 0.024 0.998 91.83 4.44 0.669
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The sorption capacity order for the Cd(II)–GA complexes
is Lewatit SP-112 > Purolite S-940 > Purolite S-930 > Pur-
olite C-104 > Wofatit MC-50 > Diaion CR-20 > Lewatit
CNP-80, and for the Pb(II)–GA complexes, the order is
Lewatit SP-112 > Purolite S-940 > Purolite S-930 > Purolite
C-104 > Lewatit CNP-80 >> Diaion CR-20.

Desorption of Pb(II) in the presence of glycolic acid
The desorption process was carried out for the Lewatit SP

112 and Purolite S-940 for which the sorption process was
the most effective. From the investigations, the use of 1
mol/L solutions of NaCl, HCl, HNO3, and H2SO4 resulted
in recovery efficiencies of about 37.8%, 24.8%, 96.4%, and
2% for Pb(II) ions from Lewatit SP 112, respectively. In the
case of Purolite S-940, these values were 8.8%, 35.6%,
91.2%, and 1.5%, respectively.

Conclusion
The present study demonstrates the significant effect of

glycolic acid on the removal of Cd(II) and Pb(II) from
wastewater. The results reveal the possibly efficient removal
of these heavy-metal ions using the chelating ion exchangers
Purolite S-940 and Purolite S-930 and the strongly acidic
polystyrene cation exchanger Lewatit SP-112.

The sorption process in the presence of glycolic acid as a
complexing agent on these ion exchangers was studied as a
function of the pH, contact time, and concentration of metal
solutions. The pH and initial metal concentration were found
to influence the effectiveness of Cd(II) and Pb(II) sorption.
Batch equilibrium was reached after about 120 min of the
contact. The ion-exchange process, which is pH-dependent,
showed the maximum removal of heavy-metal ions in the
pH range 4.0–6.0. The experimental data have been ana-
lyzed using the Langmuir and Freundlich isotherm models.

The sorption of the studied metal ions in the presence of
GA on Purolite S-940, Diaion CR-20, Wofatit MC-50, Puro-
lite C-104, Lewatit CNP-80, and Lewatit SP-112 followed
the pseudo-second-order reversible kinetics. Nitric acid was
found to be the most effective regenerating agent.
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The dehydrogenation of combined organic and
inorganic hydrogen-storage carriers

Dominik Wechsler, Boyd Davis, and Philip G. Jessop

Abstract: A thermally balanced H2 storage system can be created by combining an H2 carrier that releases H2 endothermi-
cally with one that releases H2 exothermically. Here, we describe combinations of H2 carriers wherein both carriers release
H2 by dehydrogenation rather than by hydrolysis. The endothermic carriers tested were heterocyclic organic liquids, while
the exothermic carriers were amine-borane compounds. The options of having the two carriers chemically bound together
or merely physically mixed together were explored. With both options, the exothermic carrier inhibited the endothermic
carrier, either by chemically affecting the heterocyclic ring of the endothermic carrier or by decreasing the activity of the
heterogeneous dehydrogenation catalyst.

Key words: hydrogen storage, dehydrogenation, amine-borane, N-heterocycle, heterogeneous catalyst.

Résumé : On peut créer un système de stockage d’hydrogène (H2) thermiquement équilibré en combinant un porteur de
H2 qui dégage du H2 d’une façon endothermique avec un autre qui dégage de l’hydrogène d’une façon exothermique.
Dans ce travail, on décrit la combinaison de deux porteurs d’hydrogène qui dégagent de l’hydrogène par déshydrogénation
plutôt que par hydrolyse. Les porteurs d’hydrogène endothermiques qui ont été évalués sont des liquides organiques hété-
rocycliques alors que les porteurs d’hydrogène exothermiques sont des composés amine-borane. On a examiné les options
d’utiliser deux porteurs d’hydrogène chimiquement liés ou simplement mélangés d’un point de vue physique. Quelle que
soit l’option retenue, le porteur exothermique inhibe le porteur endothermique en affectant d’une façon chimique le noyau
hétérocyclique du porteur endothermique ou par une diminution de l’activité du catalyseur hétérogène de déshydrogéna-
tion.

Mots-clés : entrepose d’hydrogène, déshydrogénation, amine-borane, hétérocycle azoté, catalyseur hétérogène.

[Traduit par la Rédaction]

Introduction

Increasing concerns about pollution from the use of fossil
fuels has resulted in much attention being paid towards re-
newable energy sources and clean energy carriers, such as
hydrogen.1,2 While fuel cell technologies are advancing,2,3

the development of hydrogen-storage systems is being sty-
mied by significant technological roadblocks. Currently, sev-
eral hydrogen-storage systems are being developed, e.g.,
physical systems involving compressed or adsorbed H2 and
chemical systems, such as metal hydrides and organic
liquids.4–6

The use of organic liquids7 (e.g., cyclohexanes, piperi-
dines8–14) as hydrogen carriers would be desirable for their
ease of transportation, their pumpability, and the reversibil-
ity of their dehydrogenation. These can be categorized as
endothermic carriers because they release H2 endothermi-
cally, which makes the release more controllable. However,
a drawback for implementing these endothermic systems is
the energy that must be supplied to satisfy the enthalpy of
dehydrogenation (this can significantly detract from the ef-
fective energy storage density).

Inorganic hydrogen carriers, such as metal hydrides and
boron hydrides, on the other hand, are solids and therefore
generally more difficult to handle and impossible to pump.
Hydrogen release from these compounds is typically exo-
thermic, and proceeds by either dehydrogenation or hydroly-
sis. The advantages of these carriers are the significantly
higher gravimetric hydrogen-storage densities and the lack
of a requirement for heat to be supplied on-board. However,
they would require more complicated on-board engineering
because they are solids and because the exothermic release
of hydrogen results in heat-management issues and the risk
of overheating or runaway reaction.

Combining an endothermic (organic) carrier and an exo-
thermic (inorganic) carrier creates a hybrid system that has
the advantages of both. The heat released from the exother-
mic release of H2 could be transferred to the endothermic
carrier, minimizing the need for an external heat source for
the release of H2 from the latter. Dissolving the inorganic
carrier in the organic carrier would eliminate the engineer-
ing difficulties associated with the use of a solid. The low
hydrogen-storage density of the endothermic carrier would
be improved by the addition of the exothermic hydrogen
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carrier. Finally, the use of a liquid carrier to dissolve the
solid carrier means that there is no need for an inert solvent
for the latter. In short, the combination of two carriers could
solve many of the problems that plague the individual car-
riers.

We recently reported the production of hydrogen from
just such a combination of endothermic (organic) and exo-
thermic (inorganic) hydrogen carriers. Endothermic dehydro-
genation of indoline and exothermic hydrolysis of amino
boranes (triethylamine-borane, dimethylamine-borane (DMAB),
and amino-borane) were achieved together at 100 8C in the
presence of palladium on carbon (Pd/C) catalyst. In these
successful combinations, the exothermic and endothermic
carriers were physically mixed together. When, however, an
exothermic carrier was covalently bonded to an endothermic
carrier, the H2 release from the latter was prevented.15

We now describe our efforts to produce hydrogen from a
similar combination of hydrogen carriers but using dehydro-
genation, rather than hydrolysis, of the exothermic carrier.
Dehydrogenation is preferred because hydrolysis of boranes
puts the products into a large thermodynamic well so that
regeneration of the hydrolyzed carrier is chemically chal-
lenging and energetically intensive.

Two separate approaches were considered for combining
the two carriers: (i) having both carriers in the same mole-
cule through a chemical bond and (ii) having a physical
mixture of the two carriers. Having both carriers in the
same molecule is advantageous because accidental phase
separation of the two carriers is impossible, energy transfer
from the exothermic to the endothermic carrier is facile,
and the ratio of exothermic to endothermic carriers is fixed.
In our previous study,15 some inhibition of the indoline de-
hydrogenation was observed, which could also be a concern
with this approach.

Alternatively, having the two carriers physically mixed to-
gether, rather than chemically bonded to each other, makes
it possible to adjust the molar ratio of the two carriers; this
is advantageous to achieve an overall heat balance within
the system. The drawback is that new Lewis acid/Lewis
base adducts could be formed during the reaction.

Results and discussion

Exothermic carrier chemically bound to the endothermic
carrier

The known15 indoline–BH3 adduct (1) was first explored
for the potential release of 2 equiv. of H2 in the presence of
a heterogeneous catalyst under anhydrous conditions
(eq. [1]).

The dehydrogenation of compound 1 was first attempted
in toluene in the presence of different heterogeneous plati-
num-group catalysts (ruthenium on carbon (Ru/C), palla-
dium on carbon (Pd/C), and platinum on carbon (Pt/C)) at
100 8C. In each case, 1H NMR spectroscopy showed that

compound 1 had been converted to indoline; the borane
fragment had been removed and yet no dehydrogenation of
the C–C single bond was observed. No boron-containing
species were observed in the liquid phase of the final reac-
tion mixture by 11B NMR spectroscopy. Once the boron
moiety is cleaved from the indoline, one would have ex-
pected that the unbound indoline should be easily dehydro-
genated. The lack of dehydrogenation must be due to
inhibition of the catalyst by boron-containing species.

When rhodium on carbon (Rh/C) was used as the catalyst,
a new single boron shift at 20.7 ppm was observed in the
11B NMR spectrum, while in the 1H NMR spectrum, several
indoline-related compounds were observed including free in-
doline and compound 1, but neither indole nor any indole
derivatives were observed. No further characterization was
attempted because of the mixture of products in the 1H
NMR spectrum. This shows that dehydrogenation of the C–C
bond was again inhibited, although in this case it might have
been due to boron-induced electronic changes in the indoline
ring rather than inhibition of the catalyst.

Because of the loss of the borane moiety in the presence
of three catalysts (Ru/C, Pd/C, and Pt/C), we explored the
reactivity of 1 without catalyst at 100 8C. Several different
atmospheric reaction conditions such as continuous flow of
argon, static atmosphere of nitrogen, and under partial vac-
uum were explored. Evaluation by 1H and 11B NMR spec-
troscopy revealed a change in the chemical shifts of the
borane protons and the boron atom. The methylene peaks of
1 (four distinct multiplets) changed to two distinct triplets
corresponding to a new compound (2) (eq. [2]. The connec-
tivity of 2 was confirmed by standard NMR experiments
(1H, 13C{1H}, 11B, 1H–1H COSY, 1H–13C HSQC, and 1H–13C
HMBC) as well as 1H{11B} and 1H–1H NOESY NMR ex-
periments. In the 1H{11B} spectra, (Fig. S3 in the Supple-
mentary data), the boron moiety was decoupled resulting in
a singlet at 5.05 ppm. The structure was further confirmed
by through-space 1H–1H NOESY correlations (Fig. S4 in

Fig. 1. ORTEP diagram of compound 3, shown with 50% probabil-
ity ellipsoids.
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the Supplementary data) between the aryl protons and the
borane protons as well as the methylenes. The formation of
analogous compounds R2NBH2 has been reported previ-
ously.16–19

Compound 2 is very air- and moisture-sensitive; upon ex-
posure to air for just a few minutes, borane hydrolysis oc-
curs. This has been followed by IR (Fig. S2 in the

Supplementary data) where complete hydrolysis is achieved
within 20 min. The addition of 1 (or more) equiv. of water
to compound 2 resulted in the loss of the borane moiety and
the formation of unbound indoline. However, extremely
slow exposure of a solution of 2 in chloroform to air over
weeks generated crystals of compound 3, which were
analyzed crystallographically. The suggested chemical trans-
formation is shown in eq. [3]. The ORTEP20 diagram
(Fig. 1) shows that 3 is a trimeric structure having planar
geometry at N (359.978) and having an N–B bond length
(1.411(2) Å) significantly shorter than in R2HN–BH3 com-
plexes (~1.60 Å)15,21–23 but comparable to that in a literature
[R2N–B(OR)]2O structure (1.407(4) Å).24 Several attempts
to form compound 3 in bulk have been met with no success.

The lack of dehydrogenation at the C–C single bond of 1
shows that having the two carriers in close proximity within
the same molecule has its limitations. Therefore, our next
strategy was to physically mix an endothermic carrier and
an exothermic carrier, rather than chemically attach them to
each other.

Inorganic carrier physically mixed with the organic
carrier

Indoline, DMAB, and Pd/C were combined under an inert

atmosphere25 and heated at 100 8C for 2 h. By 1H NMR
spectroscopy, compound 2 was observed with quantitative
conversion. Heating indoline and DMAB to 100 8C in the ab-
sence of catalyst also resulted in the formation of 2 in greater
than 95% yield. At room temperature, no interaction is ob-
served between the two compounds. Two possible pathways
for the formation of 2 are depicted in Scheme 1. The first
pathway (route A in the scheme) corresponds to the displace-
ment of the dimethylamine moiety by indoline resulting in
the in situ formation of 1 followed by B–N dehydrocoupling.

Scheme 1. Two possible mechanisms for the reaction between indoline and DMAB.
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Alternatively (route B), if the DMAB dimer ([Me2N–BH2]2)
forms first and then indoline breaks up the dimer, the de-
picted intermediate could be formed followed by the loss of
the dimethylamine moiety to form compound 2.

To determine whether route B is viable, dimethylamino-
borane dimer ([Me2N–BH2]2) was combined with indoline
in chloroform-d. Heating the mixture at 55 8C for 2 h pro-
vided a second set of indoline peaks as well as new methyl
peaks in the 1H NMR spectrum. In the 11B NMR spectrum,
two new boron peaks appeared. Upon heating for 20 h, all
of the starting materials were consumed. According to the
1H, 13C{1H}, and 11B NMR spectra, there appear to be two
major products; in the 1H NMR spectrum, a minor product
is also observed. In the 11B NMR spectrum, two equally in-
tense peaks are observed, which correlate to separate proton
peaks in the 1H NMR spectrum as shown by 1H{11B} NMR
experiments. In the 1H NMR spectrum, there seem to be two
major and one minor methyl peaks, while in the 13C NMR
spectrum, two separate methyl carbons with different inten-
sities are observed. Several standard 2D NMR (COSY, 1H–13C
HSQC, 1H–13C HMBC), 1H–1H NOESY, and variable-tem-
perature 1H NMR experiments have been performed, but no
distinct compound could be characterized.

To determine if the dimethylamine moiety can be lost, the
mixture of products was taken up in toluene and heated to
100 8C in the presence of Pd/C for 2 h. By NMR spectro-
scopy, the dimethylamine moiety is still present as well as
the methylene peaks of an unidentified boron-adduct of in-
doline. Because this treatment did not generate compound
2, we suggest that route B is not viable; route A is therefore
considered likely.

The reactivity of indoline with DMAB was also explored
at a 2:1 ratio. When 2 equiv. of indoline were combined
with DMAB in the presence of Pd/C and heated at 100 8C
for 2 h followed by extraction into dichloromethane and
cooling at –19 8C, compound 4 was crystallized. Equation
[4] shows the assumed stoichiometry. This reaction can also
be performed at room temperature; when all reagents are
combined, gas evolution is observed within a few minutes.
Upon completion of the reaction, the reaction mixture solidi-
fied and the product was isolated from the catalyst by ex-
traction with dichloromethane followed by filtration and

removal of solvent in vacuo. The chemical shifts in the 1H
and 11B NMR spectra are close to those for 2. In the crystal
structure (Fig. 2), the N atoms are planar [N(1): 359.62(16)8
and N(2): 359.59(16)8] and the N–B bond lengths [B(1)–N(1):
1.416(2) Å and B(1)–N(2): 1.412(2) Å] are close to those in
compound 3 and to those observed in the literature for hy-
droboranes with a similar core structure of R2N–BH–NR2
[1.405(3) to 1.428(3) Å].26

These experiments show that there is a strong tendency
for the two hydrogen carriers to chemically combine. One
of the reagents needs to be altered to avoid the formation of
a Lewis acid/Lewis base adduct.

To determine if adduct formation can be inhibited by
making the N atom of the indoline more sterically hindered,

N-butylindoline, and N-trimethylsilylindoline were synthe-
sized and then heated with DMAB at 100 8C for 2 h over
Pd/C. The 1H NMR spectrum showed that the N-alkylindo-
line was unchanged; neither dehydrogenation of the C–C
bond nor formation of an adduct of N-alkylindoline with a
boron moiety occurred. The loss of some of the dimethyl-

Fig. 2. ORTEP structure of compound 4, shown with 50% prob-
ability ellipsoids.
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amine moiety of DMAB was observed by 1H NMR spectro-
scopy. The DMAB dimer and small quantities of boron spe-
cies (20–28 ppm) were observed by 11B NMR spectroscopy.
When Rh/C was used instead of Pd/C, similar results were
obtained except that roughly equal intensitites of DMAB
dimer and other boron species (26–28 ppm) were observed
by 11B NMR spectroscopy (eq. [5], where the 1:4 ratio of
dimer to indoline is based on NMR observations rather than
predicted stoichiometry). In the absence of DMAB, com-

plete dehydrogenation of N-butylindoline and N-trimethylsi-
lylindoline was achieved with Pd/C. The fact that the N-
alkylindoline did not form an adduct is an indication that
the alkyl groups may have added enough steric bulk to pre-
vent the formation of an adduct. Nevertheless, the free N-al-
kylindoline was not dehydrogenated in the presence of
DMAB, showing that the catalyst is inhibited by a boron
species.

Similar observations have been reported by Manners and
co-workers27 in the dehydrogenation of DMAB, where the
heterogeneous metal catalysts were poisoned by ‘‘BH3’’ gen-
erated in metal-assisted adduct dissociation reactions.

Conclusion
In this paper, we explored two approaches (chemically

bound and physically mixed) to combining two independent
hydrogen carriers. Attempts to release hydrogen from both
carriers, without resorting to hydrolysis, were only partly
successful. Hydrogen release from the borane group was
achieved while dehydrogenation of the organic carrier was
not.

This work has shown that compound 1 (chemically bound
inorganic and organic carriers) decomposes in the presence
of several catalysts (Ru/C, Pt/C, and Pd/C) to indoline and
unknown boron species. The dehydrogenation of the free in-
doline does not take place, indicating that some boron spe-
cies is poisoning the catalyst. In the case of Rh/C, although
the B–N bond was not cleaved, the indoline dehydro-
genation was still inhibited, most likely due to the electron-
withdrawing effect of the borane group. In the absence of
catalyst, only 1 equiv. of H2 was released by dehydrogena-
tion of the B–N bond, forming compound 2.

The strategy of having the two carriers physically mixed
together but chemically separate has also shown limited suc-
cess. Whenever indoline and DMAB were combined under a
variety of conditions, compound 2 was formed. When an ex-
tra equivalent of indoline was employed, a 2:1 complex (4)
was formed. Thus, again, dehydrogenation of the borane was
achieved while dehydrogenation of the C–C bond was not.

In an attempt to prevent the borane binding to the organic
(endothermic) carrier, N-substituted indoline derivatives (N-
butylindoline and N-trimethylsilylindoline) were tested in
place of indoline. In the absence of a borane, complete indo-
line dehydrogenation is achieved in the presence of catalyst.
When borane is added, the indoline dehydrogenation is pre-
vented, which suggests that some boron species is inhibiting
the catalyst.

This shows that this approach of dehydrogenation of a
combination of organic and inorganic hydrogen carriers con-

taining boron does not work because of boron inhibition of
the catalyst and possibly electronic effects on the endother-
mic carrier.

Experimental methods

General considerations
Manipulations of air-sensitive compounds were conducted

in the absence of oxygen and water under an atmosphere of
N2 by the use of standard Schlenk methods, utilizing glass-
ware that was oven-dried (130 8C) and evacuated while hot
prior to use. Indoline (Aldrich) was dried in vacuo at 80 8C
for 2 h prior to use. Palladium (10%) on activated carbon
(dry powder, Strem Chemicals), platinum (5%) on activated
carbon (dry powder, Alfa Aesar), rhodium (5%) on activated
carbon (dry powder, Alfa Aesar), ruthenium (5%) on acti-
vated carbon (dry powder, Alfa Aesar), and dimethylamine-
borane (Alfa Aesar) were used as received. Compound 1
was synthesized via literature methods.15 Tetrahydrofuran
and toluene were obtained from Fisher Scientific and passed
through a double-column solvent-purification system pur-
chased from Innovative Technologies, Inc., degassed using
three freeze–pump–thaw cycles, and stored over activated
molecular sieves (4 Å) prior to use. Dichloromethane
(CH2Cl2) (Fisher Scientific) and CDCl3 (Aldrich Chemicals)
were stirred over CaH2 for 7 days, followed by three freeze–
pump–thaw cycles, and vacuum transferred into a new flask
and stored over activated molecular sieves (4 Å).

1H, 13C, and 11B NMR spectra were collected at 300 K on
a Bruker AV-400 spectrometer operating at 400.3, 100.7,
and 128.4 MHz, respectively, with chemical shifts reported
in ppm downfield of SiMe4 (for 1H and 13C) or BF3–Et2O
(for 11B) unless otherwise stated. 1H and 13C NMR chemical
shift assignments were made on the basis of data obtained
from 1H–1H COSY, 1H–13C HSQC, and 1H–13C HMBC
NMR experiments. 1H{11B} and 1H–1H NOESY NMR ex-
periments were performed at 300 K on a Bruker AV-600
spectrometer at 600.2 MHz. In some cases, fewer than ex-
pected unique 13C{1H} NMR resonances were observed. In-
frared spectra were recorded with a Nicolet Avatar 360
FTIR E.S.P. instrument using potassium bromide plates.
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Preparation of 1-borylindoline, 2

Method A
To a round-bottom flask charged with a stir bar, com-

pound 1 (0.036 g, 0.27 mmol) was added and heated at
100 8C under a flow of argon or nitrogen for 1 h. The flask
was cooled to room temperature giving a white solid.

Method B
To a Schlenk flask charged with a stir bar was added in-

doline (0.397 mL, 3.54 mmol), DMAB (0.209 g 3.54 mmol),
and Pd/C (0.075g, 0.070 mmol) followed by heating at
100 8C for 2 h under argon flow. The residue was taken up
in chloroform and filtered through a plug of diatomaceous
earth. The solvent was removed in vacuo and solid-washed
with hexanes yielding a white solid (0.402 g, 3.07 mmol,
87%).

IR: n 2490.01 cm–1 for B–H stretch. 1H NMR (CDCl3): d
7.30–7.18 (m, 3H, C4–H, C7–H, and C5–H or C6–H), 6.97
(t, 3JHH = 7.4 Hz, 1H, C5–H or C6–H), 5.17 (v br s, BH2),
4.14 (t, 3JHH = 8.5 Hz, 2H, C2–H2), 3.16 (t, 3JHH = 8.5 Hz,
2H, C3–H2). 13C{1H} NMR (CDCl3): d 150.6 (C3a), 131.6
(C7a), 127.3 (C5), 124.6 (C4), 120.7 (C6), 111.5 (C7), 49.2
(C2), 30.0 (C3). 11B NMR (CDCl3): d 25.7.

Preparation of compound 4
In a Schlenk flask charged with a stir bar, DMAB

(0.048 g, 0.81 mmol), and 10% Pd/C (0.026 mg) was added
indoline (0.18 mL, 1.62 mmol). The flask was heated at
100 8C for 2 h. Alternatively, if the reaction mixture is left
at room temperature, gas evolution is observed over the
course of ~1 h followed by the solidifying of the reaction
mixture. The product was then extracted with dichlorome-
thane and filtered through diatomaceous earth to remove the
catalyst. Removal of the solvent in vacuo resulted in a white
solid (0.17 g, 0.70 mmol, 73%). X-ray quality crystals were
grown from a solution of dichloromethane at –19 8C under
an inert atmosphere. 1H NMR (CDCl3): d 7.17–7.05 (m, 3H,
C4–H, C7–H and C5–H or C6–H), 6.84 (t, 3JHH = 7.2 Hz,
1H, C5–H or C6–H), 5.17 (v br s, BH), 4.10 (t, 3JHH =
8.5 Hz, 2H, C2–H2), 3.09 (t, 3JHH = 8.5 Hz, 2H, C3–H2).
13C{1H} NMR (CDCl3): d 150.5 (C3a), 131.4 (C7a), 127.1
(C5), 124.5 (C4), 120.6 (C6), 111.4 (C7), 49.1 (C2), 29.9
(C3). 11B NMR (CDCl3): d 25.4.

Preparation of N-1-butylindoline
To a round-bottom Schlenk flask charged with a stir bar,

NaH (1.4 g, 0.060 mol), and THF (10 mL) was added indo-
line (6.7 mL, 0.060 mol). The mixture was allowed to stir
overnight (16 h), resulting in a yellow solution. Bromobu-
tane (6.4 mL, 0.060 mol) was slowly added and the reaction
mixture was stirred for 4 h resulting in a colorless liquid and
a white precipitate. The solvent was removed in vacuo and
the product was distilled away from the precipitate under re-
duced pressure, yielding a colorless liquid (6.9 g, 0.039 mol,
68%).

1H NMR (CDCl3): d 7.14–7.10 (m, 2H, aryl–Hs), 6.69 (t,
3JHH = 7.3 Hz, 1H, aryl–H), 6.53 (d, 3JHH = 8.0 Hz, 1H,
aryl–H), 3.39 (t, 3JHH = 8.3 Hz, 2H, C2–H2), 3.11 (t, 3JHH =
7.3 Hz, 2H, CH2CH2CH2CH3), 3.01 (t, 3JHH = 8.2 Hz, 2H,
C3–H2), 1.66 (m, 2H,, CH2CH2CH2CH3), 1.49 (m, 2H,

CH2CH2CH2CH3), 1.04 (t, 3JHH = 7.4 Hz, 3H,
CH2CH2CH2CH3). 13C{1H} NMR (CDCl3): d 153.0 (quat),
130.1 (quat), 127.4 (aryl–C), 124.5 (aryl–C), 117.3 (aryl–
C), 106.9 (aryl–C), 53.2 (CH2), 49.1 (CH2), 29.7 (CH2),
28.7 (CH2), 20.6 (CH2), 14.2 (CH3). NMR data match those
reported in the literature.28,29

Preparation of N-trimethylsilylindoline
To a round-bottom Schlenk flask charged with a stir bar,

NaH (0.94 g, 0.039 mol), and THF (10 mL) was added indo-
line (4.4 mL, 0.039 mol). The mixture was allowed to stir
overnight (16 h), resulting in a yellow solution. Chlorotrime-
thylsilane (5.0 mL, 0.039 mol) was added slowly and the re-
action mixture was stirred for 4 h resulting in a colorless
liquid and a white precipitate. The solvent was removed in
vacuo and the product was distilled away from the precipi-
ate under reduced pressure, yielding a colorless oil (6.4 g,
0.033 mol, 86%). 1H NMR (CDCl3): d 6.97 (d, 3JHH =
6.8 Hz, 1H, aryl–H), 6.89 (t, 3JHH = 7.6 Hz, 1H, aryl–H),
6.54–6.48 (m, 2H, aryl–Hs), 3.52 (t, 3JHH = 8.8 Hz, 2H,
C2–H2), 2.91 (t, 3JHH = 8.8 Hz, 2H, C3–H2), 0.20 (s, 9H,
Me3Si). 13C{1H} NMR (CDCl3): d 152.3 (quat), 131.9
(quat), 127.2 (aryl–C), 124.7 (aryl–C), 116.9 (aryl–C),
109.0 (aryl–C), 49.2 (CH2), 30.0 (CH2), –0.5 (SiMe3). The
NMR data match those reported in the literature.30

General procedure for dehydrogenation of indoline and
amine borane

In a glovebox, a Schlenk flask was charged with a stir
bar, catalyst, amine-borane, and indoline and sealed with a
rubber septum. The flask was brought out of the glovebox
and flushed with argon using a low flow. The flask was
then lowered into a preheated 100 8C oil bath, and magnetic
stirring was initiated. After 2 h, the flask was removed from
the oil bath and allowed to cool to room temperature. Once
cooled, the headspace was evacuated and the flask was
brought back into the glovebox. The reaction mixture was
extracted with CDCl3 and analyzed by NMR spectroscopy.

Crystallographic characterization of 3 and 4
A crystal of the compound was mounted on a glass fiber

with grease and cooled to –93 8C in a stream of nitrogen gas
controlled with Cryostream Controller 700. Data collection
was performed on a Bruker SMART APEX II X-ray diffrac-
tometer with graphite-monochromated Mo Ka radiation (l =
0.71073 Å), operating at 50 kV and 30 mA over 2q ranges
of 4.82–52.008. No significant decay was observed during
the data collection.

Data were processed on a PC using the Bruker AXS Crys-
tal Structure Analysis Package.31 Data collection: APEX2;
cell refinement: APEX2; data reduction: SAINT and
XPREP; program used to solve structure: SHELXTL; pro-
gram used to refine structure: SHELXTL; molecular
graphics: SHELXTL; software used to prepare material for
publication: SHELXTL. Neutral atom scattering factors
were taken from Cromer and Waber.32 The structures were
solved by direct methods. Full-matrix least-square refine-
ments minimizing the function Sw (Fo

2 – Fc
2)2 were applied

to the compounds. All non-hydrogen atoms were refined
anisotropically. All of the H atoms were placed in geometri-
cally calculated positions, with C–H = 0.95 (aromatic) and
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0.99 (CH2) Å, and refined as riding atoms, with Uiso(H) =
1.2 Ueq (C). For compound 4, the H on the B atom was lo-
cated from the difference Fourier map and refined without
restriction.

Additional crystallographic information is provided in the
accompanying CIF files (see Supplementary data).

Supplementary data

Supplementary data (13C{1H} NMR spectra for 2 and 4;
1H, 13C{1H} and 1H{11B} NMR spectra for indoline-dime-
thylamino borane adduct; and single-crystal X-ray diffrac-
tion data in CIF format for 3 and 4) for this article are
available on the journal Web site (canjchem.nrc.ca). CCDCs
766954 and 766955 contain the X-ray data in CIF format for
this manuscript. These data can be obtained, free of charge,
via www.ccdc.cam.ac.uk/conts/retrieving.html (Or from the
Cambridge Crystallographic Data Centre, 12 Union Road,
Cambridge CB2 1EZ, UK; fax +44 1223 336033; or
deposit@ccdc.cam.ac.uk).
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2000; (b) Bruker. XPREP, version 2005/2; Bruker AXS Inc.:
Madison, WI, 2005; (c) Bruker. SAINT, version 7.23A; Bru-
ker AXS Inc.: Madison, WI, 2005; (d) Bruker. APEX2, ver-
sion 2.0–2; Bruker AXS Inc.: Madison, WI, 2006.

(32) Waber, J. T. International Tables for X-ray Crystallography;
Kynoch Press: Birmingham, UK, 1974.
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ESR analysis of the oxidation reactions of
phosphorus-containing nitrone-type spin traps
with gold(III) ion

Akira Nakajima, Emiko Matsuda, Yuto Ueda, and Kunihiko Tajima

Abstract: Phosphorus-containing cyclic nitrones, such as DEPMPO, CYPMPO, and DPPMPO, were oxidized by hydrogen
tetrachloroaurate(III) to DEPMPOX, CYPMPOX, and DPPMPOX with the precipitation of Au(0). The reaction was de-
pressed by the addition of chloride or hydroxide ions. The peculiar pH dependency was observed in DEPMPOX,
CYPMPOX, and DPPMPOX formation, which should be caused by the diethoxyphosphoryl group in DEPMPO, the 1,3-
propoxy cyclophosphoryl group in CYPMPO, and the diphenylphosphinoyl group in DPPMPO. The oxidation of the nitro-
nes proceeded through the ligand exchange of Cl– in AuCl4– with >N+–O– in nitrone and the nucleophilic addition of the
water molecule to the C-2 position in the nitrones, the stepwise intra-molecular transfer of three electrons from the nitro-
nes to Au(III), and the release of the resulting Au(0). The phosphoryl group in the nitrones suppressed the first ligand-
exchange interaction by its electronegativity, while the group promoted the electron transfer from the nitrones to Au(III)
by its inductive effect.

Key words: ESR, spin traps, DMPOX, DEPMPO, CYPMPO, DPPMPO, Au(III) ion.

Résumé : Phosphore-contenant les nitrones cycliques, tels que DEPMPO, CYPMPO, et DPPMPO, ont été oxydés par le
tetrachloroaurate(III) d’hydrogène à DEPMPOX, à CYPMPOX, et à DPPMPOX avec la précipitation d’Au(0). La réaction
a été diminuée par l’addition des ions de chlorure ou d’hydroxyde. La dépendance particulière de pH a été observée dans
DEPMPOX, CYPMPOX, et la formation de DPPMPOX, qui devrait être causée par le groupe de diethoxyphosphoryl dans
DEPMPO, le 1,3-propoxy groupe de cyclophosphoryl dans CYPMPO, et le groupe de diphenylphosphinoyl dans
DPPMPO. L’oxydation du nitrones a parcouru les étapes l’interaction d’échange de ligand de Cl– dans d’AuCl4–

avec >N+–O– dans nitrone et l’addition de nucleophilic de la molécule d’eau au C2 position dans le nitrones, le transfert
dans-moléculaire disposé en gradins de trois électrons du nitrones à Au(III), et le relâchement du résultant Au(0). Le
groupe de phosphoryl dans les nitrones a supprimé la première interaction d’échange de ligand par son electronegativity,
alors que le groupe favorisait le transfert d’électron à partir des nitrones à l’Au(III) par son effet inductif.

Mots-clés : RPE, piège à spin, DMPOX, DEPMPO, CYPMPO, DPPMPO, ion Au(III).

Introduction
Phosphorus-containing nitrone-type spin traps should be

useful for the trapping of superoxides. First, a spin trap con-
taining phosphorus atom, 5-diethoxyphosphoryl-5-methyl-1-
pyrroline N-oxide (DEPMPO), was developed for superoxide
trapping.1 Recently, two spin traps containing phosphorus
atom, such as 5-(2,2-dimethyl-1,3-propoxycyclophosphoryl)-
5-methyl-1-pyrroline N-oxide (CYPMPO)2 and 2-(diphenyl-phos-
phinoyl)-2-methyl-3,4-dihydro-2H-pyrrole 1-oxide (DPPMPO),3
were developed and actively used for superoxide trapping.4–10

The fact that DEPMPO was oxidized to the 5-diethoxyphos-
phoryl-5-methyl-1-pyrrolid-2-one-N-oxyl (DEPMPOX) radical in
the biosystems11 in a manner similar to 5,5-dimethyl-1-pyrroline-
N-oxide (DMPO)12–18 required that we analyze the characteristics

of the oxidation reaction of these spin traps containing phospho-
rus atom.

Previously, we found that cyclic nitrones, such as 5,5-di-
methyl-1-pyrroline-N-oxide (DMPO), 4-phenyl-5,5-dimethyl-
1-pyrroline-N-oxide (PDMPO), and 3,3,5,5-tetramethyl-1-
pyrroline-N-oxide (M4PO), were oxidized by hydrogen tet-
rachloroaurate(III) (HAuCl4) to 5,5-dimethyl-1-pyrrolid-2-
one-N-oxyl (DMPOX), 4-phenyl-5,5-dimethyl-1-pyrrolid-2-
one-N-oxyl (PDMPOX), and 3,3,5,5-tetramethyl-1-pyrrolid-
2-one-N-oxyl (M4POX), respectively, through three elec-
tron-transfer reactions.19 As HAuCl4 oxidizes the nitrone to
DMPOX-type aminoxyl radicals20 directly without any other
radicals, the nitrone-HAuCl4 system is suitable for the anal-
ysis of the mechanism of nitrone oxidation.
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In the present study, we examined the oxidation reaction
of spin traps containing phosphorus atoms, such as
DEPMPO, CYPMPO, and DPPMPO, with HAuCl4 and dis-
cussed the reaction profiles of the formation of DMPOX-
type aminoxyl radicals.

Experimental

Chemicals
Hydrogen tetrachloroaurate(III) (HAuCl4) dihydrate and

other chemicals were obtained from Nacalai Tesque, Kyoto,
Japan. DEPMPO was obtained from Alexis Biochemicals,
Enzo Life Sciences, Inc., USA; CYPMPO was obtained
from Radical Research, Inc., Tokyo, Japan; and DPPMPO
was obtained from DOJINDO, Kumamoto, Japan. The mo-
lecular structures of the nitrones used in this study are
shown in Fig. 1. All nitrones used were examined by ESR,
and no radical species were observed.

ESR measurements
ESR measurements were conducted using procedures

nearly identical to those described previously,19 namely,
40 mL of a HAuCl4 solution (1.25 mmol/L) and 40 mL of a
nitrone solution (1.25 mmol/L) were mixed at pH 4. As
DPPMPO formed far smaller amounts of DPPMPOX than
other nitrones, experiments were conducted in a solution
containing 6.25 mmol/L of HAuCl4 and DPPMPO. In the ni-
trone concentration experiments, the desired amounts of the
nitrones were mixed with HAuCl4 (1.25 mmol/L for
DEPMPO and CYPMPO and 6.25 mmol/L for DPPMPO).
After aspirating the mixture into a capillary tube, its ESR
spectrum was immediately recorded using an X-band ESR
spectrometer (JES TE-100, JEOL, Ltd., Tokyo, controlled
by a WIN-RAD ESR data analyzer, Radical Research, Inc.,
Tokyo) under the conditions described previously.19 For the
observation of the hyperfine structure of methyl protons, the
modulation width was set to 0.025 mT and the time was set
to 8 min. The solution pH was adjusted to the desired value
with 0.1 N HNO3 and 0.1 N NaOH solutions. To avoid the
photochemical reduction of Au(III), the reaction was con-
ducted in the darkness. The concentration of the DMPOX-
type radical was calibrated using TEMPOL as a standard
after double integration of the observed ESR signal. A com-
puter simulation of each ESR spectrum was also conducted
using a WIN-RAD ESR data analyzer.

Gold determination
The total amounts of the Au(III) species in the reaction

mixture and the resulting amounts of Au(0) were determined
as described previously.19

Results

Formation of aminoxyl radicals in phosphorus-
containing nitrone-HAuCl4 solutions

When solutions of phosphorus-containing cyclic nitrones,
such as DEPMPO, CYPMPO, and DPPMPO, were mixed
with a hydrogen tetrachloroaurate(III) (HAuCl4) solution at
pH 4, ESR signals indicating a large doublet with seven
lines appeared (Fig. 2). Two former spectra had some addi-
tional small hyperfine structures. Their hyperfine coupling

Fig. 1. Molecular structure of phosphorous-containing spin traps
and the corresponding DMPOX-type aminoxyl radicals.

Fig. 2. ESR spectra of DEPMPOX, CYPMPOX, and DPPMPOX
and their computer simulations.
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constants, estimated from a computer simulation, are listed
in Table 1. Simulation spectra for the three are shown in
Fig. 2 in comparison with the ones observed. From these val-
ues, the resultant radicals were identified to be DMPOX-type
aminoxyl radicals, DEMPOX, CYPMPOX, and DPPMPOX.
The assumed structures of the DMPOX-type aminoxyl radi-
cals containing DMPOX are depicted in Fig. 1 with the cor-
responding nitrones.

No other free radical species, except DMPOX-type ones,
were observed in DEPMPO-Au(III) and CYPMPO-Au(III)
solutions for a period of 2 h after the reaction was started.
On the other hand, in the DPPMPO-Au(III) solution, an
ESR signal with seven lines appeared, superposed upon the
DPPMPOX signal. In the present work, we concentrated on
DPPMPOX after subtracting the effect of the signal.21

Aspects of DMPOX-type radical formation in cyclic
nitrone-HAuCl4 solutions

Time course of radical formation
The time course of DMPOX-type aminoxyl radical forma-

tion was examined using the mixture of nitrones and
HAuCl4 at pH 4. As shown in Fig. 3, the amounts of
DMPOX-type aminoxyl radicals increased with the passing
of time and reached a maximum value within 40 min for
DEMPOX, 50 min for CYPMPOX, and 15 min for
DPPMPOX. As the time courses of the amounts of
DMPOX-type aminoxyl radicals indicate the combination of
the sigmoid-type curves {1/[1 + exp(–a(t – b))]} and the ex-
ponential decay [exp(–ct)], the reaction mechanisms should
be very complicated. However, the decrease of the Au(III)
ion in the reaction mixtures obeyed the second-order ki-
netics, eq. [1], as shown previously19

½1� d½AuðIIIÞ�=dt ¼ C=½kCt þ 1�

The kinetic constant, k, for each nitrone is listed in Ta-
ble 2, as well as the amounts of the DMPOX-type aminoxyl
radicals at 60 min after the start of the reaction. As shown in
Table 2, the magnitudes of k are in the order of DMPO >
DEPMPO > CYPMPO >> DPPMPO. The amounts of
DMPOX-type aminoxyl radicals are in the order of CYPMPO >
DEPMPO >> DMPO >> DPPMPO.

Effect of solution pH
The effects of the solution pH on the formation of DEPM-

POX, CYPMPOX, and DPPMPOX were examined using a
mixture of nitrones and HAuCl4. As shown in Fig. 4, the
amounts of DEPMPOX indicated a maximum at around
pH 4 and abruptly decreased above and below pH 4. The
amounts of CYPMPOX indicated a maximum at around
pH 3 and abruptly decreased above and below pH 3. The
amounts of DPPMPOX were far smaller than those of
DEPMPOX and CYPMPOX and indicated a maximum at
pH 2. The ratios of the chemical species, AuCl4–,
Au(OH)Cl3–, Au(OH)2Cl2

–, Au(OH)3Cl–, and Au(OH)4
–, in

the solution, depicted in Fig. 4, were calculated using the
parameters listed by Sillen and Martell.22 As the ratios of
AuCl4– and Au(OH)4

– in the reaction mixture increased, the

Table 1. Hyperfine coupling constants of DMPOX-type aminoxyl radicals.

Hyperfine coupling constant (mT)

Aminoxyl radical aN a3H
a aH–Me aP Reference

DMPOX 0.70 0.39 Ref. 19
DEPMPOX 0.67 0.37 0.04 3.78 Present

0.71 0.30
CYPMPOX 0.74 0.40 0.04 3.93 Present

0.33
DPPMPOX 0.69 0.40 2.84 Present

0.39

Note: As the C-5 atom in nitrones containing phosphorus atom are chiral, protons combined with C-3 atom
are not equivalent in the two isomers.

aHyperfine coupling constant for protons combined with the C-3 atom in nitrone.

Fig. 3. Time course of the aminoxyl radical concentrations and
Au(III) concentration in the mixtures of nitrones (1.25 mmol/L and
6.25 mmol/L for DPPMPO) and HAuCl4 (1.25 mmol/L and
6.25 mmol/L for DPPMPO). The closed circle indicates the amount of
DEPMPOX; the closed triangle indicates the amount of CYPMPOX;
the closed diamond indicates the amount of DPPMPOX; and the
closed square indicates the amount of DMPOX. The open circle
indicates the Au(III) concentration in the DEPMPO solution; the
open triangle indicates the Au(III) concentration in the CYPMPO
solution; the open diamond indicates the Au(III) concentration in
the DPPMPO solution; and the open square indicates the Au(III)
concentration in the DMPO solution.

558 Can. J. Chem. Vol. 88, 2010

Published by NRC Research Press



ESR signal intensities decreased. Figure 4 indicates that
DMPOX-type aminoxyl radical formations in DEPMPO and
CYPMPO solutions were so pH-sensitive that radicals only
formed in a very narrow pH range. In other words, the for-
mations of DEPMPOX and CYPMPOX were strongly af-
fected by AuCl4– and Au(OH)4

–. These results were quite
different from those of DMPOX, which formed in a wide
pH range.

Effect of co-existing salts
The addition of sodium chloride to the reaction mixture

markedly decreased the amounts of DEPMPOX, CYPMPOX,
and DPPMPOX, while no effect was observed by the addi-
tion of NaNO3 (Fig. 5). The amounts of AuCl4

– in the solu-
tion, depicted in Fig. 5, were calculated using the formation
constants listed by Sillen and Martell.22 As shown in Fig. 5,
the formation of a stable complex anion, AuCl4–, suppressed
the redox reaction as described previously.19 DEMPOX and
CYPMPOX decreased much more heavily with the increase

of the NaCl concentration than did DMPOX. These results
indicated that the formations of DEPMPOX and CYPMPOX
were strongly affected by AuCl4

–, as described previously.

Effect of nitorne concentration
The amounts of DEPMPOX in the solution containing

1.25 mmol/L of DEPMPO increased gradually with time
and reached a maximum 40 min after the start of the reac-
tion (Fig. 6). However, in the 3.75 mmol/L DEPMPO solu-
tion, the amounts of DEPMPOX reached a maximum
20 min after the start of the reaction and then gradually de-
creased, in accordance with the decay curve of those in the
1.25 mmol/L DEPMPO solution. In 6.25 and 12.5 mmol/L
DEPMPO solutions, the amounts of DEPMPOX reached a
maximum 20 min after the start of the reaction and then
abruptly decreased to about 0. A similar anomalous nitrone
concentration effect was found in the DMPOX formation.19

Table 2. Second-order rate constants and amounts of DMPOX-type aminoxyl radical formed.

Nitrone k (M–1s–1) Amounts of free radical at 60 min (mmol/L)a Reference
DMPO 0.043 0.014 Ref. 19
DEPMPO 0.016 0.069 Present
CYPMPO 0.0076 0.098 Present
DPPMPO 0.0017 0.011b Present

Note: [Au(III)] = C/[kCt + 1].
aThe initial concentration of each nitrone was 2.5 mmol/L and HAuCl4, 2.5 mmol/L.
bDPPMPO was 6.25 mmol/L and HAuCl4, 6.25 mmol/L.

Fig. 4. Effect of the solution pH on the formation of DMPOX-type
aminoxyl radicals in the mixtures of nitrones (1.25 mmol/L for
DEPMPO and CYPMPO and 6.25 mmol/L for DPPMPO) and
HAuCl4 (1.25 mmol/L for DEPMPO and CYPMPO and
6.25 mmol/L for DPPMPO) at each pH for 1 h. The closed circle
indicates the amount of DEPMPOX; the open circle indicates the
amount of CYPMPOX; the closed triangle indicates the amount of
DPPMPOX; and the open triangle indicates the amount of
DMPOX. The dotted line indicates the ratios of AuCl4- and
Au(OH)4

– calculated using the formation constants listed by Sillen
and Martell.22

Fig. 5. Effect of sodium salts on the formation of DMPOX-type
aminoxyl radicals in the mixtures of nitrones (1.25 mmol/L for
DEPMPO, CYPMPO, and DMPO and 6.25 mmol/L for DPPMPO),
HAuCl4 (1.25 mmol/L for DEPMPO, CYPMPO, and DMPO and
6.25 mmol/L for DPPMPO), and the desired amounts of sodium
salts for 1 h. In the NaCl solution, the closed circle indicates the
amount of DEPMPOX; the closed triangle indicates the amount of
CYPMPOX; and the closed diamond and closed square indicate the
amount of DMPOX. In the NaNO3 solution, the open circle indi-
cates DEPMPOX; the open triangle indicates CYPMPOX; the open
diamond indicates DPPMPOX; and the open square indicates
DMPOX. The solid thick line indicates the ratio of [AuCl4-] calcu-
lated as described in the legend of Fig. 4.

Nakajima et al. 559

Published by NRC Research Press



The amounts of CYPMPOX in the solution containing
1.25 mmol/L of CYPMPO increased gradually with time
and reached a maximum 54 min after the start of the reac-
tion (Fig. 7). The time required to reach a maximum de-
creased with a higher CYPMPO concentration (48, 38–40,
36–38 min for 2.5, 6.25, and 12.5 mmol/L CYMPO, respec-
tively), while the maximum amounts became smaller (0.103,
0.095, and 0.062 mmol/L CYPMPOX for 2.5, 6.25, and
12.5 mmol/L CYPMPO, respectively). The amounts of
DPPMPOX in the solution containing 1.25–12.5 mmol/L of
DPPMPO increased gradually and reached a maximum
18–20 min after the start of the reaction (Fig. 8). The
amounts of DPPMPOX linearly increased with the increase
of DPPMPO.

Discussion

The hyperfine coupling constants of phosphorus in
DEPMPOX and CYPMPOX were larger than those of
DPPMPOX, while those of nitrogen and b-hydrogen were
almost identical among three nitrones. As phosphorus in
DPPMPOX belongs to the phosphine oxide group containing
only one oxygen atom, the inductive effect of the group is
smaller than that of the phosphonic acid group with three
oxygen atoms found in DEPMPOX and CYPMPOX. Fur-
thermore, the resonance effect caused by the diphenyl-phos-
phinoyl group in DPPMPOX also decreases the electron
density of the phosphorus atom. The hyperfine coupling con-
stant of phosphorus in DPPMPOX, therefore, becomes smaller
than that of the other two, DEPMPOX and CYPMPOX.

In previous work, we showed that the formation of
DMPOX-type aminoxyl radicals should proceed through the

scheme (Fig. 9) of a ligand exchange of Cl– in AuCl4–

with >N+–O– in nitrone, a nucleophilic addition of a water
molecule to nitrone, and a stepwise intramolecular transfer
of three electrons from nitrone to Au(III).19 Previously, we
showed that substituent groups added to DMPO affected the

Fig. 6. Effect of the DEPMPO concentration on the formation of
DEPMPOX in the mixtures of desired amounts of DEPMPO and
1.25 mmol/L of HAuCl4. The closed circle indicates 1.25 mmol/L;
the open circle indicates 3.75 mmol/L; the closed triangle indicates
6.25 mmol/L; and the open triangle indicates 12.5 mmol/L
DEPMPO.

Fig. 7. Effect of the CYPMPO concentration on the formation of
CYPMPOX in the mixtures of CYPMPO (1.25–12.5 mmol/L) and
1.25 mmol/L of HAuCl4. The closed circle indicates 1.25 mmol/L;
the open circle indicates 2.5 mmol/L; the closed triangle indicates
6.25 mmol/L; and the open triangle indicates 12.5 mmol/L CYPMPO.

Fig. 8. Effect of the DPPMPO concentration on the formation of
DPPMPOX in the mixtures of DPPMPO (1.25–12.5 mmol/L) and
6.25 mmol/L of HAuCl4. The closed circle indicates 1.25 mmol/L;
the open circle indicates 2.5 mmol/L; the closed triangle indicates
6.25 mmol/L; and the open triangle indicates 12.5 mmol/L
DPPMPO.
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reaction aspects. The present results indicated that the sub-
stituents had drastic effects.

The first step of the reaction is a ligand exchange interac-
tion of Cl– in AuCl4– with >N+–O– in nitrone. As DEPMPO
and CYPMPO have large bulky substituents, such as dieth-
oxyphosphoryl and 2,2-dimethyl-1,3-propoxycyclophos-
phoryl, the steric effect of these substituents hindered the
ligand exchange. Furthermore, the inductive effects of these
substituents also weakened the ligand exchange. These ef-
fects caused the retardation of DMPOX-type radical forma-
tion. Therefore, the magnitudes of k are in the order of
DMPO > DEPMPO > CYPMPO >> DPPMPO.

Once the ligand exchange was established, the inductive
effect of the phosphonyl group promoted the nucleophilic
addition of the water molecule, which caused the formation
of large amounts of DEPMPOX and CYPMPOX. On the
other hand, DPPMPO, being so hydrophobic and having a
large resonance effect by the phosphine group, donated elec-
trons to >N–O against the weak inductive effect, which
caused the rapid but smaller formation of DPPMPOX. These
discussions successfully explained the facts that the amounts
of DMPOX-type aminoxyl radicals are in the order of
CYPMPO > DEPMPO >> DMPO >> DPPMPO.

As the ratios of AuCl4– and Au(OH)4
– in the reaction mix-

ture increased, the amounts of DMPOX-type radical de-
creased. These results suggest that the formation of stable
complex anions, such as AuCl4– and Au(OH)4

–, suppresses

the redox reaction, as described previously.19 As DEPMPOX
and CYPMPOX were formed in a very narrow pH range,
their formations were strongly affected by AuCl4–, as ob-
served for the salt effects. As described above, the initial li-
gand exchange of Cl– in AuCl4

– with >N+–O– in nitrone was
heavily affected by the addition of a phosphonyl group.

Large amounts of DEPMPOX (0.14–0.17 mmol/L)
formed rapidly in the solution containing a concentration of
DEPMPO higher than 1.25 mmol/L, and a slower increase
and decrease were observed with 1.25 mmol/L of DEPMPO,
as for the formation of DMPOX.19 For CYPMPOX forma-
tion, a similar rapid increase and decrease were only ob-
served in 1.25 mmol/L of CYPMPO. However, DPPMPOX
indicated a slower increase and decrease in the DPPMPO
concentration range of 1.25 to 12.5 mmol/L. Previously, we
proposed two possible reaction schemes: (i) the elimination
of DMPOX by excess amounts of DMPO described by Hill
and Thornalley23 and (ii) the dimerization of DMPOX. Only
small amounts of DPPMPOX were formed at a very high
DPPMPO concentration; for such a case, scheme (i) was
not applicable, and scheme (ii) became more predominant.

Conclusion

The formation of DMPOX-type aminoxyl radicals in
phosphorus-containing cyclic nitrones should proceed through
the scheme of the ligand exchange between AuCl4–

Fig. 9. Overall reaction scheme of cyclic nitrones and HAuCl4.
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and >N+–O– in nitrone, the nucleophilic addition of a water
molecule to nitrone, and the stepwise intramolecular transfer
of three electrons from nitrone to Au(III). Although the
phosphonyl groups in DEPMPO and CYPMPO retard the in-
itial step of the reaction, they promote the nucleophilic addi-
tion of the water molecule, and, finally, large amounts of
DEMPOX and CYPMPOX are formed. DPPMPO, being hy-
drophobic, formed only small amounts of DPPMPOX. Care
should be taken with the oxidation reaction and the forma-
tion of DMPOX-type aminoxyl radical in the use of
DEPMPO and CYPMPO as spin traps in biosystems. On
the other hand, the phosphine group resists the oxidation re-
action, which becomes a merit of DPPMPO as a spin trap.

Our former and present investigations on the oxidation of
cyclic nitrones with HAuCl4 are summarized as follows:
From the results of the oxidation reaction of DMPO and
HDMPN, a precursor of DMPOX, by HAuCl4, we proposed
a reaction scheme containing the ligand exchange between
Cl– in AuCl4– and >N+–O– in nitrone, the nucleophilic addi-
tion of a water molecule to nitrone, the stepwise intramolec-
ular transfer of three electrons from nitrone to Au(III), and
the production of DMPOX-type aminoxyl radical after the
release of Au(0). Taking electronic properties, such as the
steric and the inductive effects, and hydrophobicity of sub-
stituents in cyclic nitrones into consideration, the reaction
scheme proposed can explain the behavior for DMPOX-
type aminoxyl radical formation with HAuCl4 not only for
cyclic nitrones having 3,3-dimethyl group, such as PDMPO
and M4PO, but also for phosphorus-containing cyclic nitro-
nes, such as DEPMPO, CYPMPO, and DPPMPO. These
facts, therefore, give us important information on side reac-
tion of spin trapping.
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An efficient and selective method for the
preparation of triphenylmethyl ethers of alcohols
and nucleosides

Negar Zekri and Reza Fareghi Alamdari

Abstract: A very simple and efficient method is described for the protection of alcohols and nucleosides with benzyl
monomethoxytrityl and benzyl dimethoxytrityl ethers in the presence of diethylazodicarboxylate and a catalytic amount of
ceric triflate. High selectivity was observed for the tritylation of 5’-OH function of nucleosides.

Key words: selective hydroxyl-group protection, benzyl dimethoxytrityl ether, ceric tiflate, nucleosides.

Résumé : On a développé une méthode très simple et efficace de protéger des alcools et des nucléosides par formation
d’éthers benzylmonométhoxytrityle et benzyldiméthoxytrityle, en présence d’azodicarboxylate de diéthyle et d’une quan-
tité catalytique de triflate cérique. On a observé une grande sélectivité lors de la tritylation de la fonction 5’-OH des
nucléosides.

Mots-clés : protection sélective d’un groupe hydroxyle, éther benzyldiméthoxytrityle, triflate cérique, nucléosides.

[Traduit par la Rédaction]

Introduction
Hydroxyl-group protection is important in the synthesis of

some organic molecules. One way to protect hydroxyl
groups is to transform the molecules to their corresponding
trityl (Tr) ethers.1 Distinctive features of the trityl group are
the following: (i) owing to its bulkiness, selective protection
of polyols as monotritylated ethers is easily achieved, (ii) re-
moval (deprotection) of the trityl group is easily affected by
the action of mild acids such as formic acid2 or Amberlyst
resin.3 There are several methods for the preparation of trityl
ethers from the corresponding alcohols. Use of trityl chlor-
ides in the presence of pyridine as a base and a solvent
seems to be the most popular method for the preparation of
trityl ethers.4,5 This method requires the use of pyridine as a
solvent, which is a toxic compound with high boiling point,
and needs an aqueous work-up. In addition, this method suf-
fers from prolonged reaction time. Other reagents for the tri-
tylation of alcohols include a complex of trityl chloride and
4-dimethoxytrityl pyridine (DMAP) prepared beforehand.6

Selective protection of hydroxyl groups is an important
synthetic strategy for the preparation of nucleoside deriva-
tives. This work has been performed with varying degrees
of success. The general procedure used for the tritylation of
nucleosides is on the basis of that originally developed by
Khorona.7 Using Khorona’s procedure for the tritylation of
nucleosides, a mixture of monotritylated materials (i.e., 5’-
OTr, 2’-OTr, and 3’-OTr) and ditritylated materials (2’,5’-
OTr, 3’,5’-OTr, and 2’,3’-OTr) was obtained, and the separa-
tion of unreacted remaining starting materials with column

chromatography was very difficult. Hakimelahi et al. re-
ported a method for the tritylation of alcohols and nucleo-
sides by the use of silver ion as catalyst.8 The use of silver
ion for the tritylation of alcohols and nucleosides increased
the rate of tritylation, so the selectivity of the tritylation of
nucleosides decreased. Recent work has included variations
and improvements of the well-established tritylation proce-
dures and the discovery and application of entirely new
methods. The use of different reagents and media, such as
acid-washed molecular sieves for the tritylation of sacchari-
dic hydroxyls,9 tetrabutyl ammonium bromide medium for
the dimethoxy-tritylation of –OH function of nucleosides,10

and 1-butyl-3-methylimidazolium chloride for the tritylation
of cellulose,11 is reported. Several other reagents, such as
TrODT-TrTCl5,12 AgOTf-TrCl,13 prenyl trityl ether (PTE)-
DDQ,14 and B(C6F5)3,15 are also available. However, most
of these methods suffer from one or more disadvantages, in-
cluding long reaction times, vigorous reaction conditions,
and poor yields of the products in many cases. Oikawa et
al. reported benzyl trityl ether and DDQ as alternative trity-
lation reagents.16 However, the conditions of that reaction
have been found to have limited applicability, and it is used
only for the tritylation of alcohols and not for any nucleo-
sides.

We have reported the deprotection of trityl ethers by the
use of a catalytic amount of ceric tiflate [Ce(OTf)4], and we
showed that the rate-determinating step of that reaction is
involved in the production of trityl cation step.17 So, we de-
cided to study the tritylation of alcohols and nucleosides by
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the use of benzyl trityl ether (BTE) as well as benzyl mono-
methoxytrityl (BMTE) and benzyl dimethoxytrityl (BDTE)
ethers. In this work, we report a new, mild, and efficient
method for hydroxyl-group protection by the reaction of pri-
mary, secondary, and tertiary alcohols and nucleosides with
BMTE or BDTE ethers and ceric triflate in the presence of
diethylazodicarboxylate (DEAD). We found that Ce(OTf)4
catalyzes the efficient tritylation of alcohols and nucleosides
with BMTE and BDTE in the presence of DEAD.

Experimental
The chemicals were either prepared in our laboratories or

purchased from Fluka or Merck Chemical Companies. All
yields refer to isolated products after column chromatogra-
phy. The products were characterized by their spectral data.
NMR spectra were recorded on a Bruker advanced DPX-
250 MHz, FTNMR spectrometer. Melting points were deter-
mined on a Buchi 510 in open capillary tubes circulating oil
melting point in open apparatus and are uncorrected. The
purity of the substance and the progress of the reactions
were monitored by TLC on silica gel polygram SILG/
UV254 plates. Column chromatography was carried out on
the medium column of silica gel 60 Merck (30–270 mesh)
in glass column (1 or 2 cm diameter) using 10–20 g of silica
gel per 1 g of mixture.

General procedure for protection of alcohols and
nucleosides with BDTE or BMTE in the presence of
Ce(OTf)4 and DEAD

A solution of alcohol (5 mmol), DEAD (1.05 g, 6 mmol),
and BDTE (2.46 g, 6 mmol) or BMTE (2.25 g, 6 mmol) in
CH3CN (50 mL) was prepared. Ce(OTf)4 (0.37 g, 0.5 mmol)
and activated molecular sieves (4 Å, 2 g) were added to this
solution, and the mixture was stirred for a specified time at
room temperature. When either the alcohol or BDTE was com-
pletely consumed (TLC was used for monitoring), the reaction
was quenched by the addition of 50 mL of 5% NaHCO3.

The mixture was extracted with chloroform (3 � 35 mL),
and the combined extract was dried over Na2SO4. After
evaporation of the solvent, the resulting mixture was intro-
duced into a silica gel column eluted with CH2Cl2. The
pure trityl ethers were obtained in 75%–95% yields (Tables 1

and 2). The effect of different solvents on the yield of the
reaction is presented in Table 3.

A typical procedure for the preparation of
diphenylmethyl dimethoxytrityl ether with BDTE and
DEAD in the presence of Ce(OTf)4

A solution of benzhydrol (0.92 g, 5 mmol), DEAD
(1.05 g, 6 mmol), and BDTE (2.46 g, 6 mmol) in CH3CN
(50 mL) was prepared. Ce(OTf)4 (0.37 g, 0.5 mmol) and ac-
tivated molecular sieves (4 Å, 2 g) were added to this solu-
tion, and the mixture was stirred for a specified time (1.5 h)
at room temperature. When either the alcohol or BDTE was
completely consumed (TLC was used for monitoring), the
reaction was quenched by the addition of 50 mL of 5%
NaHCO3. The mixture was extracted with chloroform (3 �
35 mL), and the combined extract was dried over Na2SO4.
After evaporation of the solvent, the resulting mixture was
introduced into a silica gel column eluted with CH2Cl2. The
pure diphenylmethyl dimethoxytrityl ether was obtained as a
pale yellow solid in 82% yield (Table 2); mp 62 8C. Rf
(EtOAc:n-hexane, 8:2): 0.3. 1H NMR (CDCl3, ppm) d:
7.49–6.91 (m, 23H, Ph–), 5.36 (s, 1H, CH–), 3.77 (s, 6H,
CH3–).

Preparation of 5’-O-monomethoxytrityl thymidine with
BMTE and DEAD in the presence of Ce(OTf)4

A suspension of thymidine (0.48 g, 2 mmol), DEAD
(0.42 g, 2.4 mmol), and BMTE (0.9 g, 2.4 mmol) in
CH3CN (50 mL) was prepared. Ce(OTf)4 (147.2 mg,
0.2 mmol) and activated molecular sieves (4 Å, 2 g) were
added to this solution, and the mixture was stirred for the
specified time at room temperature. When either the alcohol
or BMTE was completely consumed (TLC was used for
monitoring), the reaction was quenched by the addition of
50 mL of 5% NaHCO3. The mixture was extracted with
chloroform (3 � 35 mL), and the combined extract was
dried over Na2SO4. After evaporation of the solvent, the re-
sulting mixture was introduced into a silica gel column
eluted with EtOAc. The pure 5’-O-monomethoxytrityl thy-
midine was obtained as a white solid in 70% yield (Table 4);
mp 103 8C (lit.18 mp 103–105 8C). 1H NMR (CDCl3, ppm)
d: 9.64 (s, 1H, NH), 7.64 (s, 1H, H-6), 7.45–7.26 (m, 14H,
Ph–), 6.88 (d, 2H, CH2-5’), 6.45 (t, 1H, H-1’), 4.61 (s, 1H,

Table 1. Investigation of the effect of various cerium anions and the presence of DEAD on the dimethoxytritylation of alco-
hols in acetonitrile at room temperature.

Molar Ratio

Entry BDTE DEAD Ce(OTf)4 Ce(NO3)6(NH4)2 Ce(SO4)3(NH4)2 Time (min) Yield (%)
1 1.2 — 0.05 — — 120 —
2 1.2 1.2 — — — 120 —
3 1.2 1.2 0.02 — — 120 42
4 1.2 1.0 0.05 — — 120 73
5 1.2 1.2 0.05 — — 15 95
6 1.2 1.2 — 0.02 — 120 15
7 1.2 1.2 — 0.05 — 90 85
8 1.2 1.2 — — 0.02 120 27
9 1.2 1.2 — — 0.05 50 93
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OH), 4.22–4.11 (m, 1H, H-3’), 3.82 (s, 3H, OCH3), 3.47–
3.36 (m, 3H, CH2-2’, H-4’), 2.38 (s, 3H, CH3–).

Results and discussion

Different alcohols and nucleosides were subjected to the
tritylation reaction in the presence of diethylazo-dicarboxy-
late and a catalytic amount of ceric tiflate at room temper-

ature. The choice of solvent in the protection of –OH group
with Ce(OTf)4 is important, so the dimethoxytritylation of 3-
phenyl propanol in different solvents was investigated
(Fig. 1). On the basis of our results, which are shown in Ta-
ble 3, Ce(OTf)4 acts more efficiently in polar solvents, such
as CH3CN.

The experiments were carried out in 1:1.2:1.2 molar ratio
of alcohol/DEAD/BMTE (or BDTE) (Scheme 1).

Table 2. Dimethoxytritylation of alcohols by BDTE and DEAD in the presence of Ce(OTf)4

in acetonitrile at room temperature.

Table 3. The effect of different solvents on the protection of –OH
group of 3-phenyl propanol with benzyl dimethoxytrityl ether.

Entry Solvent Time Yield (%)
1 CH2Cl2 24 h 40
2 THF 24 h 85
3 CH3NO2 15 min 90
4 CH3CN 15 min 95

Table 4. Selective protection of nucleosides with benzyl trityl
ethers (BTE, BDTE, and BMTE) in the presence of DEAD and
Ce(OTf)4 (0.1 equiv.).

Entry Substrate Reagent Product Time (h) Yielda (%)
1 1a BDTE 2a 2 87
2 1b BDTE 2b 3 90
3 1c BMTE 2c 7 75
4 1d BMTE 2d 7.5 70
5 1e BTE 2e 12 45
6 1f BTE 2f 10 57
7 1g BTE 2g 10 18

Note: The molar ratio of substrate/reagent/DEAD is 1:1.2:1.2.
aIsolated yield after column chromatography.

Fig. 1. The effect of different solvents used in the dimethoxytrity-
lation of 3-phenyl propanol in the presence of diethylazodicarboxy-
late and Ce(OTf)4 catalyst.

Scheme 1. Tritylation of alcohols and nucleosides in the presence
of diethylazodicarboxylate and Ce(OTf)4 catalyst.
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To investigate the necessity of DEAD and the effect of
various cerium anion, several experiments were performed
and summarized in Table 1. As can be seen from Table 1,
the reactions did not proceed in the absence of either
DEAD or cerium complexes. On the other hand, among the
triflate, sulfate, and nitrate anions, the ceric triflate complex
showed the most catalytic effect while the ceric ammonium
nitrate did the least.

This observation is due to the strong electron withdrawal
nature of triflate anion which facilitates the exchange of
CeIV to CeIII besed on the proposed mechanism in Scheme 2.

Molecular sieves (4 Å) were also used to remove the
moisture from the reaction mixture. TLC monitoring indi-
cated that all of the alcohol was consumed, and no side
product was detected. Results of protection of several alco-
hols with BDTE are summarized in Table 2.

An interesting feature of the presented method is the con-
version of tertiary alcohols such as 1,1-diphenyl ethanol to
its corresponding dimethoxytrityl ether (75% yield at
120 min). As expected, protection of the more-hindered al-
cohols takes place in longer time and requires more amounts
of the reagents in comparison with the less-hindered ones
(Table 2, entries 6 and 7).

To show more effectiveness of this method, selective di-
methoxytritylation of 1,2-propanediol was also investigated.
By using this method, 2-hydroxy-1-dimethoxytrityloxypro-
pane was obtained in 90% yield after 1 h (Table 2, entry 8).

Owing to the importance of selective protection of hy-
droxyl groups in ribonucleosides, we further applied this
procedure to the tritylation of ribonucleosides. Reaction of
nucleosides (1a–1f) with BDTE, BMTE, and BTE in the

presence of DEAD with molar ratio 1:1.2:1.2 in the presence
of a catalytic amount of Ce(OTf)4 (0.1 equiv.) produced the
corresponding trityl nucleosides (2a–2f) in dry acetonitrile.
However, as can be seen in Table 2 (entry 7), the same re-
action did not proceed well for guanosine. The reactions are
outlined in Scheme 3.

Using our method, 5’-hydroxyl function of adenosine was
easily protected in 90% yield (Table 4, entry 2). The bis- and
tris-(tritylated) products were not produced at all in this case,
probably owing to the sever steric hindrance in the monotrity-
lated product. It is noteworthy that this monotrityl ether was
obtained in rather low yield (54%) under the conventional
conditions (1.2 equiv. of DMTCl, pyridine, 0 8C, and 48 h).4

Increasing the amount of BTE and DEAD to 1.5 equiv. to
improve the yield of the product, resulted in the production
of the undesired bis- and tris-(trityl) ethers (Fig. 2).

A plausible reaction mechanism of the present tritylation
reaction is illustrated in Scheme 2.

The use of DEAD for the tritylation reaction is essential
because a substantial amount of triphenyl methanol was ob-
tained as a byproduct in all the entries of Tables 2 and 4. To
prevent the reaction of benzyloxy anion with trityl cation,
DEAD was used as a proton acceptor.

It is also obvious that hydrolysis of the Tr cation is a seri-
ous side reaction. The use of molecular sieves was important
to suppress this side reaction. But in the case of nucleosides
as substrates whose hydroxyl groups are not reactive
enough, addition of molecular sieves was less effective. The
trace amount of water whose complete removal with the
molecular sieves was impossible may seriously compete
with the substrates.

Scheme 2. Plausible reaction mechanism of the tritylation reaction of this study.
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To verify the proposed mechanism, tritylation of 3-phenyl
propanol with BTE was carried out. Using 1.5 equiv. of
BTE and 1.5 equiv. of DEAD in the presence of 0.1 equiv.
of Ce(OTf)4 at room temperature, this reaction proceeded at
a slower rate than those with BDTE (Fig. 3). After 5 h, the
product was obtained in only 50% yield. This shows that the
rate of these reactions is dependent on the stability of the
trityl cations.

Mechanistically, since the reaction rate is affected by the
exchange of Tr by DMT and MMT, we believe in a mecha-
nism that involves heterolytic cleavage of C–O benzilic
bond to form the trytil cation.

In conclusion, a very simple and efficient method for the
protection of alcohols and nucleosides is described. It should
be mentioned that high rate of the reaction, high yields of
the products, accompanied with high selectivity, easy work-
up, and the use of a catalytic amount of Ce(OTf)4 are advan-
tages of the presented method. The Khorona’s method for
the tritylation of nucleosides suffers from prolonged reaction
times and time-consuming work-up due to the presence of
pyridine, which must be removed by repeated extraction of
the reaction mixture with water. Elimination of pyridine,
which is a toxic solvent, accompanied with an easy work-
up, are worthy of mention as additional advantages for this
method in the laboratory.
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Redox reactions of reactive oxygen species in
aqueous solutions as the probe for scanning
electrochemical microscopy of single live T24
cells

Xiaocui Zhao, Mengni Zhang, Yitao Long, and Zhifeng Ding

Abstract: The redox reactions of two main components of reactive oxygen species (ROS), superoxide and hydrogen per-
oxide, along with oxygen in aqueous solutions were investigated using a conventional electrochemical technique, differen-
tial pulse voltammetry (DPV). Superoxide undergoes oxidation at a Pt working electrode biased at 0.055 V versus Ag/AgCl,
while hydrogen peroxide can be oxidized and reduced at 0.817 and –0.745 V, respectively. Oxygen in the solutions is
reduced at the electrode with an applied potential of –0.455 V. Based on these results, hydrogen peroxide and superoxide
released from live cells can be successfully monitored, identified, and mapped using scanning electrochemical microscopy
(SECM) at different potentials. Single human bladder (T24) cells were imaged using a 5 mm diameter SECM probe biased
at –0.400, –0.600, and –0.800 V. Oxygen reduction that seems an interference can be discriminated from that of hydrogen
peroxide by means of SECM.

Key words: live cells, scanning electrochemical microscopy, reactive oxygen species, differential pulse voltammetry.

Résumé : Faisant appel à une technique électrochimique conventionnelle, la voltampérométrie pulsée différentielle (PD),
on a étudié les réactions d’oxydoréduction des deux composants principaux des espèces réactives de l’oxygène (ERO), le
superoxydes et le peroxyde d’hydrogène avec également celle de l’oxygène. Le superoxydes subit une oxydation au niveau
d’une électrode de travail de Pt biaisée à 0,055 V vs. Ag/AgCl, tendis que le peroxyde d’hydrogène peut être oxydé et
réduit respectivement à 0,817 et –0,745 V. En solutions, l’oxygène est réduit à l’électrode par un potentiel appliqué de
–0,455 V. Sur la base de ces résultats, le peroxyde d’hydrogène et le superoxyde émis par des cellules vivantes peuvent
facilement être détectés, identifiés et localisés en faisant appel à la microscopie électrochimique à balayage (MECB), à
divers potentiels. On a pu produire des images des cellules uniques de vessie humaine (T24) en utilisant cette technique à
l’aide d’une sonde de diamètre 5 mm, biaisée à –0,400, –0,600 et –0,800 V. La réduction de l’oxygène qui semble une
interférence peut être différenciée de celle du peroxyde d’hydrogène grâce à la MECB.

Mots-clés : cellules vivantes, microscopie électrochimique à balayage, espèces d’oxygène réactives, voltampérométrie pul-
sée différentielle.

Introduction
Reactive oxygen species (ROS) play critical roles in the

physiological processes of live cells. They are involved in a
wide variety of cellular activities1 such as cell adhesion,2 in-
flammatory response,3 and cell proliferation and apoptosis4

when they are constantly generated at relatively low concen-
trations in normal healthy cells. However, they can damage
key macromolecules such as DNA in the cells and induce
various diseases, such as cancer, if they are persistently pro-
duced in excess.5–9 Therefore, ROS are gaining attention in
a large number of research areas.4

ROS can be generated in the intracellular region and ex-
tracellular field. Mitochondria and other nucleus related or-

ganelles are the major intracellular sources of ROS by
delivering electrons to oxygen molecules:10

½1� O2 þ e� ! O2
��

The superoxide anions are subsequently converted to hy-
drogen peroxide, through a reaction catalyzed by superoxide
dismutase (SOD):11

½2� 2O2
�� þ 2Hþ ��!SOD

H2O2 þ O2

Superoxide anions are confined to their generation sites
inside of cells. However, hydrogen peroxide generated dur-

Received 15 February 2010. Accepted 28 March 2010. Published on the NRC Research Press Web site at canjchem.nrc.ca on 17 May
2010.

X. Zhao and Z. Ding.1 Department of Chemistry, The University of Western Ontario, London, ON N6A 5B7, Canada.
M. Zhang. Department of Chemistry, The University of Western Ontario, London, ON N6A 5B7, Canada; Department of Chemistry,
East China University of Science and Technology, Shanghai 200237, China.
Y. Long. Department of Chemistry, East China University of Science and Technology, Shanghai 200237, China.

1Corresponding author (e-mail: zfding@uwo.ca).

569

Can. J. Chem. 88: 569–576 (2010) doi:10.1139/V10-051 Published by NRC Research Press



ing the dismutated reaction can pass through cell membranes
and enter the extracellular fluid.12

The most significant extracellular source of ROS is
NAD(P)H oxidase:13

½3� 2O2 þ NADðPÞH! 2O2
�� þ NADðPÞþ þ Hþ

Thus, the main ROS released by live cells are superoxide
anions and hydrogen peroxide.

In situ detection and identification of ROS is challenging
due to their short chemical life time: as reported, H2O2 ex-
ists for milliseconds and superoxide exists for microseconds
in certain physiological environments.14 Electrochemical
methods, specifically scanning electrochemical microscopy
(SECM), present facile tools of direct examination of ROS
released from cells, utilizing well-positioned ultramicroe-
lectrodes (UMEs) or modified electrodes.5,8,9,15–22 In SECM,
the UME was held in a bulk solution or moved in the close
proximity of the substrate immersed in the solution contain-
ing a redox mediator. The electrochemical current due to the
reduction or oxidation of the mediator flowing through the
UME is measured. Since the current is proportional to the
concentration of a redox species at the substrate, which can
be live cells or metal alloys, any change in their chemical
activities will perturb the electrochemical responses of the
probe. This perturbation provides information about the na-
ture and activities of the substrate. Standard redox mediators
are often used to precisely control the separation distance
between the probe and the substrate.23,24 Here, we used fer-
rocenemethanol because it is a standard redox mediator
widely used in biosystems.25–27 Since ferrocenemethanol
can be oxidized at 0.244 V versus Ag/AgCl,28 the probe
was biased at 0.350 V where the oxidation current of ferro-
cenemethanol is diffusion controlled. When the probe is far
away from the substrate, the current detected by the UME
(I?) is independent of the separation distance between the
electrode and the substrate. As the tip is moving down to-
ward the substrate, which in our case is a live cell, the cur-
rent will decrease due to the hindered diffusion by the cell.
The closer the tip to the cell, the smaller the current. The
cell shows ‘‘negative feedback’’. The curve of normalized
current (I/I?) versus normalized distance (UME-to-substrate
distance divided by UME radius) is called the probe ap-
proach curve (PAC), which is independent of the UME size
in this negative feedback case. In our SECM experiments,
the tip was being moved down until the current was reduced
by 35% (i.e., I = 0.65I?). That means that the separation
distance between the electrode surface and the cell is
3.3 mm, as read from the theoretical PAC.23,24,29 In such a
close approximate, ROS flux in the extracellular fluid can
be immediately detected by recording the corresponding cur-
rent at appropriate potentials under physiological conditions
without disturbing the biological mechanisms. Thus, real-
time information can be acquired concerning extracellular
ROS. Furthermore, different types of ROS species can be
identified by amperometry methods at different electrode po-
tentials. Amatore’s group30,31 recorded oxidative currents of
reactive nitrogen species (RNS), hydrogen peroxide released
by macrophages and phagocytes. They also detected the im-
mediate ROS burst using amperometric detection with a
platinized carbon fiber microelectrode via puncturing the
cell cytoplasmic membrane with the microelectrode.8,9,18,22

Matsue’s group19 also detected ROS release with an electro-
chemistry method and chemiluminescence method using
phorbol myristate acetate (PMA)-differentiated cells. It
should be mentioned that SECM has become a more and
more popular technique to acquire the chemical and topo-
graphical information in the vicinity of live cells for the fol-
lowing reasons: it is noninvasive to live cells, it can identify
different species released from the cells with varied poten-
tials applied to the UME, and it can locate the species
released from the different locations of the same cell.17,32–38

SECM has been proven to be a powerful tool for mapping
cell topography,39–41 monitoring the respiration function,42–46

investigating the pathway of transmembrane charge trans-
fer,47,48 and detecting short life time species such as ROS23

and nitric oxide49 released from live cells. Our group46 has
previously shown that SECM can be used to study the effect
of Cd-induced stress on single stomata in Brassica juncea.

However, almost all the groups mentioned above except
ours23 detected the ROS through oxidation using electro-
chemical methods in the positive potential region. The medi-
ator, ferrocenemethanol, used to precisely control the probe-
to-cell distance has a drastic interference when the applied
potential is larger than 0.200 V. It is desirable to be able to
determine ROS in the potential range that is more negative
than 0.200 V. Systematic investigations in this aspect are
scarce due to the irreversibility of the ROS reactions at large
electrodes, their possible slow reaction rates, and the inter-
ference of the oxygen reduction.

Predominant extracellular ROS should be hydrogen peroxide
and superoxide, since other ROS, such as hydroxide radicals,
are too reactive to survive long enough to be detected. Super-
oxide can be oxidized by the SECM probe in the designated
potential region while hydrogen peroxide can be reduced.

½4� O2
�� ! O2 þ e�

½5� H2O2 þ 2Hþ þ 2e� ! H2O

Oxygen reduction is unavoidable in the potential range
whereby hydrogen peroxide is reduced.

In the present work, redox reactions of hydrogen peroxide
and superoxide along with oxygen in aqueous solutions were
systematically studied using differential pulse voltammetry
(DPV). Although the redox reactions of these two species
and oxygen were studied by other groups before, their ex-
perimental conditions were too different from the physiolog-
ical environment of live cells (e.g., pH).50–55 And the redox
potentials of these species are largely dependent on pH, the
electrode material, and the property of the solvent. Thus, it
is necessary for us to verify the reduction potential of each
species at our experiment condition, which is similar to the
physiological environment of live cells. Hydrogen peroxide
and nominal oxygen profiles in the vicinity of single T24
cells were imaged using SECM with a 5 mm diameter UME
with various bias potentials.

Experimental section

Chemicals
Culture media, serum, antibiotics, and glutamine were

purchased from Gibco (Invitrogen Canada, Inc., Burlington,
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ON). Deionized water with 18.2 mol/LU resistivity (Milli-Q,
Millipore, Bedford, MA) was used to prepare all aqueous
solutions. H2O2 solution (30%) was obtained from EMD
Chemicals, Inc. (Darmstadt, Germany). Catalase from bo-
vine liver, superoxide dismutase from bovine liver, potas-
sium chloride, potassium superoxide, and ferrocenemethanol
were purchased from Sigma-Aldrich (Mississauga, ON).

Cell culture
T24 cells, which originate from human bladder carcinoma

cells, were supplied by American Type Culture Collection,
Manassas, VA. The T24 cells were cultured in DMEM sup-
plemented with 4 mmol/L L-glutamine, 100 units/mL of
penicillin, and 10% fetal bovine serum. The cells were incu-
bated at 37 8C and 5% CO2 in an incubator (Sanyo Canada,
Ltd. Concord, ON). Cell culture was performed with 50 mL
plastic tissue culture flasks (Becton, Dickinson and Company,
Mississauga, ON). T24 cells were detached from plastic
walls of the flasks for subcultures with 0.25% Trypsin-
EDTA (Gibco. Invitrogen Canada, Burlington, ON). Cells
were detached, transferred, and subcultured onto Petri dishes
one day prior to experiments.

Electrochemistry procedures for DPV
A two-electrode system containing a 10 mm diameter Pt

UME as the working electrode and a saturated KCl Ag/AgCl
electrode as the reference and counter electrode was em-
ployed in the DPV experiment. All potentials reported here
are referred to the Ag/AgCl reference electrode. For com-
parison, the oxidation potential of ferrocencemethanol was
determined as 0.236 V. The potential value was checked at
the end of each experiment and was found to be very con-
stant. DPV was recorded with a potentiostat, CHI 610A
(CH Instruments, Austin, TX). Typical experimental param-
eters for DPVs are 0.05 V as pulse height, 50 ms pulse
width, 200 ms period, and 0.02 V/s scan rate.56 For the dea-
erated experiment, the stream of Argon (Ar) gas was contin-
uously bubbled into the solution for at least 20 min prior to
the experiment and a stream of Ar was maintained over the
solution during the experiment to minimize the oxygen con-
centration in solution. For the oxygen-rich experiments, pure
O2 gas was bubbled in the solution for 20 min prior to the
experiment and a flow of oxygen was kept over the solution
during the experiment.

SECM setup
The detailed SECM procedure was described in one of

our recent publications.23 In brief, SECM setup was adapted
from Alpha-SNOM by replacing the objective with an elec-
trode holder and a homemade Pt electrode. This electrode
serves as the working electrode and an Ag/AgCl electrode
is used as the reference and counter electrode. In the experi-
ments, the SECM electrode, applied at a certain potential,
was brought closer to the cells and positioned at a desired
height while the current was monitored. At this fixed height,
the working electrode was scanned in a plane by moving the
scanning stage. Constant height SECM images can be ob-
tained by recording current versus lateral coordinates in the
scanning plane. All the SECM measurements were per-
formed with a potentiostat (Compactstat Electrochemical In-
terface, IVIUM Technologies, Netherlands) driven by the

IviumStat Control software (IVIUM Technologies), from
which the electrochemical current was directed into a data
acquisition channel of the Alpha-SNOM microscope
(WITec, Germany) connected to a computer. WITec soft-
ware for confocal microscopy was adopted for the SECM
imaging. The integration time at each image pixel was
0.01 s. The acquisition time of each image was around
12 min with a resolution of 256 � 256 pixels for one image.

Results and discussion

Oxygen reduction reaction (ORR)
ORR at the Pt microelectrode was studied with DPV in

the potential range of –0.850 to 0.000 V in the air-saturated
electrolyte solution containing 50 mmol/L KCl (Fig. 1). A
peak potential was observed at –0.430 V due to oxygen re-
duction when the applied potential was scanned from 0.000
to –0.850 V (top solid curve in Fig. 1). The maximum po-
tential appeared at –0.490 V while scanning the potential in
the reverse direction (bottom solid wave in Fig. 1). Oxygen
was reduced to H2O through a four-electron process57 as
shown in eq. [6].

½6� O2 þ 4Hþ þ 4e� ! H2O

Assuming that the diffusion coefficients of the reactant
and product are approximately the same, the formal poten-
tial for ORR can be determined by eq. [7].58,59

½7� E00 ¼ Emax þDE=2

where Emax is the peak potential in the DPV and DE is the
pulse height (50 mV). The formal reduction potential was
determined from the forward and reverse scans as –0.455
and –0.465 V, respectively. From the difference of the ob-
tained formal potential, it is plausible that the reduction re-
action is not reversible and the reaction kinetics is slow.
However, with the microelectrode, it is still possible to mea-
sure the steady-state current that is proportional to the oxy-
gen concentration.46,60 Tsionsky et al. (Bard’s laboratory).60

reported the oxygen reduction at the surface of a 7 mm car-
bon electrode by recording cyclic voltammograms.60 Our
group46 and Bard’s laboratory60 monitored the ORR using
cyclic voltammetry at platinum and carbon microelectrodes
and detected the oxygen released from photosynthetic pro-
cesses by setting an applied potential at which the diffusion
controlled steady-state current can be obtained.

These DPV peaks disappeared after the solution was dea-
erated with Ar gas (dotted voltammograms in Fig. 1) and the
peak current increased in the oxygen-saturated solution
(dotted and dashed curves in Fig. 1). This confirmed that
the peaks were due to the electron transfer between oxygen
and the electrode.

Redox behaviours of H2O2

The reduction behaviour of H2O2 in deaerated 50 mmol/L
KCl solution was recorded (solid lines in Fig. 2A) and a pair
of peaks appeared at potentials of –0.720 and –0.750 V, re-
spectively, when the applied potential was scanned from
0.200 to –0.900 V and subsequently reversed. These peaks
gave a formal potential of –0.745 or –0.725 V based on
eq. [7]. Hydrogen peroxide undergoes a reduction reaction
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via eq. [5]. To confirm that the observed reduction peaks are
due to the electron transfer of H2O2 and its counter part, an
enzyme, catalase, which can convert H2O2 to oxygen and
water, was added to the above solution. Differential pulse
voltammograms were recorded immediately without purging
Ar gas into the solution after catalase was mixed thoroughly
with the solution. The coupled peaks at –0.720/–0.750 V in
forward/reverse scans disappeared and the waves for oxygen
reduction were determined to be –0.430/–0.490 V (dotted
line in Fig. 2A). This demonstrates that the reduction peaks
at –0.720/–0.750 V were due to the electrochemical reaction
of H2O2. The low current after the catalase addition can be
attributed to the limited solubility of oxygen in the solution
and disproportional reaction of hydrogen peroxide with the
aid of catalase as described by eq. [8].

½8� H2O2 ���!Catalase
H2Oþ O2

The detection of H2O2 reduction was discriminated from
ORR by polarography.61 The formal potential was also de-
termined to be –0.8 V (vs Ag/AgCl) with DPV at a mercury
electrode.62 It is clear from our results and those in the litera-
ture that trace concentrations of hydrogen peroxide in aqueous
solutions can be determined by means of electrochemistry.

In addition, our experimental results (not presented here)
revealed that the reduction peaks shifted slightly with higher
concentrations of H2O2 in the solution, due to the pH change
caused by the concentration. It is interesting to note that the

reduction waves of oxygen became broad and can be decon-
voluted into two successive reductions (dot-dashed curves in
Fig. 1) when the KCl electrolyte solution was purged with
pure oxygen. The second reduction peak potential agrees
very well with that of H2O2 reduction. The reduction of oxy-
gen can therefore follow a pathway of two two-electron
transfer processes when the oxygen concentration was high.

½9� O2 þ 2Hþ þ 2e� ! H2O2

½10� H2O2 þ 2Hþ þ 2e� ! 2H2O

This observation agrees well with the fact that oxygen re-
duction current at a mercury electrode was enhanced via the
reaction in eq. [8] by adding catalase.61 Furthermore, the

Fig. 1. Differential pulse voltammograms within a potential range
between 0.000 and –0.800 V for oxygen at a 10 mm diameter Pt
electrode in air-saturated (solid lines), oxygen-saturated (dotted and
dashed lines), and deaerated (dotted lines) electrolyte solutions.
KCl (50 mmol/L) was used as the supporting electrolyte in all so-
lutions.

Fig. 2. (A) Differential pulse voltammograms within a potential
range between 0.200 and –0.880 V for 3.4 mmol/L hydrogen per-
oxide at a 10 mm diameter Pt electrode in deaerated H2O2 solution
containing 50 mmol/L KCl electrolyte (solid lines) and in H2O2 so-
lution containing 50 mmol/L KCl electrolyte in the presence of
catalase (dotted lines). (B) Differential pulse voltammograms with a
potential range from 0.280 and 1.000 V for hydrogen peroxide at a
5 mm diameter Pt electrode in a deaerated solution containing
50 mmol/L KCl electrolyte in the presence (solid lines) and ab-
sence (dotted lines) of 1.2 mmol/L hydrogen peroxide. The inset is
the linear voltammograms of the same hydrogen peroxide solutions
with the applied potential scanned from 0.280 to 1.000 V.
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two-electron transfer process in the acidic solution was also
observed by Bard’s group63 at a Hg/Au electrode.

The oxidation of hydrogen peroxide was also investigated
by means of DPV as shown in Fig. 2B. The voltammograms

showed a peak potential at 0.792 V when the applied poten-
tial was scanned from 0.280 to 1.000 V and one at 0.712 V
when the potential scan direction was reversed. The cyclic
voltammogram demonstrated a dramatic hysterisis (not
shown) between the forward and backward scans. All these
observations prove the irreversibility of the oxidation reac-
tion. The negative sign current was recorded in a linear vol-
tammogram running from 0.280 to 1.000 V in the presence
of hydrogen peroxide (inset in Fig. 2B), which provided the
further proof of the oxidation of hydrogen peroxide. The
formal potential was then calculated as 0.817 V from the
DPV curve when the applied potential was scanned from
low to high. Amatore’s group8,18 reported the oxidation po-
tential at 0.6 V versus Ag/AgCl with a platinized carbon fi-
ber microelectrode and monitored this oxidant release using
macrophages at the level of a single cell, in real time and
quantitatively.

Oxidation of superoxide
Superoxide is not stable and is easily decomposed in the

aqueous solution to hydrogen peroxide and oxygen.

½11� 2O2
�� þ 2Hþ ! H2O2 þ O2

Therefore, the detection using electrochemical methods
were constrained to organic solutions, which greatly differ
from the natural environment of live cells.64–66 In our ex-
periment, our strategy to detect superoxide in aqueous solu-
tions was to use a microelectrode in the presence of
superoxide dismutase. In the DPV of superoxide (solid lines
in Fig. 3), in addition to the peaks for oxygen reduction
(–0.430/–0.490 V) and hydrogen reduction (–0.750/–0.830 V),
a new pair of peaks appeared at 0.120/0.030 V. The redox
nature was further verified by recording the linear scan vol-
tammogram of the superoxide (shown in the inset in Fig. 3).
By conventional American standards, the negative current
sign in the inset depicted oxidation behaviour. The formal
oxidation potential was calculated as 0.055 V based on
eq. [7] with the DPV curve when the applied potential was
scanned from negative to positive (bottom solid line in
Fig. 3). A further experiment was conducted to confirm the
electrochemical activity of superoxide by adding superoxide
dismutase (SOD) into the solution. The DPV result is shown
by the dotted waves in Fig. 3. Superoxide can be completely
converted to hydrogen peroxide in the presence of SOD ac-
cording to eq. [2]. The superoxide oxidation peaks at 0.120
and 0.030 V disappeared, which further indicates that this
peak pair was from electrochemical reactions of superoxide.
Furthermore, the peak currents attributed to H2O2 reduction
increased from 8.2 to 12.4 nA due to the augmented H2O2
concentration via reaction by means of SOD. Our experi-
mental data agreed well with a published paper21 in which
anodic current due to superoxide oxidation was recorded at
0.1 V versus Ag/AgCl using a carbon fiber electrode.

Detection of H2O2 released from T24 cells at different
potentials with SECM

As can be seen from the DPV results, it is possible to de-
tect the two most common ROS, hydrogen peroxide and
superoxide, by setting appropriate potentials at a microelec-
trode. SECM probes are advantageous as they can be posi-
tioned in the vicinity of a live cell to determine ROS

Fig. 3. Differential pulse voltammograms within a potential range
between 0.160 and –0.880 V at a 10 mm diameter Pt electrode for
potassium superoxide in KO2 solution containing 50 mmol/L KCl
electrolyte in the absence (solid lines) and presence (dashed lines)
of superoxide dismutase. The inset is the linear voltammograms of
the same solutions with the applied potential scanned from 0.000 to
0.300 V.

Fig. 4. Microscopic picture of (A) a live T24 cell and the SECM
images of the T24 cell using a 5 mm diameter Pt electrode biased at
(B) –0.400 V, (C) –0.600V, and (D) –0.800V vs Ag/AgCl. The mi-
croelectrode ratio of the glass sheath diameter to that of Pt (RG) is
5. The scale bar in the images represents 10 mm.
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immediately after being released from the cell. Therefore,
we attemped to map out the hydrogen peroxide concentra-
tion profile above single T24 cells at variable potentials
from –0.400 to –0.800 V. These experiments should provide
the rationale as to whether we can discriminate the release
of hydrogen peroxide from oxygen that has an approximate
concentration of 0.2 mmol/L.46

The bottom view of the cell in the inverted microscope is
shown in Fig. 4A. First, a 5 mm diameter Pt SECM probe
electrode with a biased potential of 0.350 V was positioned
above a T24 cell in the medium containing 0.45 mmol/L
ferrocencemethanol. There is minimal interaction between
the SECM mediator and the live cell so that the SECM
probe approach curve (PAC) is expected to show a negative
feedback.23,47 Based on the SECM principle, a probe-to-cell
distance of 3.25 mm was reached, where the normalized cur-
rent at the probe is 0.65I?.23,46 Following this, the bias po-
tential was switched to –0.400 V and the SECM probe was
rastered above the cell. The SECM image as shown in
Fig. 4B was obtained by recording the probe current versus
its coordinates. The dark area in the image (Fig. 4B) illus-
trates low current while the bright region indicates high cur-
rent. From the DPV results for oxygen reduction, one can
see that oxygen can be partially reduced at –0.400 V. The
middle of the cell in Fig. 4B is relatively brighter, which
can be attributed to higher current and therefore a higher
concentration of oxygen. Oxygen is not released directly by
cells and the close distance between the probe and the cell
causes blockage of the oxygen diffusion to the probe by the
cell. However, oxygen concentration can be relatively high
above the cell due to the decomposition of hydrogen perox-
ide. From the high current in the middle of the cell image in
Fig. 4B, it is evident that the indirect oxygen generation over-
whelmed the blockage. With the biased potential of –0.600 V
at the microelectrode, the SECM image of the same T24 cell
demonstrated a much better contrast (Fig. 4C). At this
applied potential, the SECM probe reached a steady-state
current, which is proportional to the local oxygen concentra-
tion. It is therefore expected to see higher current due to the
oxygen reduction. It can be seen from the scale bars beside
the images (Figs. 4B and 4C) that the maximum reduction
current increased from 14.2 to 40.4 pA. Furthermore, the ap-
plied potential was moved to be more negative at –0.800 V
where oxygen and hydrogen peroxide can both be reduced.
The highest current was monitored as 70.2 pA, and the high-
est image contrast was obtained among images at probe poten-
tials of –0.400, –0.600, and –0.800 V (Figs. 4B–4D). It can
be concluded that in the vicinity of the cell, hydrogen perox-
ide has a higher concentration than oxygen. It is therefore
possible to determine this ROS using SECM even though it
may decompose on its way to travelling to the surface of the
electrode. SECM has the advantage to approach live cells at
a very short distance and catch ROS before their decay to
other species. As discussed in the Introduction, mitochondria
in cells can generate superoxide, which mutates to hydrogen
peroxide simultaneously or enzymetically. This is not the
case in our experiments. It is plausible that hydrogen perox-
ide was mainly produced above the nucleus. The production
pathways might be extracellular (via the enzymes at the cell
surface) or intracellular (via inner organelles and diffusion
through the cell membrane).

Conclusions

The SECM probe, consisting of a custom-made platinum
microelectrode, is efficient to determine the redox reactions
of the two major ROS, hydrogen peroxide and superoxide,
along with oxygen in aqueous solutions. DPV determined
the formal reduction potential of oxygen as –0.455 V versus
saturated KCl Ag/AgCl. It was found that hydrogen perox-
ide undergoes reduction at –0.745 V and oxidation at
0.817 V versus the same reference electrode. Superoxide
can be oxidized with a formal potential of 0.055 V versus
the Ag/AgCl. This work provides the fundamentals for fur-
ther SECM studies on live T24 cells using nominal oxygen
concentrations or hydrogen peroxide as the extracellular
marker. The successful application of SECM experiments to
single live cells presents the tremendous potential of ROS as
a promising extracellular indicator for studies on the physio-
logical activities of live cells. Moreover, the noninvasive
nature of SECM is ideal for a real-time investigation on
almost all single live cells while maintaining their physiolog-
ical environment without adding any extraneous indicator.
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ADDITIONS AND CORRECTIONS / AJOUTS ET CORRECTIONS

Theoretical study of the electron spectra of
s-triazine vapour

Delano P. Chong

Ref.: Can. J. Chem. 2009, 87 (8), 1148.
For the removal of an electron from the degenerate MOs

of a molecule, there are two ways to describe the cation:
(i) using fractional electrons to maintain full symmetry, and
(ii) removing an electron from one of the degenerate MOs.
For more reliable prediction of vertical ionization energies
(VIEs) using the method abbreviated as DPBE0(SAOP) in
the above-mentioned paper,1 the latter choice should have
been used, except for nonperhalo molecules,2 instead of
which choice (i) was incorrectly employed. In Table 1 be-
low, the results for both choices are shown, together with

the deviations from experiment in parentheses, as well as
the results from a larger basis set known as even-tempered
valence quadruple-zeta (et-pVQZ) of Slater-type orbitals.3

It can be seen that the aug-TZP basis set is sufficiently
large for VIEs. In addition, the assignment of the bands at
17.8 and 18.2 to 1a2’ and 4a1’, respectively, is uncertain.4
Since my DPBE0(SAOP) procedure has been so successful
in predicting VIEs, I offer the alternative of interchanging
the two assignments in Table 1, with the result of smaller
average absolute deviations (AADs).
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(3) Chong, D. P.; van Lenthe, E.; Van Gisbergen, S.; Baerends, E.
J. J. Comput. Chem. 2004, 25 (8), 1030. doi:10.1002/jcc.
20030. PMID:15067678.
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Table 1. Comparison of calculated vertical ionization energies, in eV, of gas-phase s-triazine (with deviations in
parentheses).

Species Observeda

DPBE0(SAOP)/aug-TZP DPBE0(SAOP)/et-pVQZ

(i) Full symmetry (ii) Integer occupations (ii) Integer occupations
6e’ 10.39 10.84 (+ 0.45) 10.43 (+0.04) 10.42 (+0.03)
1e@ 11.69 12.43 (+0.74) 11.91 (+0.22) 11.92 (+0.23)
5a1’ 13.23 13.38 (+0.15) 13.38 (+0.15) 13.36 (+0.13)
5e’ 14.66 15.14 (+0.48) 14.79 (+0.13) 14.78 (+0.12)
1a2

@ 14.87 15.42 (+0.15) 15.42 (+0.55) 15.43 (+0.56)
1a2’ 17.8/18.2 18.22 (+0.42/+0.02) 18.22 (+0.42/+0.02) 18.19 (+0.39/–0.01)
4a1’ 18.2/17.8 18.07 (–0.13/+0.27) 18.07 (–0.13/+0.27) 18.05 (–0.15/+0.25)
4e’ 22.2 22.45 (+0.25) 21.99 (–0.21) 21.96 (–0.24)
3e’ 28.69 28.20 28.17
3a1’ 31.64 31.64 31.60
AAD 0.00 0.40/0.36 0.23/0.20 0.23/0.20

aBest estimate from different experiments. See Table 1 of ref. 1.
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Stereoelectronic interaction effects on the
conformational properties of 5-methyl-5-aza-1,3-
dithiacyclohexane and its analogous containing N,
P, O, and Se atoms — A hybrid density functional
theory (DFT), ab initio study, and natural bond
orbital (NBO) analysis

Davood Nori-Shargh, Neda Hassanzadeh, Meisam Kosari, Parvin Rabieikarahroudi,
Hooriye Yahyaei, and Sasan Sharifi

Abstract: Natural bond orbital (NBO) analysis, hybrid density functional theory (hybrid DFT: B3LYP/6-311+G**//
B3LYP/6-311+G**), and ab initio molecular orbital (MO: MP2/6-311+G**//B3LYP/6-311+G**) based methods were used to study
the electronic delocalization energy (DE), dipole–dipole interactions, and steric repulsions on the conformational properties
of 5-methyl-5-aza-1,3-dioxacyclohexane (1) (-phospha- (2), -arsena- (3)), 5-methyl-5-aza-1,3-dithiacyclohexane (4) (-phospha-
(5), -arsena- (6)), and 5-methyl-5-aza-1,3-diselenacyclohexane (7) (-phospha- (8), -arsena- (9)). The MP2/6-311+G**//
B3LYP/6-311+G** and B3LYP/6-311+G**//B3LYP/6-311+G** results revealed that the axial stereoisomers of compounds
1–9 are more stable than their equatorial stereoisomers. In this regard, the obtained results showed an egregious axial prefer-
ence for compounds 1, 4, and 7. Importantly, the results showed that the energy differences between the axial and equatorial
stereoisomers decrease from compounds 1 ? 3, 4 ? 6, and also, 7 ? 9. The NBO analysis of donor–acceptor interactions
revealed that the calculated DE for compounds 1–3 are –21.50, –7.84, and –4.38 kcal mol–1, respectively. The decrease of
the calculated DE values from compound 1 to compound 3 could reasonably explain the decrease of the energy differences
between the axial and equatorial stereoisomers from compound 1 to compound 3. The correlation between the DE, dipole–
dipole interactions, structural parameters, and conformational behaviors of compounds 1–9 has been investigated.

Key words: anomeric effects, molecular modeling, ab initio, natural bond orbital (NBO), 5-methyl-5-aza-1,3-dithiacyclohexane.

Résumé : On a fait appel à des méthodes d’analyse à base de l’orbitale de liaison neutre (OLN), de la théorie de la fonction-
nelle de densité hybirde (TFD-hybride : B3LYP/6–311+G**//B3LYP/6–311+G**) et l’orbitale moléculaire ab initio (OM :
MP2/6–311+G**//B3LYP/6–311+G**) pour étudier l’énergie de délocalisation (ED) électronique, les interactions dipôle-di-
pôle et les répulsions stériques sur les propriétés conformationnelles du 5-méthyl-5-aza-1,3-dioxacyclohexane (1) [-phospha-
(2), -arséna- (3)], 5-méthyl-5-aza-1,3-dithiacyclohexane (4) [-phospha- (5), -arséna- (6)] et 5-méthyl-5-aza-1,3-disélénacyclo-
hexane (7) [-phospha- (8), -arséna- (9)]. Les résultats obtenus avec les méthodes MP2/6–311+G**//B3LYP/6–311+G** et
B3LYP/6–311+G**//B3LYP/6–311+G** révèlent que les stéréoisomères axiaux des composés 1–9 sont plus stables que les
stéréoisomères équatoriaux. Dans cette optique, les résultats obtenus montrent une préférence globale pour les composés 1, 4
et 7. De plus, les résultats montrent que les différences d’énergie entre les stéréoisomères axiaux et équatoriaux diminuent
dans les composés 1 ? 3, 4 ? 6 et aussi 7 ? 9. L’analyse de l’OLN des interactions donneur-accepteur révèle que l’énergie
de délocalisation pour les composés 1–3 sont respectivement de –21,50, –7,84 et –4,38 kcal mol–1. La diminuation des va-
leurs calculées d’ED en allant du composé 1 au composé 3 pourrait facilement être expliquée par une diminuation dans les
différences d’énergie entre les stéréoisomères axiaux et équatoriaux des composés 1 à 3. On a étudié la corrélation entre les
ED, les interactions dipôle-dipôle, les paramètres de structure et les comportements conformationnels des composés 1–9.

Mots-clés : effets anomères, modelage moléculaire, ab initio, orbitale de liaison neutre (OLN), 5-méthyl-5-aza-1,3-dithia-
cyclohexane.
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Introduction
The knowledge about conformational properties of hetero-

cyclic compounds should be of very general interest since
saturated heterocyclic compounds comprise a large segment
of organic and inorganic chemistry and are quite widespread
in nature (e.g., in alkaloids, carbohydrates, and plant growth
regulators, among other compounds).

It is well-known that the stereoelectronic interactions are
expected to play an important role on the conformational
properties of heterocyclic compounds.1,2 In this context, An-
giolini et al.3 have described that the methyl group in 5-
methyl-5-aza-1,3-dithiacyclohexane (1) is largely axial.
There is a substantial disfavoring factor in the equatorial
conformation of compound 1 (unshared electron pairs are
parallel (e.g., the ‘‘rabbit-ear effect’’)).4,5 On the other hand,
the axial orientation of the methyl group at the nitrogen
atom in compound 1 has been explained in terms of favor-
able LPN ? s*C–S (LP = lone pair) orbital interactions.6,7

It should be noted that the anomeric effect (AE) is in fa-
vor of the axial conformation of a six-membered saturated
ring in opposition to the steric effect, which normally leads
to a preference for the equatorial conformation. In this con-
text, there is a stereoelectronic preference for conformations
in which the best donor lone pair is antiperiplanar to the best
acceptor bond.8,9 Therefore, we could stress that the delocal-
ization energy (DE) associated with electronic delocaliza-
tions must be considered as the difference between the sum
of the equatorial and axial delocalization energies:

½1� DE ¼ SDEeq �SDEax

Based on this argument, there is a direct relationship be-
tween the DE and AE.

The origin of the generalized anomeric effects in methan-
diol and its sulfur, selenium, and tellurium derivatives were
examined by ab initio calculations10,11 and NBO12–17 analysis.
Also, the conformational preferences of methanediol, dime-
thoxymethane, and methanediamine were analyzed within the
framework of the quantum theory of atom in molecule
(QTAIM) method.18,19 In addition, the NBO analysis was per-
formed to study the conformational stability of CH2(XH2)2 (X =
N, P, As) compounds.20

There is sufficient published experimental information
about the stereoelectronic and steric interactions in compound
1,3,6,7 but there is no published experimental or quantitative
theoretical data about the donor–acceptor delocalization ef-
fects on the conformational properties of compounds 1–9.
In this work, the stereoelectronic interactions associated
with the DE, dipole–dipole interactions, and also the confor-

mational and structural properties of compounds 1–9 have
been investigated computationally using both ab initio mo-
lecular orbital (MO) and density functional theory (DFT)
methods (see Scheme 1).21–25

Also, the stabilization energies (E2) associated with
LPeqX5 ? s*C6–Y1 and LPaxX5 ? s*C6–Y1 delocalizations
(see Figs. 1 and 2) and their influences on the conforma-
tional properties of compounds 1–9 were quantitatively in-
vestigated by the NBO (natural bond orbital) analysis.26 The
resonance energies associated with donor ? acceptor elec-
tronic delocalizations are proportional to S2/DE where S is
the orbital overlap and DE is the energy differences between
the LP and s* orbitals:27

E2 ðstabilization or resonance energyÞ a ðS2=DEÞ

In addition, the stabilization energy (E2) associated with
i ? j delocalization is explicitly estimated by the following
equation:

½2� E2 ¼ qi

F2ði; jÞ
3j � 3i

where qi is the ith donor orbital occupancy, 3i and 3j are
diagonal elements (orbital energies), and F(i, j ) are off-
diagonal elements associated with the NBO Fock matrix.
Therefore, there is a direct relationship between F(i, j)
off-diagonal elements and the orbital overlap (S).

The successful application of DFT-based methods broad-
ened the applicability of the computational methods and
now represents an interesting approach for determining acti-
vation barrier and molecular energies.22–25 On the other
hand, the B3LYP method combines Becke’s three-parameter
exchange function with the correlation function of Lee et
al.23 Our recent studies showed that the NBO analysis is a
sufficient approach to investigate the stereoelctronic interac-
tions on the reactivity and dynamic behaviors of chemical
compounds.28–31

Computational details
Ab initio calculations were carried out using MO (MP2/6-

311+G**//B3LYP/6-311+G**) and hybrid DFT (B3LYP/6-
311+G**//B3LYP/6-311+G**) based methods with the Gaus-
sian 98 package of programs.21 Also, B3LYP/6-311+G**
level of theory was used for optimizing the initial estimated
structural geometries of compounds 1–9. Energy minimum
molecular geometries were located by minimizing energy
with respect to all geometrical coordinates without imposing
any symmetry constraints. The nature of the stationary points

Scheme 1. Schematic representation of the stereoisomers of compounds 1–9.
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for compounds 1–9 has been determined by means of the
number of imaginary frequencies. For minimum state struc-
tures, only all real frequency values were accepted.32,33

An NBO analysis was then performed using the B3LYP/
6-311+G** level for the axial and trans forms of compounds
1–9 by the NBO 3.1 program26 included in the Gaussian 98
package of programs.21

The bonding and antibonding orbital occupancies in the ax-
ial and equatorial conformations of compounds 1–9, and also
the stabilization energies associated with LPeqX5 ? s*C6–Y1
and LPaxX5 ? s*C6–Y1 delocalizations, were calculated using
NBO analysis. The stabilizing orbital interactions is inversely
proportional to the energy difference between the interacting
orbitals; therefore, the strongest stabilizing interactions will
take place between the most effective donors and the most
effective acceptors (see Fig. 2).

The thermodynamic functions (all corrected for the zero-
point energy), i.e., E0, enthalpy, H (sum of the electronic
and the thermal enthalpy), Gibbs free energy, G (sum of the
electronic and thermal free energy), and entropy, S, were
calculated according to the following relation: E = E0 +
Evib + Erot + Etrans, H = E + RT, G = H – TS. Finally, using
the corresponding calculated thermodynamic data for ground
and transition states, DG, DH, and DS were also determined.

Results and discussion
The zero point (ZPE) and total electronic (Eel) energies

(E0 = Eel + ZPE) for the axial and equatorial stereoisomers
of compounds 1–9, as calculated by the DFT (B3LYP/6-
311+G** level of theory) are given in Table 1. For single-

point energy calculations, the ab initio molecular orbital
(MP2/6-311+G**//B3LYP6-311+G**) method was used
(see Table 1). Table 2 shows the value of the thermody-
namic functions, H, S, and G, and the DG, DS and DH pa-
rameters. The calculated DS values are relatively small, so
that the calculated DH and DG parameters are close to the
DE0 values.

The B3LYP/6-311+G**//B3LYP/6-311+G** results revealed
that the axial stereoisomers of compounds 1–3 are more sta-
ble than their equatorial stereoisomers by 3.39, 1.03, and
2.18 kcal mol–1, respectively. Also, the axial stereoisomers
of compounds 1–3 are more stable than their equatorial ster-
eoisomers by 4.03, 4.00, and 3.12 kcal mol–1, respectively,
as calculated at the MP2/6-311+G**//B3LYP/6-311+G**
level of theory (see Table 1). In addition, the Gibbs free
energy difference (Gequatorial – Gaxial) values (i.e., DGeq–ax)
between the axial and equatorial stereoisomers decrease from
compound 1 to compound 3. The calculated DGeq–ax values
for compounds 1–3 are 3.32, 3.22, and 2.07 kcal mol–1,
respectively, as calculated at the B3LYP/6-311+G**//
B3LYP/6-311+G** level of theory (see Table 2).

Importantly, the MO and hybrid DFT results revealed that
the energy differences between the axial and equatorial ster-
eoisomers of compound 4 are more than those for the corre-
sponding stereoisomers of compound 1. Contrary to the
observed trend for compound 4, the energy differences be-
tween the axial and equatorial stereoisomers of compounds
5 and 6 are less than those for the corresponding stereoisom-
ers of compounds 2 and 3, respectively (see Table 1). In ad-
dition, the DGeq–ax values decreases from compound 4 to
compound 6 (see Table 2).

Fig. 1. Schematic representation of the electronic delocalization between nonbonding and antibonding orbitals (i.e., LPeqX5 ? s*C6–Y1 and
LPaxX5 ? s*C6–Y1) in compounds 1–9.

Fig. 2. Schematic representation of stabilization energy (resonance energy; E2) associated with donor (nonbonding)–acceptor (antibonding)
interactions.
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Importantly, the B3LYP/6-311+G**//B3LYP/6-311+G**
and MP2/6-311+G**//B3LYP/6-311+G** results revealed
that the energy difference between the axial and equatorial
stereoisomers of compound 7 is more than those for the cor-
responding stereoisomers of compounds 1 and 4. Based on
B3LYP/6-311+G**//B3LYP/6-311+G** results, the axial
stereoisomer of compounds 7–9 are more stable than their

equatorial stereoisomers by 6.94, 1.15, and 0.31 kcal mol–1,
respectively. Also, the axial stereoisomers of compounds 7–9
are more stable than their equatorial stereoisomers by about
6.89, 0.75, and 0.42 kcal mol–1, respectively, as calculated
at the MP2/6-311+G**//B3LYP/6-311+G** level of theory
(see Table 1). In addition, the calculated DGeq–ax values de-
creases from compound 7 to compound 9. The calculated

Table 1. B3LYP/6-311+G**//B3LYP/6-311+G** and MP2/6-311+G**//B3LYP/6-311+G** calculated total energies, E (in hartree),
zero-point energies, ZPE (in hartree, from B3LYP/6-311+G** level), and relative energies, DE (Eh, in hartree), for the equatorial
and axial conformations of compounds 1–9.

Method B3LYP/6-311+G**//B3LYP/6-311+G** MP2/6-311+G**//B3LYP/6-311+G**

Geometery ZPE Eel E0 DE0
a Eel E0 DE0

a

1-eq 0.13824 –363.11272 –362.97448 (3.39)b –362.11336 –361.97512 (4.03)b

1-ax 0.13907 –363.11894 –362.97987 0.00000 –362.12061 –361.98154 0.00000
2-eq 0.13151 –649.72975 –649.59824 (3.28)b –648.34037 –648.20886 (4.00)b

2-ax 0.13170 –649.73517 –649.60347 0.00000 –648.346936 –648.21523 0.00000
3-eq 0.12975 –2544.22886 –2544.09910 (2.18)b –2541.74144 –2541.61169 (3.12)b

3-ax 0.12998 –2544.23255 –2544.10257 0.00000 –2541.74664 –2541.61667 0.00000
4-eq 0.13076 –1009.06485 –1008.9341 (5.52)b –1007.30501 –1007.17425 (5.10)b

4-ax 0.13145 –1009.07433 –1008.94289 0.00000 –1007.31383 –1007.18238 0.00000
5-eq 0.12397 –1295.69751 –1295.57354 (1.25)b –1293.54869 –1293.42472 (0.95)b

5-ax 0.124187 –1295.69972 –1295.57553 0.000000 –1293.5504148 –1293.426228 0.000000
6-eq 0.12213 –3190.19696 –3190.07484 0.00082 –3186.95158 –3186.82945 (0.71)b

6-ax 0.12231 –3190.19796 –3190.07565 0.00000 –3186.95289 –3186.83058 0.00000
7-eq 0.12797 –5015.72864 –5015.60067 (6.94)b –5011.80205 –5011.67408 (6.89)b

7-ax 0.12888 –5015.74061 –5015.61173 0.00000 –5011.81394 –5011.68506 0.00000
8-eq 0.12127 –5302.36378 –5302.24251 (1.15)b –5298.05159 –5297.93033 (0.75)b

8-ax 0.12151 –5302.36586 –5302.24435 0.00000 –5298.05303 –5297.93152 0.00000
9-eq 0.11950 –7196.86294 –7196.74344 (0.31)b –7191.45446 –7191.33496 (0.42)b

9-ax 0.11956 –7196.86350 –7196.74394 0.00000 –7191.45518 –7191.33562 0.00000

aRelative to the most stable conformation.
bNumbers in parentheses are the corresponding thermodynamic function values in kcal mol–1.

Table 2. B3LYP/6-311+G**//B3LYP/6-311+G** calculated thermodynamic functions for the equatorial and axial conformations of
compounds 1–9.

Geometries H (hartree) S (cal mol–1 K–1) G (hartree) DH (hartree)a DS (cal mol–1 K–1)a DG (hartree)a

1-eq –362.96707 78.96 –363.00459 0.00055 (3.45)b 0.43 0.00529 (3.32)b

1-ax –362.97257 78.52 –363.00988 0.00000 0.00 0.00000
2-eq –649.58971 84.70 –649.62996 0.00527 (3.30)b 0.28 0.00513 (3.22)b

2-ax –649.59498 84.42 –649.63509 0.00000 0.000 0.00000
3-eq –2544.09033 88.71 –2544.13218 0.00353 (2.22)b 0.49 0.00330 (2.07)b

3-ax –2544.09356 88.22 –2544.13548 0.00000 0.00 0.00000
4-eq –1008.92545 86.08 –1008.96634 0.00881 (5.53)b 0.26 0.00868 (5.45)b

4-ax –1008.93425 85.82 –1008.97503 0.00000 0.00 0.00000
5-eq –1295.56378 91.42 –1295.60722 0.00196 (1.23)b 0.00 0.00202 (1.27)b

5-ax –1295.56575 91.54 –1295.60924 0.000000 0.12 0.00000
6-eq –3190.06445 95.90 –3190.11001 0.00078 (0.49)b 0.00 0.00089 (0.56)b

6-ax –3190.06523 96.11 –3190.11090 0.00000 0.21 0.00000
7-eq –5015.59110 93.85 –5015.63569 0.01116 (7.00)b 0.91 0.01073 (6.73)b

7-ax –5015.60226 92.94 –5015.64642 0.00000 0.00 0.00000
8-eq –5302.23194 98.32 –5302.27866 0.00178 (1.12)b 0.00 0.00193 (1.21)b

8-ax –5302.23372 98.63 –5302.28058 0.00000 0.31 0.00000
9-eq –7196.73228 102.38 –7196.78092 0.00038 (0.24)b 0.00 0.00084 (0.53)b

9-ax –7196.73265 103.35 –7196.78176 0.00000 0.97 0.00000

aRelative to the ground state.
bNumbers in parentheses are the corresponding thermodynamic function values in kcal mol–1.
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DGeq–ax for compounds 7–9 are 6.73, 1.21 and 0.53 kcal
mol–1, respectively, as calculated at the B3LYP/6-311+G**//
B3LYP/6-311+G** level of theory (see Table 2). Accord-
ingly, the axial preference for compound 7 is more than com-
pounds 4 and 1. In addition, the axial preference dwindling
from compound 1 to 3 is more than those for compounds 4–
6 and also compounds 7–9 (see Tables 1 and 2).

According to the NBO results, the axial and equatorial
stereoisomers of compounds 1–9 benefit from LPeqX5 ?
s*C6–Y1 and LPaxX5 ? s*C6–Y1 donor–acceptor interactions.
Based on the optimized ground state geometries using the
B3LYP/6-311+G** method, the NBO analysis of donor–ac-
ceptor interactions showed that the stabilization energies asso-
ciated with LPeqX5 ? s*C6–Y1 electronic delocalizations for
the axial stereoisomers of compounds 1–3 are 13.19, 3.92,
and 2.19 kcal mol–1, respectively (see Table 3). Also, the sta-
bilization energies associated with LPeqX5 ? s*C6–Y1 elec-
tronic delocalizations decrease from the axial stereoisomers
of compound 4 to compound 6 and also compound 7 to com-
pound 9 (see Table 3). Interestingly, the decrease of axial
preference from compounds 1 ? 3, 4 ? 6, and 7 ? 9 could
be fairly explained by the decrease of the stabilization ener-
gies associated with LPeqX5 ? s*C6–Y1 electronic delocaliza-
tions. It should be noted that there is no LPeqX5 ? s*C6–Y1
electronic delocalization for the equatorial stereoisomer of
compounds 1–9.

Also, the NBO analysis revealed that the there is LPaxX5 ?
s*C6–Y1 electronic delocalization only for the equatorial ster-
eoisomers of compounds 1, 4, and 7, and it is not observed
for the axial and equatorial stereoisomers of compounds 2,

3, 5, 6, 8, and 9. In this regard, the stabilization energies as-
sociated with LPaxX5 ? s*C6–Y1 electronic delocalizations
for the equatorial stereoisomers of compounds 1, 4, and 7
are 2.44, 2.50, and 3.97 kcal mol–1, respectively.

Based on the eq. [1], the DE associated with LPaxX5 ?
s*C6–Y1 and LPeqX5 ? s*C6–Y1 electronic delocalizations de-
creases from compound 1 to compound 3. The calculated
DE for compounds 1–3 are –21.50, –7.84, and –4.38 kcal
mol–1, respectively (see Table 3). Along this line, the NBO
analysis revealed the calculated DE associated with
LPaxX5 ? s*C6–Y1 and LPeqX5 ? s*C6–Y1 electronic delocal-
ization decreases from compound 4 to compound 6 and also
compound 7 to compound 9. Effectively, the decrease of the
DE can explain the decrease of the calculated DGeq–ax from
compounds 1 ? 3, 4 ? 6, and 7 ? 9 (see Table 2).

Similar to the larger DE values in the axial stereoisomers
of compounds 1–9, these forms are more stable than their
equatorial stereoisomers. From a structural point of view, it
seems that the axial stereoisomers of compounds 1–9 could
be less stable than their equatorial stereoisomers. The primary
reason for this argument is based on the nonbonding gauche
repulsions between the methyl group of X5 atoms and 1- and
3-Y atoms of rings. Accordingly, these interactions (steric
repulsions) should be weaker than the stabilization energies
associated with the DE (associated with LPaxX5 ? s*C6–Y1
electronic delocalizations). Consequently, this fact could jus-
tify the stability of the axial stereoisomers of compounds 1–
9 compared to their equatorial stereoisomers.

On the other hand, the NBO results showed that the
LPaxX5 nonbonding orbital occupancies in the axial stereo-

Table 3. NBO calculated stabilization energies (E2), delocalization energy (DE) associated with LPeqX5 ? s*C6–Y1 and LPaxX5 ?
s*C6–Y1 electronic delocalizations and dipole moments for the equatorial and axial conformations of compounds 1–9, based on the
geometry optimized at the B3LYP/6-311+G** level of theory.

Stablization energy (resonance energy) (kcal mol–1)

1 2 3 4

Donor ? acceptor eq ax eq ax eq ax eq ax
LPeqX5 ? s*C6–Y1

(LPeqX5 ? s*C4–Y3)
— 2(13.19)

[0.078]a
— 2(3.93)

[0.046]a
— 2(2.19)

[0.037]a
— 2(16.61)

[0.075]a

LPaxX5 ? s*C6–Y1

(LPaxX5 ? s*C4–Y3)
2(2.44)

[0.034]a
— — — — — 2(2.50)

[0.030]a
—

SDE 4.88 26.38 — 7.84 — 4.38 5.00 33.22
DE — –21.50 — –7.84 — –4.38 — –28.22
m (D) 2.650 1.194 2.965 0.945 2.769 1.088 2.628 1.722

aOff-diagonal elements.

Table 3 (concluded).

Stablization energy (resonance energy) (kcal mol–1)

5 6 7 8 9

Donor ? acceptor eq ax eq ax eq ax eq ax eq ax
LPeqX5 ? s*C6–Y1

(LPeqX5 ? s*C4–Y3)
— 2(6.53)

[0.054]
— 2(4.21)

[0.047]
— 2(19.48)

[0.075]
— 2(7.61)

[0.054]
— 2(4.97)

[0.048]
LPaxX5 ? s*C6–Y1

(LPaxX5 ? s*C4–Y3)
— — — — 2(3.97)

[0.035]
— — — — —

SDE — 13.06 — 8.42 7.94 38.96 — 15.22 — 9.94
DE — –13.06 — –8.42 — –31.02 — –15.22 — –9.94
m (D) 2.965 0.945 2.760 1.1856 2.508 1.953 2.653 0.746 2.472 0.976

aOff-diagonal elements.
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isomers of compounds 1–3 are 1.8488, 1.9445, and 1.9677,
respectively (see Table 4). Similar to the observed trend for
compounds 1–3, the LPaxX5 nonbonding orbital occupancies
increase from the axial stereoisomers of compound 4 to
compound 6 and also compound 7 to compound 9. Contrary
to the increase of the LPaxX5 nonbonding orbital occupancies
from the axial stereoisomers of compound 1 to compound 3,
compound 4 to compound 6 and compound 7 to compound
9, the s*C6–Y1 antibonding orbital occupancies of these ster-
eoisomers decrease. In this regard, NBO results revealed
that the s*C6–Y1 antibonding orbital occupancies in the axial
stereoisomers of compounds 1–3 are 0.0556, 0.0320, and
0.0252, respectively. This trend was observed for com-
pounds 4–6 and also compounds 7–9 (see Table 4).

Importantly, the increase of the LPaxX5 nonbonding and
the decrease of the s*C6–Y1 antibonding orbital occupancies
in the axial stereoisomers of compounds 1–9 could be justi-
fied by the decrease of the LPaxX5 ? s*C6–Y1 electronic de-
localizations from the axial stereoisomers of compounds 1
? 3, 4 ? 6 and 7 ? 9. Therefore, it can be concluded that
the donor-acceptor interaction is an effective factor on the
nonbonding and antibonding orbital occupancies of the
equatorial and axial stereoisomers of compounds 1–9.

It has to be noted that the LP ? s* resonance energies
are proportional to S2/DE where S is the orbital overlap and
DE is the energy differences between the LP nonbonding
and s* antibonding orbitals. In this regard, the stereoelec-
tronic orbital interactions are anticipated to be more effec-
tive for the anti rather than the syn or gauche arrangement
between the donor (LP) and acceptor (s*) orbitals, and the
stabilization should increase as the anti-bonding orbital s*
energy decreases and the nonbonding orbital LP energy in-
creases. The energy difference between donor (ELPaxX5) and
acceptor (Es*C6–Y1) orbitals (D(Es*C6–Y1 – ELPaxX5)) for the
axial stereoisomers of compounds 1–3 are 0.5778, 0.7045,

and 0.7974 au, respectively, as calculated by NBO analysis.
Effectively, the energy differences between donor (ELPaxX5)
and acceptor (Es*C6–Y1) orbitals (D(Es*C6–N1 – ELPaxX5)) in-
creased from the axial stereoisomers of compounds 1 ? 3,
4 ? 6, and 7 ? 9. It can be concluded that the rich ac-
ceptor s*C6–Y1 antibonding orbitals of the axial stereoisom-
ers of compounds 1, 4 and 7, compared to those in
compounds 2, 3, 4, 5 and 7, 8 may give rise to strong DE.
Also, the decrease of the orbital overlap (S) (off-diagonal el-
ements (Fij)) values could reduce the DE (see Tables 3 and
5). The NBO calculated off-diagonal elements (Fij) for
LPaxX5 ? s*C6–Y1 electronic delocalizations in the axial ster-
eoisomers of compounds 1–3 are 0.078, 0.046, and 0.037,
respectively (see Table 5). In this regard, the calculated off-
diagonal elements (Fij) for LPaxX5 ? s*C6–Y1 electronic de-
localizations decrease from the axial-stereoisomers of com-
pound 4 to compound 6 and also compound 7 to compound
9. The decrease of the orbital overlap (S) values could be
justified by the increase of X5 atom radius from compounds
1 ? 3, 4 ? 6, and 7 ? 9.

In addition, it is well-known that there is a preference for
the conformation with the smallest resultant dipole moment.
Especially in the gas phase, it is generally found that the
conformation with the larger dipole moment has the larger
electrostatic energy. Therefore, the conformation with the
larger dipole moment has an increased overall energy.34 Ta-
ble 3 presents the calculated dipole moments for the axial
and equatorial conformations of compounds 1–9. The
B3LYP/6-311+G** results showed that the dipole moments
for the equatorial stereoisomers of compounds 1–9 (the rab-
bit-ear effect) are larger than those in the axial stereoisom-
ers. Accordingly, the rationalization of the conformation
preference solely in terms of dipole–dipole interactions suc-
ceeds in accounting qualitatively for the axial stereoisomers
preferences in compounds 1–9.

Representative structural parameters for the axial and
equatorial stereoisomers of compounds 1–9, as calculated
by B3LYP/6-311+G** level of theory, are shown in Table 6.
Although, due to the nature of the various approximations
involved in these theoretical calculations, it is not expected,
in principal, to obtain exactly the experimental values;35

however, it is possible to carry out theoretical calculations,
from which many properties and structures can be obtained
with an accuracy that is competitive with experiments.35–38

Importantly, considering the structures of compounds 1–9
(optimized by B3LYP/6-311+G** method) gave evidence
that in the axial stereoisomers of these compounds the
sX5–C6 bond lengths are significantly contracted compared
to those in the equatorial stereoisomers. Based on the
B3LYP/6-311+G** results, the sX5–C6 bond lengths in the
equatorial and axial stereoisomers of compound 1 are 1.456
and 1.445 Å, respectively (see Table 6). Similarly, the
sX5–C6 bond lengths in the equatorial and axial stereoisomers
of compound 2 are 1.892 and 1.881 Å, respectively, as cal-
culated by B3LYP/6-311+G** level of theory. In this con-
text, the B3LYP/6-311+G** results showed that the sX5–C6
bond lengths in the equatorial and axial stereoisomers of
compound 3 are 2.022 and 2.014 Å, respectively.

Along this line, the sX5–C6 bond lengths decrease from the
equatorial stereoisomers of compounds 4–9 to their axial
stereoisomers. Also, the sC6–Y1 bond lengths of the axial

Table 4. Calculated nonbonding and antibond-
ing orbital occupancies for the equatorial and
axial conformations of compounds 1–9 using
NBO analysis, based on the optimized struc-
tures by B3LYP/6-311+G** level of theory.

Occupancy LPeqX5 LPaxX5 s*C6–Y1

1-eq — 1.8705 0.0261
1-ax 1.8488 — 0.0556
2-eq — 1.9587 0.0174
2-ax 1.9445 — 0.0320
3-eq — 1.9776 0.0164
3-ax 1.9677 — 0.0252
4-eq — 1.8664 0.0312
4-ax 1.7984 — 0.0802
5-eq — 1.9567 0.0180
5-ax 1.9177 — 0.0427
6-eq — 1.9763 0.0166
6-ax 1.9508 — 0.0317
7-eq — 1.8492 0.0421
7-ax 1.7646 — 0.1011
8-eq — 1.9753 0.0201
8-ax 1.8983 — 0.0538
9-eq — 1.9753 0.0184
9-ax 1.9390 — 0.0391
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conformations decrease from compounds 1 ? 3, 4 ? 6, and
7 ? 9. The B3LYP/6-311+G** results showed that the
sC6–N1 bond lengths in the axial stereoisomers of compounds
1–3 are 1.438, 1.428, and 1.423 Å, respectively (see Ta-
ble 6). This observation is in agreement with the decrease
of the LPaxX5 ? s*C6–Y1 electronic delocalization from the
axial stereoisomers from compound 1 to compound 3, com-
pound 4 to compound 6, and compound 7 to compound 9.
The decrease of the LPaxX5 ? s*C6–Y1 electronic delocaliza-
tions can produce the contracted sC6–Y1 bond lengths by de-
creasing the s*C6–Y1 antibonding orbital occupancies.

In addition, Table 6 shows that the q5–6–1 bond angles in-
crease from the equatoria stereoisomers of compounds 1–9
to their corresponding axial stereoisomers. Also, the
f4�5�6�1 torsion (dihedral) angles decrease from the equato-
ria stereoisomers of compounds 1–9 to their corresponding
axial stereoisomers. The increase of the q5–6–1 bond angles
and the decrease of the f4�5�6�1 torsion angles from the
equatorial stereoisomers of compounds 1–9 to their corre-
sponding axial stereoisomers could be justified by the in-
crease of the X5–C6 bond orders. The LPeqX5 ? s*C6–Y1
electronic delocalizations can reasonably explain the in-
crease of the X5–C6 bond orders in the axial stereoisomers
of compounds 1–9 compared to their corresponding equato-
rial stereoisomers.

Conclusion
The above reported ab initio calculations and NBO analy-

sis provided a reasonable picture from structural, energetic,
bonding, and stereoelectronic points of view for the confor-
mational preference in compounds 1–9. Effectively, B3LYP/
6-311+G**// B3LYP/6-311+G** results revealed that the
calculated DGeq–ax decreases from compounds 1 ? 3, 4 ?
6, and 7 ? 9. In addition, the dwindling axial preference for
compounds 1 ? 3 is more than those for compounds 4 ? 6
and also compounds 7 ? 9.

In addition NBO results revealed that (i) the stabilization
energies associated with LPeqX5 ? s*C6–Y1 delocalizations
for the axial stereoisomers decreases from compounds 1 ?
3, 4 ? 6, and 7 ? 9. (ii) The decrease of the donor–ac-
ceptor interactions associated with LPeqX5 ? s*C6–Y1 deloc-
alizations could fairly explain the increase of occupancies of
LPeqX5 nonbonding orbitals and the decrease of occupancies
of s*C6–Y1 antibonding orbitals from the axial stereoisomers
of compounds 1 ? 3, 4 ? 6, and 7 ? 9. (iii) The energy
difference between donor (ELPaxX5) and acceptor (Es*C6–Y1)
orbitals (D(Es*C6–Y1 – ELPaxX5)) increased from the axial
stereoisomers of compounds 1 ? 3, 4 ? 6, and 7 ? 9. It
can be concluded that the rich acceptor antibonding orbital
may give rise to strong DE. Also, the decrease of the orbital
overlap (S) (off-diagonal elements (Fij)) values could reduce
the DE. (iv) The rationalization of the conformation prefer-
ence solely in terms of dipole–dipole interactions succeeds
in accounting qualitatively for the axial stereoisomers pref-
erences in compounds 1–9.

Also, the sC6–Y1 bond lengths decrease from the axial ster-
eoisomers from compounds 1 ? 3, 4 ? 6, and 7 ? 9. This
observation is consistent with the decrease of the LPaxX5 ?
s*C6–Y1 electronic delocalization from the axial stereoisomers
of compounds 1 ? 3, 4 ? 6, and 7 ? 9, which produce the
contracted sC6–Y1 bonds by decreasing the s*C6–Y1 antibond-
ing orbital occupancies. It can be concluded that the decrease
of the DE can reasonably explain the decrease of the calcu-
lated DGeq–ax from compounds 1 ? 3, 4 ? 6, and 7 ? 9.
Interestingly, the decrease of axial preference from com-
pounds 1 ? 3, 4 ? 6, and 7 ? 9 could be reasonably ex-
plained by the decrease of the stabilization energies
associated with LPeqX5 ? s*C6–Y1 electronic delocalizations.
Effectively, this fact demonstrates that the order of the
anomeric effects (AE) for M–C–N fragments are as follows:
N–C–O > P–C–O > As–C–O; N–C–S > P–C–S > As–C–S;
N–C–Se > P–C–Se > As–C–Se.

Table 5. Calculated nonbonding and antibonding orbital energies (au) for the equatorial and axial
conformations of compounds 1–9 using NBO analysis, based on the optimized structures by
B3LYP/6-311+G** level of theory.

Energy LPeqX5 LPaxX5 s*C6–Y1 D(Es*C6–Y1 – ELPeqX5) D(Es*C6–Y1 – ELPaxX5)
1-eq — –0.28950 0.29319 — 0.58269
1-ax –0.28437 — 0.29346 0.57783 —
2-eq — –0.42083 0.29421 — 0.71504
2-ax –0.40923 — 0.29529 0.70452 —
3-eq — –0.51192 0.29515 — 0.80707
3-ax –0.50149 — 0.29587 0.79736 —
4-eq — –0.28436 0.14098 — 0.42534
4-ax –0.27633 — 0.13873 0.41506 —
5-eq — –0.41935 0.13829 — 0.55764
5-ax –0.40213 — 0.13892 0.54105 —
6-eq — –0.51695 0.13895 — 0.65590
6-ax –0.50055 — 0.14037 0.64092 —
7-eq — –0.27647 0.08788 — 0.36435
7-ax –0.27496 — 0.08660 0.36156 —
8-eq — –0.51513 0.08508 — 0.60021
8-ax –0.39657 — 0.08459 0.48116 —
9-eq — –0.51513 0.08508 — 0.60018
9-ax –0.49691 — 0.08604 0.58295 —
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Table 6. B3LYP/6-311+G** calculated structural parameters for the equatorial and axial conformations of compounds 1–9.

Com-
pound 1 2 3 4 5 6 7 8 9

State eq ax eq ax eq ax eq ax eq ax eq ax eq ax eq ax eq ax

Bond lengths (Å8)
r1–2 1.408 1.412 1.407 1.407 1.407 1.407 1.826 1.833 1.827 1.828 1.828 1.827 1.970 1.977 1.970 1.971 1.971 1.970
r2–3 1.408 1.412 1.407 1.407 1.407 1.407 1.826 1.833 1.827 1.828 1.828 1.827 1.970 1.977 1.970 1.971 1.971 1.970
r3–4 1.414 1.438 1.425 1.428 1.421 1.422 1.835 1.873 1.831 1.838 1.826 1.828 1.993 2.038 1.978 1.990 1.973 1.977
r4–5 1.456 1.445 1.892 1.881 2.022 2.014 1.452 1.438 1.877 1.873 2.007 2.007 1.443 1.428 1.870 1.864 2.000 2.000
r 5–6 1.456 1.445 1.892 1.881 2.022 2.014 1.452 1.438 1.877 1.873 2.007 2.007 1.443 1.428 1.870 1.864 2.000 1.999
r6–1 1.414 1.438 1.425 1.428 1.421 1.423 1.835 1.873 1.831 1.838 1.826 1.828 1.993 2.038 1.978 1.990 1.973 1.977
r5–7 1.455 1.468 1.864 1.859 1.992 1.984 1.462 1.461 1.867 1.853 1.995 1.978 1.462 1.459 1.870 1.851 1.997 1.977

Bond angles (8)
q1–2–3 111.9 112.2 113.7 113.5 114.0 113.7 113.8 114.8 117.2 116.9 118.0 117.5 113.8 114.6 117.0 116.6 117.9 117.4
q2–3–4 110.6 109.8 113.1 113.0 113.8 113.8 97.2 96.5 99.3 99.4 99.9 100.1 95.0 94.3 96.9 97.0 97.5 97.7
q3–4–5 110.4 112.5 109.8 114.5 109.9 113.9 114.2 116.2 113.6 120.2 113.4 119.7 114.5 116.6 114.2 121.3 113.9 120.9
q4–5–6 109.5 108.5 92.1 93.8 88.9 90.6 112.9 114.1 97.9 100.7 95.0 98.0 113.9 115.7 99.2 102.3 96.4 99.8
q5–6–1 110.4 112.5 109.8 114.5 109.9 113.9 114.2 116.2 113.6 120.2 113.4 119.7 114.5 116.6 114.2 121.3 113.9 120.9
q6–1–2 110.6 109.8 113.1 113.0 113.8 113.8 97.2 96.5 99.3 99.4 99.9 100.1 95.0 94.3 96.9 97.0 97.5 97.7
q7–5–6 112.4 113.9 99.5 100.1 97.4 97.4 111.8 115.5 98.3 102.1 96.4 99.6 113.2 116.1 97.9 102.7 96.1 100.2
q7–5–4 112.4 113.9 99.5 100.1 97.5 97.4 111.8 115.5 98.3 102.1 96.4 99.6 113.2 116.1 97.9 102.7 96.1 100.2

Torsion angels (8)
f1�2�3�4 58.3 57.6 66.7 68.0 69.9 71.4 58.9 59.0 65.1 66.9 67.4 69.8 57.2 57.9 63.3 65.4 65.5 68.1
f2�3�4�5 –57.1 –56.5 –65.5 –60.0 –66.5 –61.2 –60.3 –58.6 –65.9 –60.0 –66.8 –60.4 –60.8 –59.0 –66.5 –60.8 –67.4 –61.0
f3�4�5�6 56.2 54.6 55.2 44.9 52.8 43.4 70.5 67.1 68.2 54.1 66.7 52.3 75.3 70.8 72.0 57.0 70.7 55.3
f4�5�6�1 –56.2 –54.6 –55.1 –44.9 –52.8 –43.4 –70.5 –67.1 –68.2 –54.1 –66.7 –52.3 –75.3 –70.8 –72.0 –57.0 –70.7 –55.3
f5�6�1�2 57.1 56.5 65.4 60.0 66.4 61.1 60.3 58.6 66.0 60.0 66.8 60.4 60.8 59.0 66.5 60.7 67.3 61.0
f6�1�2�3 –58.3 –57.6 –66.6 –68.0 –69.8 –71.4 –58.9 –59.0 –65.1 –66.9 –67.4 –69.8 –57.2 –57.9 –63.3 –65.4 –65.5 –68.1
f7�5�6�1 –178.1 73.3 –155.2 56.0 –150.2 54.1 –162.4 70.3 –167.8 50.9 –163.7 48.9 –153.5 70.65 –171.4 49.3 –167.5 47.0
f7�5�4�3 178.1 –73.3 155.2 –56.0 150.2 –54.1 –62.4 –70.4 167.8 –50.9 163.7 –48.9 153.5 –70.5 171.4 –49.3 167.5 –47.0
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The Meisenheimer model for predicting the
principal site for nucleophilic substitution in
aromatic perfluorocarbons —— Generalization to
include ring-nitrogen atoms and non-fluorine ring
substituents

Jon Baker and Max Muir

Abstract: Our recent simple model for predicting the principal site for nucleophilic substitution in aromatic perfluorocar-
bons (J. Fluorine Chem. 2005, 126, 727) is generalized to include both ring-nitrogen atoms and non-fluorine ring substitu-
ents. The model is based on the relative stabilities of the Meisenheimer complexes as calculated using Hartree–Fock
theory with a modest basis set. Calculations on a wide range of fluorine-containing aromatics demonstrate the general ap-
plicability of the model; in over 70 systems examined, we found only one where the predicted primary substitution site
did not agree with the experimental findings. We demonstrate that criticism by Chambers et al. to the effect that the model
is incapable of reproducing experimental substitution patterns, and, in particular, cannot distinguish between the different
activating effects of ortho- and para-fluorines, are entirely unfounded. The observed substitution patterns for six reactions
involving attack by aniline on perfluoropyridine and various non-fluorine-substituted derivatives, selected by Chambers et
al. to highlight the failings of our model, are, on the contrary, accurately predicted by it.

Key words: nucleophilic substitution, fluorine-containing hetero-aromatics, Meisenheimer model.

Résumé : On a généralisé le modèle simple qu’on a proposé récemment (J. Fluorine Chem. 2005, 126, 727) pour prédire
le site principal de la substitution nucléophile dans des dérivés perfluorocarbonés aromatiques de façon à inclure aussi
bien les atomes d’azote dans le cycle que des atomes non fluorés attachés comme substituants. Le modèle est basé sur les
stabilités relatives des complexes de Meisenheimer tels que calculés par la théorie de Hartree–Fock à l’aide d’un ensemble
de base modeste. Les calculs sur une grande variété des dérivés aromatiques contenant du fluor démontrent le domaine gé-
néral dans lequel le modèle peut être appliqué; dans plus de 70 systèmes examinés, on en a trouvé qu’un dans lequel le
site de substitution primaire prédit ne correspond pas aux données expérimentales. On a démontré que les critiques émises
par Chambers et al. à l’effet que le modèle ne permet pas de reproduire les patrons expérimentaux de substitution et, en
particulier, ne permet pas de distinguer entre les différents effets activants des atomes de fluor en positions ortho et para
sont non fondées. Les patrons de substitution observés pour six réactions impliquant une attaque par l’aniline sur la per-
fluoropyridine et sur divers dérivés portant des substituants non fluorés choisis par Chambers et al. pour mettre en évi-
dence les déficiences de notre modèle sont, au contraire, prédits correctement par celui-ci.

Mots-clés : substitution nucléophile, noyaux hétéréaromatiques contenant du fluor, modèle de Meisenheimer.

[Traduit par la Rédaction]

Introduction

In an earlier work,1 we provided a simple calculational
model for predicting the primary substitution site for nucleo-
philic substitution in aromatic perfluorocarbons. This model
was based on the standard two-stage description of nucleo-
philic substitution involving the formation of a negatively
charged intermediate, known as a Meisenheimer complex,2

which is the anionic equivalent of the Wheland intermediate
in electrophilic substitution.3

The negative charge in the Meisenheimer complex is de-
localized into the aromatic p-system, which, like the Whe-
land intermediate, can be considered as a resonance hybrid
of multiple canonical forms.

Received 2 December 2009. Accepted 29 January 2010. Published on the NRC Research Press Web site at canjchem.nrc.ca on 26 May
2010.

J. Baker1 and M. Muir. Parallel Quantum Solutions, 2013 Green Acres Road, Suite A, Fayetteville, Arkansas 72703, USA.

1Corresponding author (e-mail: baker@pqs-chem.com).

588

Can. J. Chem. 88: 588–597 (2010) doi:10.1139/V10-047 Published by NRC Research Press



Basically, the model considers the relative stability of all
possible Meisenheimer complexes, as determined by calcu-
lation (using the fluoride ion itself as a ‘‘typical’’ nucleo-
phile), with the most stable complex corresponding to the
preferred site for nucleophilic substitution. As such, it is an
extension of previous, even simpler models, which at-
tempted to predict the stabilities of the various Meisen-
heimer complexes without recourse to any serious
calculation at all. A fairly successful early model along
these lines was Burdon’s ‘‘Ip-repulsion’’ theory,4 based
upon electron repulsions in the Meisenheimer complexes,
specifically the destabilizing effect of the repulsion between
the filled p-orbital of a planar carbanion and the filled p-or-
bital of a substituent. This was later extended (as ‘‘amplified
Ip-repulsion’’ theory) by Burdon and Parsons,5 with the aid
of simple Hückel theory.

All of these models involve essentially a purely thermo-
dynamic rationale, i.e., the thermodynamically most stable
Meisenheimer complex is the one most likely to form, and
the substitution pattern follows directly from that. The
underlying assumptions are, first, that the substitution reac-
tion is indeed two-step, involving an at least meta-stable
Meisenheimer complex as intermediate; second, that barrier
heights (both from reactant to intermediate and intermediate
to product) are either more or less identical in all cases, and
can therefore be ignored, or reflect the thermodynamic
stability in the Meisenheimer complex so that considering
only the latter gives the correct substitution pattern; and
third, that varying the reaction conditions, principally the
solvent and the actual nucleophile itself, makes no differ-
ence to the preferred substitution site, i.e., the mechanism is
essentially the same for all nucleophiles in all solvents.

Note that even in cases where the reaction kinetics (i.e.,
transition-state barrier heights) are dominant, the model can
still be usefully applied. For example, if decomposition of
the Meisenheimer complex (to give the products) is the
rate-determining step, then any intermediate Meisenheimer
complex can decompose back to reactants many times be-
fore finally going over to products; this will favor the for-
mation of the thermodynamically most-stable complex,
exactly as required by the model. Only in reactions where
formation of the Meisenheimer complex is rate-determining
will the model formally have no predictive capability.

Now, there is obviously no chance of such a simple
model predicting the correct outcome under all circumstan-
ces; indeed, many examples are known of nucleophiles re-
acting differently depending on the reaction conditions, e.g.,
whether the nitrite ion attacks predominantly through the ni-
trogen or the oxygen atom is heavily influenced by the sol-
vent,6 and there are suggestions that at least some
nucleophilic substitution reactions may be just one-step,7
i.e., proceed directly from reactants to products without in-
volving a Meisenheimer complex as intermediate. Nonethe-
less, the success of this simple model, as exemplified by our

study on aromatic perfluorocarbons,1 suggests that the model
is sound in many situations, especially involving ‘‘standard’’
reaction conditions (NaOMe/MeOH or an amine in dioxan
or ether).

In this article, we extend this simple model to cover sys-
tems with both ring-nitrogen atoms and (or) non-fluorine
ring substituents. Can the Meisenheimer model predict the
experimentally observed substitution patterns in these types
of compounds?

Results and discussion
Figure 1 depicts schematically the structures of 16 nitrogen-

containing aromatic perfluorocarbons, covering most systems
of size around 25 atoms or less, for which we were able to
find at least some data in the regular literature. Much of the ex-
perimental work dates from the late 1960s to the early 1970s
and was carried out by the Durham (UK) group headed by
Musgrave and (later) Chambers. These compounds are per-
fluoropyridine,8 perfluoropyridazine,9 perfluoropyrimidine,10,11

perfluoro-1,2,3-triazine,12 perfluoro-1,2,4-triazine,13 perfluoro-
quinoline,14–16 perfluoroisoquinoline,14–16 perfluoroquinoxa-
line,17 perfluoroquinazoline,18 perfluoro-(4-phenylpyridine),19,20

perfluoro-(4-phenylpyrimidine),21 perfluoro-2,2’-bipyridyl,22

perfluoro-3,3’-bipyridyl,23 perfluoro-4,4’-bipyridyl,19 perfluor-
ophenazine,24 and perfluoro-1,8-diazabiphenylene.25

We have carried out calculations on all 16 of these com-
pounds, computing all distinct Meisenheimer intermediates
for all systems using a fluoride ion as the attacking nucleo-
phile. This is exactly analogous to our previous calculations
on aromatic perfluorocarbons.1 In ref. 1, we demonstrated
that essentially the same results were obtained using a num-
ber of theoretical approaches: HF/6–31G*, HF/6–31+G*,
MP2/6–31G*, and B3LYP/6–31G* all gave identical predic-
tions of the preferred site for nucleophilic substitution and,
indeed, gave the same relative energy ordering for each sys-
tem’s Meisenheimer complexes. The addition of diffuse
functions to the basis set (as with the 6–31+G* basis) made
no difference to the results, nor did the inclusion of electron
correlation (via MP2 and the B3LYP density functional).
This strongly suggested, and was noted in ref. 1, that basic
Hartree–Fock theory (HF/6–31G*) was a perfectly adequate
model for our purposes. At the time, however, we selected
B3LYP/6–31G* for our standard model based upon its abil-
ity to reproduce experimental geometries and energetics bet-
ter than Hartree–Fock theory.

We have subsequently discovered some rather disturbing
artefacts with density functional theory (certainly with the
B3LYP functional, but we suspect with DFT in general);
namely, a marked tendency to converge to symmetrical
structures, which occasionally results in geometries that
make no sense chemically. For example, if attempts are
made to add a second pyrazolyl substituent to 1-pyrazolyl-
2,4,5-trifluorobenzene at the B3LYP/6–31G* level, then
Meisenheimer complexes can readily be formed at positions
4 and 5, but attempts to add at position 2 results in a sym-
metrical structure with a fluorine atom midway between car-
bon atoms 1 and 2. This does not occur with Hartree–Fock
theory, which gives standard Meisenheimer complexes at all
three positions. Because of this, and similar calculational ar-
tefacts for other systems, we have replaced DFT in our
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standard model by Hartree–Fock. All the calculations pre-
sented in this work were done with HF/6–31G*.

Table 1 presents our results for the 16 nitrogen-containing
aromatic perfluorocarbons shown in Fig. 1. For each system,
we give the relative energies (in kcal/mol) or each possible
Meisenheimer complex, with the lowest energy complex (and
hence the predicted most favorable site for nucleophilic
substitution) taken as the energy zero. Now, it is tempting (a
temptation we avoided in our previous study1) to look at the
relative energies and suggest that if any additional Meisen-
heimer complexes are close in energy to the lowest one, e.g.,
within, say, a few kcal/mol, this may indicate a secondary
substitution site. The closer the relative energies are to each
other, the more likely it is that there will be significant secon-
dary substitution.

We also show in Table 1 the experimentally determined
substitution sites, including secondary substitution sites where
these were reported (p = primary, s = secondary). In all cases,
the secondary substitution site corresponds to the second low-
est Meisenheimer complex, and these in turn are typically
within a few kcal/mol of the lowest-energy complex. For ex-

ample, Brooke et al. have reported16 that while the primary
substitution site in perfluoroisoquinoline is position 1 for
MeO– in methanol (and also for many other oxygen nucleo-
philes), sulfur nucleophiles (e.g., HS–, MeS–) prefer position
6. Similar results are observed for perfluoroquinoline with re-
spect to sites 2 and 4. Under the circumstances, our own re-
sults for these two systems (see Table 1), which show the
lowest energy for the MeO– primary site, with a close-lying
secondary site corresponding to the primary site for the sulfur
nucleophiles, are really remarkably good and the best that can
be expected for such a simple model.

The experimental data for perfluoro-(4-phenylpyridine)
are conflicting, with Green et al.19 reporting that substitution
occurs primarily at position 4’ in the phenyl ring (in agree-
ment with our own findings), whereas Banks et al.20 find
that substitution occurs predominantly at position 2 in the
pyridyl ring. Green et al.’s study19 was primarily concerned
with the chemistry of the metal carbonyls, and the nucleo-
philes they used were somewhat esoteric (e.g., [(p–
C2H5)Fe(CO)2]– and [Re(CO)5]–); Banks et al. on the other
hand used sodium methoxide in methanol.20 Assuming both

Fig. 1. Nitrogen-containing aromatic perfluorocarbons.
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sets of authors are correct, this clearly shows (not that there
was any doubt) the very strong influence of the nucleophile
and the experimental conditions on the substitution site.

The results we have presented in Table 1 demonstrate that
the Meisenheimer model can be reliably extended to include
nitrogen atoms in the aromatic ring. We now look at some
examples where the initial perfluorocarbon has already had
at least one fluorine substituted. Can the model mimic the
directional effects (if any) of the substituent and predict
which fluorine will be substituted next?

Our principal example is C6F5X (1-substituted hexafluoro-
benzene). A large number of papers have been published on
the directional effects of various substituents (X) in this sys-
tem. The most common site for nucleophilic attack is para
to X; this is the site predicted by the p-difluoride rule de-
rived from Burdon’s ‘‘Ip-repulsion’’ theory,4 and also from
an observation by Chambers and co-workers that the most
favorable substitution site should have the maximum num-
ber of neighboring ortho- and meta-fluorines.26 The fact
that not all substituents direct para clearly shows the limita-
tions of these simple empirical rules. We have selected a
dozen substituents (X), including some which have been
shown experimentally to direct meta. (Ortho substitution
often occurs as a secondary substitution site together with
para. It is possible to obtain exclusively ortho substitution
with polar substituents (X) containing carbon or sulfur mul-
tiple bonds to nitrogen or oxygen in reactions with metal-
containing reagents, e.g., LiAlH4. This is the result of

Table 1. Relative energies (kcal/mol) of the various Mei-
senheimer complexes for nitrogen-containing aromatic
perfluorocarbons (see Fig. 1) with experimentally ob-
served substitution sites.

Perfluoropyridine (C5NF5)
2-F 7.4
3-F 23.5
4-F 0.0 pa

Perfluoropyridazine (C4N2F4)
3-F 12.7
4-F 0.0 p

Perfluoropyrimidine (C4N2F4)
2-F 6.8
4-F 0.0 p
5-F 37.5

Perfluoro-1,2,4-triazine (C3N3F3)
3-F 19.8
5-F 0.0 p
6-F 26.8

Perfluoro-1,2,3-triazine (C3N3F3)
4-F 0.0 p
5-F 4.8

Perfluoroquinoline (C9NF7)
2-F 5.0 sb

3-F 18.0
4-F 0.0 p
5-F 13.0
6-F 19.6
7-F 11.7
8-F 21.5

Perfluoroisoquinoline (C9NF7)
1-F 0.0 p
3-F 6.0
4-F 19.2
5-F 14.4
6-F 0.2 s
7-F 13.8
8-F 2.3

Perfluoroquinazoline (C8N2F6)
2-F 12.2
4-F 0.0 p
5-F 12.9
6-F 31.2
7-F 10.6
8-F 32.4

Perfluoroquinoxaline (C8N2F6)
2-F 0.0 p
5-F 18.0
6-F 15.4

Perfluoro-(4-phenylpyridine) (C11NF9)
2-F 7.7 p*c

3-F 13.9
2’-F 6.6
3’-F 17.9
4’-F 0.0 p*

Perfluoro-(4-phenylpyrimidine) (C10N2F8)
2-F 11.3
5-F 28.6

Table 1 (concluded ).

6-F 0.0 p
2’-F 12.1
3’-F 28.9
4’-F 7.0

Perfluoro-2,2’-bipyridyl (C10N2F8)
3-F 7.8
4-F 0.0 p
5-F 2.7
6-F 9.1

Perfluoro-3,3’-bipyridyl (C10N2F8)
2-F 8.0
4-F 0.0 p
5-F 31.0
6-F 1.8 s

Perfluoro-4,4’-biphenyl (C10N2F8)
2-F 0.0 p
3-F 1.7

Perfluorophenazine (C12N2F8)
1-F 4.1
2-F 0.0 p

Perfluoro-1,8-diazabiphenylene
2-F 4.3
3-F 8.8
4-F 0.0 p

ap: Experimental primary substitution site.
bs: Secondary substitution site; primary for some nucleophiles.
cp*: Conflicting experimental data for perfluoro-(4-phenylpyr-

idine); see text.
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specific interactions between the substituent and the metal
center in the nucleophile and is outside the purview of our
model.) The substituents X we have chosen are: –H;27

–CH3;28 –CF3;29 –CHO;30 –OH;28 –NO2;31 –NH2, –NH(CH3),
and –N(CH3)2;32 –CH=CH2;33 –CH2OH;34 and –SCH3.35 Can
the Meisenheimer model predict the marked preference for
para substitution and yet identify those substituents that di-
rect meta?

The short answer to the above question is a resounding
yes. The relative energies of the three Meisenheimer com-
plexes (ortho, meta, and para) for each substituent are given
in Table 2. Ten of the 12 direct para, but two –NH2 and
OH– direct meta and are correctly predicted to do so by our
model. The dominance of para substitution almost (but not
quite) regardless of the substituent X is notable: H, CH3,
and CF3 all direct para despite their very different electron-
donating/withdrawing properties.

Figure 2 shows a further selection of fluorine- and
ring-substituted aromatic perflorocarbons taken more-or-less
at random from the literature: hexafluoro-1-aminoisoquino-
line;36 perfluorothiophene;37 perfluorobenzophenone and
octafluoro-2,2’-dihydrobenzophenone;38 perfluorodibenzofuran,
perfluorodibenzothiophen, and perfluoro-9-fluorenone;39

5-phenyl-octafluorodibenzophosphole and 5-phenyl-octafluoro-
dibenzophosphole-5-oxide;40 various methoxy-substituted de-
rivatives of perfluoroacenaphthylene;41 perfluoropyrene42 and
perfluorofluoranthene;43 4,5,6,7-tetrafluorobenzo(b)thiophen;44

2-methoxy-heptafluoronaphthalene;45 and 2-amino-heptafluor-
onaphthalene.46 These examples were chosen to give a range
of functional groups (O, S, P, and C=O in the ring) and a
large number of different substitution sites (as many as nine
following single-substitution in the methoxy-substituted aro-
matic perfluorocarbons). This represents a thorough test for
the model with plenty of scope for error.

Our results are shown in Table 3. As can be seen in every
case, the model correctly predicts the primary substitution
site. There was some mild controversy at the time with both
perfluorodibenzothiophen and perfluoro-9-fluorenone as ini-
tially Chambers and Spring reported that the principal sites
for nucleophilic substitution in these systems were at posi-
tion 238 (note that this represents a different ring position in
the two compounds owing to the different labelling conven-
tions; see Fig. 2). These predictions became increasingly in-
compatible with results reported by others for related
systems47 (and specifically by Burdon et al.48), and the
same authors subsequently reported (correctly, see Table 3)
that substitution in fact occurred at position 3.39

The substitution patterns reported by Burdon et al. follow-
ing attack by methoxide ion on perfluoroacenaphthylene,
perfluoropyrene, and perfluorofluoranthene are reproduced
exactly by our model. For perfluoroacenaphthylene, substitu-
tion occurs first at position 3, followed by positions 8, 5, and
6, in that order.41 It was already predicted in ref. 1 that the
primary site for nucleophilic substitution in perfluoroace-
naphthylene was position 3. Starting from the 3-substituted
derivative, our model correctly predicts that subsequent at-
tack occurs primarily at position 8 (see Table 3), starting
from the 3,8-substituted derivative attack then occurs at posi-
tion 5 and from the 3,5,8-substituted derivative at position 6.
Similar results are obtained for perfluorofluoranthene, which

substitutes first at position 1, and then at positions 6, 3, and
4,43 exactly as predicted by our model.

The subsequent substitution sites in these particular com-
pounds can already be seen from the relative energies of the

Table 2. Relative Energies (kcal/mol) of the var-
ious Meisenheimer complexes for reactions invol-
ving substituted perfluorobenzenes (C6F5X).

X = H
2-F 3.9
3-F 9.0
4-F 0.0 pa

X = CH3

2-F 3.1
3-F 6.5
4-F 0.0 p

X = CF3

2-F 3.9
3-F 16.3
4-F 0.0 p

X = CHO
2-F 6.4
3-F 25.4
4-F 0.0 p

X = OH
2-F 2.1
3-F 0.0 p
4-F 1.9

X = NO2

2-F 3.5
3-F 23.2
4-F 0.0 p

X = NH2

2-F 1.9
3-F 0.0 p
4-F 3.1

X = NHCH3

2-F 2.1
3-F 3.7
4-F 0.0 p

X = N(CH3)2

2-F 3.2
3-F 7.8
4-F 0.0 p

X = CH = CH2

2-F 5.1
3-F 14.5
4-F 0.0 p

X = CH2OH
2-F 2.3
3-F 9.2
4-F 0.0 p

X = SCH3

2-F 4.5
3-F 15.0
4-F 0.0 p

ap: Experimental primary substitution site.
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various Meisenheimer complexes for the singly substituted
derivative. For example, it is obvious from the calculations
on 1-methoxy-nonafluorofluoranthene that the most activated
sites are positions 3, 4, and 6; the only question is the precise
order. Likewise for 3-methoxy-heptafluoroacenaphthylene
where the activated sites are clearly positions 5, 6, and 8.

With perfluoropyrene, substitution takes place first at po-
sition 1, and then at a mixture of positions 3, 6, and 8. Bur-
don et al. report42 that the dimethoxy compounds were
clearly a mixture with about 5%–10% of the 1,3-dimethoxy
and the rest 1,6- and 1,8-dimethoxy in roughly equal
amounts. The energetics of the various Meisenheimer com-
plexes for 1-methoxy-nonafluoropyrene reported in Table 3
could hardly agree better with this observation; in particular,
the complexes at positions 6 and 8 have virtually identical
energies (differing by only 0.1 kcal/mol). 1,3,6-Trimethoxy-
heptafluoropyrene is reported42 to further substitute (this is
obvious after the initial calculation) at position 8, and this
is also reproduced by our model.

2-Substituted-heptafluoronaphthalenes substitute predomi-
nantly at position 6.45 Recently, Rodionov and co-workers
reported that amination of 2-amino-heptafluoronaphthalene
in liquid ammonia affords a mixture of isomeric forms with
considerable prevalence of the 2,7-isomer (70%). They
claim that this is the first example of the predominant sub-

stitution at position 7 in 2-substituted polyfluoronaphtha-
lenes.46 Once again the Meisenheimer model fully agrees
with the experimental findings, with 2-methoxy-heptafluoro-
naphthalene (a typical example) predicted to substitute
predominantly at position 6, while 2-amino-heptafluoro-
naphthalene substitutes predominantly at position 7 (see
Table 3).

This simple and very successful Meisenheimer model has
been extensively criticized in a recent paper by Chambers et
al.,49 who claim that it is incapable of reproducing experi-
mentally observed substitution patterns, and, in particular,
cannot distinguish between the different activating effects
of ortho- and para-fluorines. They provide six examples (in
their Fig. 6) of nucleophilic substitution involving attack by
aniline on perfluoropyridine and various substituted deriva-
tives to illustrate this. We reproduce this figure with all six
reactions as Fig. 3.

Table 4 presents our results using the Meisenheimer
model for the six reactions specifically mentioned by Cham-
bers et al. in ref. 49. Our predictions for both the primary
and secondary fluorine substitution sites could hardly be bet-
ter. We predict the correct primary substitution site in all six
cases and, in those reactions with substantial secondary sub-
stitution, there is a low-lying Meisenheimer complex within
a few kcal/mol of that for the primary substitution site.

Fig. 2. Fluorine- and ring-substituted aromatic perfluorocarbons.
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Table 3. Relative Energies (kcal/mol) of the various
Meisenheimer complexes for several substituted aro-
matic perfluorocarbons (see Fig. 2) with experimen-
tally observed substitution sites.

Hexafluoro-1-aminoisoquinoline
3-F 7.5
4-F 28.4
5-F 13.0
6-F 0.0 pa

7-F 12.1
8-F 0.9

Perfluorothiophene
2-F 0.0 p
3-F 12.2

Perfluorobenzophenone
2-F 5.9
3-F 26.8
4-F 0.0 p
5-F 26.5
6-F 4.3

Octafluoro-2,2’-dihydrobenzophenone
3-F 22.3
4-F 0.0 p
5-F 16.6
6-F 6.2

Perfluorodibenzofuran
4-F 11.9
3-F 0.0 p
2-F 15.2
1-F 1.6

Perfluorodibenzothiophen
4-F 11.7
3-F 0.0 p
2-F 11.8
1-F 2.4

Perfluoro-9-fluorenone
1-F 4.7
2-F 8.0
3-F 0.0 p
4-F 11.2

5-Phenyl-octafluorodibenzophosphole
4-F 7.5
3-F 0.0 p
2-F 3.4
1-F 3.0

5-Phenyl-octafluorodibenzophosphole-5-oxide
4-F 5.8
3-F 2.7
2-F 0.0 p
1-F 5.5

3-Methoxy-heptafluoroacenaphthylene
1-F 17.3
2-F 17.4
4-F 28.0
5-F 1.6
6-F 1.0
8-F 0.0 p

3,8-Dimethoxy-hexafluoroacenaphthylene
1-F 14.2
4-F 25.4
5-F 0.0 p

3,5,8-Trimethoxy-pentafluoroacenaphthylene
1-F 12.9
2-F 13.7
4-F 24.7

Table 3 (concluded ).

6-F 0.0 p
7-F 24.7

1-Methoxy-nonafluoropyrene
2-F 14.1
3-F 1.8 sb

4-F 13.6
5-F 12.9
6-F 0.1 p
7-F 13.3
8-F 0.0 p
9-F 13.2
10-F 13.6

1,3,6-Trimethoxy-heptafluoropyrene
2-F 14.8
4-F 12.7
5-F 11.9
7-F 13.9
8-F 0.0 p
9-F 12.0
10-F 12.4

1-Methoxy-nonafluorofluoranthene
2-F 27.1
3-F 1.2
4-F 0.4
5-F 25.4
6-F 0.0 p
7-F 20.7
8-F 17.4
9-F 17.4
10-F 20.3

1,6-Dimethoxy-octafluorofluoranthene
2-F 24.8
3-F 0.0 p
7-F 17.6
8-F 14.7

1,3,6-Trimethoxyheptafluorofluoranthene
2-F 24.4
4-F 0.0 p
5-F 24.2
7-F 16.8
8-F 13.6
9-F 13.8
10-F 16.6

4,5,6,7-Tetrafluorobenzo(b)thiophen
4-F 1.5
5-F 5.5
6-F 0.0 p
7-F 5.0

2-Methoxy-heptafluoronaphthalene
1-F 1.8
3-F 1.5
4-F 3.7
5-F 2.3
6-F 0.0 p
7-F 1.7
8-F 0.8

2-Amino-heptafluoronaphthalene
1-F 4.0
3-F 2.2
4-F 1.5
5-F 0.6
6-F 1.3
7-F 0.0 p
8-F 1.9

ap: Experimental primary substitution site.
bs: Secondary substitution site.
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Rather than demonstrate the failings of the model, these six
reactions show just how applicable it actually is.

Is our model infallible? Of course not! As we have al-
ready mentioned, we originally developed and used it to pre-
dict the most likely site(s) for nucleophilic substitution in
aromatic perfluorocarbons. In this work, we have general-
ized it to include systems with heteroatoms (particularly
nitrogen) in the aromatic ring and non-fluorine ring substitu-

ents. The model works very well in both of these cases.
Additionally, it does a good job in predicting secondary sub-
stitution sites. We have deliberately kept the model simple;
there are no factors in it to account for specific nucleophile
or specific solvent effects, and therefore it obviously cannot
account for changes in the substitution pattern due to
changes in the solvent or use of a different nucleophile. But
within its limitations, it is extremely successful.

Fig. 3. Reactions involving substituted perfluoropyridines that Chambers and co-workers claim cannot be explained by the Meisenheimer model.
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So far, we have found just one example where the basic
model fails: perfluorophthalazine.

According to Chambers et al.,50 methanolic sodium meth-
oxide progressively replaces all six fluorine atoms in per-
fluorophthalazine, with positions 1 and 4 being the most
reactive and 5 and 8 the least. Our calculations predict that
position 6 (and 7) is the primary substitution site; experi-
mentally, this is, at best, a secondary site. We have no rea-
son to doubt the results presented in ref. 50 and clearly the
model is just plain wrong for this molecule.

We have already noted that the standard Meisenheimer
model incorporates no specific nucleophile or solvent ef-
fects. It might be possible to extend the basic model to in-
clude such effects; for example, by using the actual
nucleophile during the calculation of the Meisenheimer in-
termediates rather than the fluoride ion, and by including ei-
ther a continuous solvation model or explicit solvent
molecules or a combination of both. However, we believe
that the initial model, together with the generalizations we
have made here, has clear predictive capability as it stands,
and attempts to extend it, particularly via the incorporation
of solvent effects, will destroy its essential simplicity with-
out necessarily offering any real improvements.

Conclusions

A simple model for predicting which fluorine atom will
be replaced by an attacking nucleophile in nitrogen-contain-
ing and (or) substituted aromatic perfluorocarbons has been
presented. This is a generalization of an existing model for
aromatic perfluorocarbons only,1 in which the energies of
all possible Meisenheimer complexes were computed at HF/
6–31G* with full geometry optimization using the fluoride
ion as a model nucleophile. The lowest energy Meisen-
heimer complex indicates the most likely substitution site.

This model was used to predict the position for nucleo-
philic attack in 17 nitrogen-containing aromatic perfluoro-
carbons, 12 substituted perfluorobenzenes (C6F5X) and 20
other assorted fluorine-containing aromatics for which the
primary substitution site was known experimentally. For
only one compound, perfluorophthalazine, was the predic-
tion not in accord with the experimental results. Addition-
ally, predictions for six further nucleophilic substitution
reactions, specifically selected by Chambers et al. to high-
light alleged failings in the model,49 agreed 100% with the
experimental observations.

Including the 17 aromatic perfluorocarbons in the original
paper,1 we have presented calculations on over 70 systems,
covering a range of fluorine-containing aromatics with a va-

riety of substituents and non-carbon (N, O, P, and S) ring
atoms. The wide applicability of the standard Meisenheimer
model (using the fluoride ion as a generic attacking nucleo-
phile) is abundantly clear. We emphasize that we have not
carefully selected the systems that we have presented, dis-
carding those which our model fails to predict correctly; for
the original set of 17 perfluorocarbons and the ring-nitrogen
systems in this work (Fig. 1), we used every system we
could find in the literature for which the substitution site
was known experimentally.

The circumstances under which the standard Meisen-
heimer model is expected to work well have been outlined
in the Introduction. The reason why the model is so success-
ful is simply because these circumstances apply in the vast
majority of nucleophilic substitution reactions involving
aromatic perfluorocarbons. A huge number of these reac-
tions do indeed proceed via a two-stage process involving a
Meisenheimer complex as intermediate, and theory is more
than capable of predicting the relative stability of the
Meisenheimer intermediates, which is why the model works.
Hasegawa et al. have recently observed the ionized Meisen-
heimer intermediate in the reaction between perfluoroben-
zene and ammonia using IR spectroscopy.51 Theoretical
calculations greatly assisted in the identification of the
complex.

Table 4. Relative Energies (kcal/mol) of the various
Meisenheimer complexes for reactions involving
substituted perfluoropyridines with aniline selected
by Chambers and co-workers to demonstrate the
failings of the Meisenheimer model (see Fig. 3).

2,3,5,6-Tetrafluoro-4-chloropyridine
2-F 0.0 pa

3-F 9.8

2,4,6-Trifluoro-3-chloro-5-cyanopyridine
2-F 1.0 sb

4-F 0.0 p
6-F 5.0

2,3,4,6-Tetrafluoro-5-cyanopyridine
2-F 1.0 s
3-F 35.8
4-F 0.0 p
6-F 7.7

2,4,6-Trifluoro-3,5-dichloropyridine
2-F 5.2
4-F 0.0 p

Perfluoropyridine
2-F 7.4
3-F 23.5
4-F 0.0 p

2,3,4,6-Tetrafluoropyridine
2-F 3.4 s
3-F 27.9
4-F 0.0 p
6-F 8.0

ap: Experimental primary substitution site.
bs: Experimental secondary substitution site.
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Catalyst-free, direct, high regio-, and chemo-
selective conversion of epoxides to
2-thiocyanatoalkyl alkanoates under neutral and
solvent-free conditions

Ghasem Aghapour and Razieh Hatefipour

Abstract: A catalyst-free, direct, high regio-, and chemo-selective method is reported for the facile conversion of a wide
variety of epoxides to their corresponding 2-thiocyanatoalkyl alkanoates, which contain two important functional groups
(ester and thiocyanate), using a mixture of tetrabutylammonium rhodanide ((n-Bu)4NSCN) and an aliphatic or aromatic
carboxylic anhydride under neutral and solvent-free conditions.

Key words: epoxide, 2-thiocyanatoalkyl alkanoate, carboxylic anhydride, tetrabutylammonium rhodanide.

Résumé : On a mis au point une méthode hautement régio- et chimio-sélective directe et n’impliquant aucun catalyseur
pour la transformation facile d’une grande variété d’époxydes en alcanoates de 2-thiocyanatoalkyles correspondants qui
contiennent deux groupes fonctionnels importants (ester et thiocyanate); elle comporte l’utilisation d’une mélange de rho-
danide de tétrabutylammonium (n-Bu)4NSCN et l’anhydride d’un acide carboxylique aliphatique ou aromatique, dans des
conditions neutres et sans solvant.

Mots-clés : époxyde, alcanoate de 2-thiocyanatoalkyle, anhydride d’acide carboxylique, rhodanide de tétrabutylammonium.

[Traduit par la Rédaction]

Introduction
Epoxides are important intermediates in organic synthe-

sis.1 Their facile regio- and stereo-selective ring-opening re-
actions with a wide variety of nucleophiles provide a
powerful strategy in organic chemistry.1–6 However, in most
of the epoxide ring-opening reactions under acidic condi-
tions, the formation of a mixture of regioisomers and poly-
merization is observed.

On the other hand, thiocyanates have gained considerable
importance in various areas of organosulfur chemistry.7 For
example, these compounds are important intermediates in
agricultural and pharmaceutical chemistry: the thiocyanato
group occurs as an important functionality in certain anti-
cancer natural products formed by deglycosylation of gluco-
sinolates derived from cruciferous vegetables.8,9

Also, synthesis of esters has played an important role in
organic synthesis from its infancy.10 This importance
stemmed from its utility in diverse fields both in the labora-
tory and in industry. Ester moieties, irrespective of whether
acyclic or cyclic, constitute major backbones, as well as
functional groups of chemical significance, in numerous nat-
ural products and synthetic compounds. Ester groups also
play versatile temporary roles in organic synthesis for the
protection of carboxylic acids and hydroxy groups. There-
fore, the acetylation of alcohols is one of the most widely
used procedure for the protection of hydroxy groups, which

is routinely carried out by acid anhydrides or acid chlorides
in the presence of tertiary amines,11 protic or Lewis acids,12

or sometimes solid acid catalysts.13 Also, many other differ-
ent reagents or catalysts have been introduced in various
conditions for the esterification reactions.10

It is obvious that with respect to the importance of thio-
cyanato and ester functional groups, 2-thiocyanatoalkyl alka-
noates, which contain both these groups, represent an
interesting and important subclass and have multiple modes
of reactivity. Although, there are several reports concerning
the preparation of b-hydroxy thiocyanates from epoxides us-
ing different reagents or catalysts,14–16 as far as we know,
there is no report in the literature about the direct synthesis
of 2-thiocyanatoalkyl alkanoates from epoxides. Even the re-
ports on the stepwise conversion of epoxides to 2-thiocyana-
toalkyl alkanoates are scarce.

In one method, epoxide was first converted to its corre-
sponding b-hydroxy thiocyanate using NH4SCN in the pres-
ence of 18-crown-6, followed by a treatment with
acetylchloride in reflux conditions to convert the hydroxy
group into an ester group.17 A second method involves the
reaction of triphenylphosphine-thiocyanogen (TPPT) with
epoxide at –40 8C under argon and then at room temperature
overnight. Then, in the second step, the resulted b-hydroxy
thiocyanate was treated with benzoyl chloride and triethyl-
amine producing the final desired product.15b In addition, in
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a different work for obtaining of these compounds, epoxides
were treated with thiocyanic acid as described by van Tame-
len,14a producing b-hydroxy thiocyanates, which on treat-
ment with acetyl chloride in pyridine gave the
corresponding 2-thiocyanatoalkyl alkanoates.18 Furthermore,
in this report, the formation of these compounds has also
been described via treatment of thiocyanogen chloride with
alkenes in the presence of a radical inhibitor in acetic acid
in the dark as minor products.18

On the other hand, waste prevention and environmental
protection are major requirements in an overcrowded world
with increasing demands. Synthetic chemistry continues to
develop various techniques for obtaining better products
with less environmental impact. One of the more promising
approaches is solvent-free organic synthesis.19 These reac-
tions have many advantages: reduced pollution, low costs,
and simplicity in process and handling. These factors are es-
pecially important in industry.20

Thus, on the basis of the above descriptions, the develop-
ment of simple and efficient methods for the preparation of
2-thiocyanatoalkyl alkanoates from epoxides, especially in
neutral and solvent-free conditions, is desirable.

Results and discussion
In our previous works,21 we have reported the conversion

of epoxides to b-halohydrins and now in continuation of our
recent work22 on the catalyst-free conversion of epoxides to
b-hydroxy thiocyanates and also with consideration of ad-
vantages of solvent-free reactions, we report a direct and
catalyst-free method for the conversion of epoxides to 2-thi-
ocyanatoalkyl alkanoates using a mixture of tetrabutylam-
monium rhodanide ((n-Bu)4NSCN) and an aliphatic or
aromatic carboxylic anhydride under neutral and solvent-
free conditions (Scheme 1).

First, we took 1,2-epoxytetradecane as an example, and
optimized the reaction conditions for its conversion to 1-do-
decyl-2-thiocyanatoethyl acetate (1) using thiocyanate anion
in the presence of acetic anhydride (Ac2O). We found that
no desired product (1) was formed using NH4SCN as a
source of thiocyanate anion in various conditions. Thus, we
tried to perform this conversion using (n-Bu)4NSCN. The re-
sults are shown in Table 1. It must be noted that in all of
these reactions epoxide was added to a stirring mixture of
(n-Bu)4NSCN and acetic anhydride in the absence of a cata-
lyst and stirring was continued for stated times.

As shown in Table 1, this reaction was unsuccessful in
CH2Cl2 and CH3CN as solvents even under reflux conditions
(Table 1, entries 1–3). Also, 1 was obtained in only 30%–
40 % yield at room temperature after 24 h under solvent-
free conditions (Table 1, entries 4 and 5). However, the
yield of this reaction was increased by increasing the reac-
tion temperature (60 8C) under solvent-free conditions
(Table 1, entry 6). Finally, the best result was obtained in
the case of entry 7 (Table 1) so that 1 was produced in
80 % yield using a mixture of (n-Bu)4NSCN:(CH3CO)2O in
a 1.2 :0.5 molar ratio at 60 8C after 6 h under solvent-free
conditions.

We therefore used these conditions (Table 1, entry 7) for
the conversion of other epoxides to their corresponding 2-
thiocyanatoalkyl acetates. The results are shown in Table 2.

As shown in Table 2, epoxides are directly and efficiently
converted to 2-thiocyanatoalkyl acetates by a mixture of (n-
Bu)4NSCN:(CH3CO)2O in a 1.2:0.5 molar ratio at 60 8C
under neutral and solvent-free conditions and without using
a catalyst.

It is possible to obtain other 2-thiocyanatoalkyl alkanoates
using another carboxylic anhydride in this method. We
found that epoxides can be converted to 2-thiocyanatoalkyl
benzoates by using benzoic anhydride as an aromatic anhy-
dride instead of acetic anhydride (Table 2, entries 8 and 9).
However, benzoic anhydride (0.85 equiv.) must be used
slightly more than acetic anhydride (0.5 equiv.), probably
due to its lower reactivity compared to acetic anhydride.

Except for the case of styrene oxide, which produced two
regioisomers (Table 2, entry 2), the reaction of other unsym-
metrical epoxides occurred with high regioselectivity, and
the thiocyanate anion attacked the less-hindered side of the
epoxide ring due to the combination of steric and electronic
factors. Under these reaction conditions, the ethereal bonds,
phenyl ring, carbon–halogen bonds, and carbon–carbon dou-
ble bonds as functional groups that are present in the epox-
ide molecules remain intact.

In order to have more insight into the applicability, selec-
tivity, and limitations of the present method, we studied the
possibility of the conversion of epoxides to 2-thiocyana-
toalkyl alkanoates in the presence of some other functional
groups in binary mixtures. For this purpose, a binary mix-
ture of glycidyl phenyl ether and another organic compound
(1:1) was treated with a stirring mixture of (n-Bu)4NSCN
(1.2 equiv) and (CH3CO)2O (0.5 equiv) in a flask at 60 8C
under solvent-free conditions. The conversion yields ob-
tained for these selective reactions of different binary mix-
tures are shown in Scheme 2.

In addition to the various selectivities mentioned above,
as shown in Scheme 2, epoxides can be efficiently converted
to their corresponding 2-thiocyanatoalkyl alkanoates in the
presence of alcohols, carboxylic acids, aldehydes, amines,
thiols, esters, and amides with excellent selectivity using
the present method so that these functional groups remain
completely intact.

Conclusion
In conclusion, the present investigation has demonstrated

that the use of tetrabutylammonium rhodanide ((n-
Bu)4NSCN) in the presence of aliphatic or aromatic carbox-
ylic anhydrides offers a direct, simple, and efficient method,
avoiding the use of a catalyst for the regioselective conver-
sion of a wide variety of epoxides to their corresponding 2-
thiocyanatoalkyl alkanoates, which have two important func-

Scheme 1. Direct and catalyst-free method for the conversion of
epoxides to 2-thiocyanatoalkyl alkanoates using tetrabutylammo-
nium rhoanide ((n-Bu)4NSCN) in the presence of an aliphatic or
aromatic carboxylic anhydride under neutral and solvent-free con-
ditions.
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tional groups (ester and thiocyanate) under solvent-free con-
ditions. This method can be efficiently used for preparation
of 2-thiocyanatoalkyl alkanoates even in the presence of
many other functional groups with excellent chemoselectiv-
ity. Easy work up and operation under neutral and solvent-
free conditions without using a catalyst are considered other
advantages of this method.

Experimental
Solvents, reagents, and chemicals were obtained from

Merck (Germany) and Fluka (Switzerland) Chemical Com-
panies. Some products are known compounds and data of
these compounds (such as bp, mp, 1H and 13C NMR, IR,
mass) have been found to be identical to those reported.17,18

Also, other products were characterized by their physical or
spectral data. FTIR spectra were recorded on a PerkinElmer
RXI spectrophotometer. Nuclear magnetic resonance spectra
were recorded on a Brucker Avance DRX-500 spectrometer.
Mass spectra were determined on a HP 5973 msd at 70 eV.
Thin layer chromatography (TLC) was carried out on silica
gel 254 analytical sheets obtained from Fluka.

Typical procedure for the conversion of 2,3-epoxypropyl
phenyl ether to 1-phenoxy-3-thiocyanatopropan-2-yl
acetate (7) using (n-Bu)4NSCN in the presence of acetic
anhydride

Acetic anhydride (0.047 mL, 0.5 mmol) was added to a
flask containing tetrabutylammonium rhodanide (0.36 g,
1.2 mmol) in an oil bath at 60 8C under solvent-free condi-
tions. This mixture was stirred for 15 min so that a homoge-
neous mixture was formed. Then 2,3-epoxypropyl phenyl
ether (0.135 mL, 1 mmol) was added and the reaction mix-
ture was stirred until TLC showed the completion of the re-
action (2.5 h). The crude product was subjected to column
chromatography on silica gel using n-hexane-ethyl acetate
(60:1) as eluent affording 7 (0.226 g, 90% yield). Oil. FTIR
(neat, cm–1): 2157 (m, CN), 1743 (s, C=O). 1H NMR
(CDCl3, 500 MHz, ppm) d: 2.15 (s, 3H (CH3)), 3.30–3.35
(dd, 1H (CHCHaHbS), JHaHb = 14.2 Hz, JHaCH = 6.7 Hz),
3.40–3.43 (dd, 1H (CHCHaHbS), JHbCH = 4.3 Hz), 4.12–
4.16 (dd, 1H (OCHcHdCH), JHcHd = 10.2 Hz, JHcCH = 5.8
Hz), 4.17–4.20 (dd, 1H (OCHcHdCH), JHdCH = 4.5 Hz),
5.40–5.44 (m, 1H (CH)), 6.89–6.91 (m, 2H (Ph)), 6.95–7.01
(m, 1H (Ph)), 7.26–7.32 (m, 2H (Ph)). 13C NMR (CDCl3,
125.77 MHz, ppm) d: 21.17, 34.83, 66.83, 70.56, 112.15,
114.99, 122.19, 130.07, 158.28, 170.49. Mass spectra m/z:
251 (M, 3%), 208 (M – CH3CO, 0.3%), 193 (M – SCN,
0.37%), 158 (M – PhO, 100%), 43 (CH3CO, 43%).

Spectroscopic data

1-Phenyl-2-thiocyanatoethyl acetate (2)
Oil. FTIR (neat, cm–1): 2156 (m, CN), 1744 (s, C=O). 1H

NMR (CDCl3, 500 MHz, ppm) d: 2.17 (s, 3H (CH3)), 3.28–
3.31 (dd, 1H (CHaHb), JHaHb = 14 Hz, JHaCH = 4.4 Hz),
3.34–3.39 (dd, 1H(CHaHb), JHbCH = 8.1 Hz), 6.02–6.05
(m, 1H (CH)), 7.32–7.41 (m, 5H (Ph)). 13C NMR (CDCl3,
125.77 MHz, ppm) d: 21.30, 39.51, 74.24, 112.05, 126.82,
129.40, 129.59, 137.57, 170.15. Mass spectra m/z: 221 (M,
0.31%), 178 (M – CH3CO, 0.21%), 161 (M – CH3CO2H,
10.6%), 149 (M – CH2SCN, 64%), 107 (M – CH2SCN –
CH2CO, 100%), 43 (CH3CO, 72.96%).

2-Phenyl-2-thiocyanatoethyl acetate (3)
Oil. FTIR (neat, cm–1): 2156 (m, CN), 1744 (s, C=O). 1H

NMR (CDCl3, 500 MHz, ppm) d: 2.11 (s, 3H (CH3)), 4.26–
4.30 (dd, 1H (CHaHb), JHaHb = 11.9 Hz, JHaCH = 8.04 Hz),
4.32–4.35 (dd, 1H (CHaHb), JHbCH = 3.9 Hz), 4.58–4.62
(m, 1H (CH)), 7.32–7.41 (m, 5H (Ph)). 13C NMR (CDCl3,

Scheme 2. Chemoselectivities in the reaction of 2,3-epoxypropyl
phenyl ether with (n-Bu)4NSCN in the presence of acetic anhydride
at 60 8C under neutral and solvent-free conditions.
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125.77 MHz, ppm) d: 21.19, 51.86, 65.93, 111.08, 127.13,
129.08, 129.79, 136.94, 170.48. Mass spectra m/z: 221 (M,
0.15%), 163 (M– SCN, 54.44%), 104 (M– SCN – CH3CO2,
31.84%), 43 (CH3CO, 100%).

1-Isopropyloxy-3-thiocyanatopropan-2-yl acetate (4)
Oil. FTIR (neat, cm–1): 2156 (m, CN), 1743 (s, C=O). 1H

NMR (CDCl3, 500 MHz, ppm): d: 1.13–1.14 (d, 6H (2 �
CH3), JCH 3CH = 6.1 Hz), 2.12 (s, 3H (CH3)), 3.18–3.22 (dd,
1H (CHCHaHbS), JHaHb = 14 Hz, JHaCH = 6.3 Hz), 3.31–
3.35 (dd, 1H (CHCHaHbS), JHbCH = 4.2 Hz), 3.51–3.62 (m,
1H ((CH3)2CHO) + 2H (OCH2CH)), 5.14–5.19 (m, 1H
(CHOC=O). 13C NMR (CDCl3, 125.77 MHz, ppm) d:
21.22, 22.37, 35.11, 66.92, 71.22, 73.06, 112.52, 170.55.
Mass spectra m/z: 217 (M, 0.35%), 174 (M – CH3CO,
0.23%), 159 (M – SCN, 3.03%), 158 (M – (CH3)2CHO or
M – CH3CO2, 29.99%), 99 (M – (CH3)2CHO – HSCN,
31.82%), 43 (CH3CO, 100%). Anal. calcd. for C9H15NO3S:
C 49.75, H 6.96, N 6.45; found: C 49.87, H 6.91, N 6.51.

1-Allyloxy-3-thiocyanatopropan-2-yl acetate (5)
Oil. FTIR (neat, cm–1): 2157 (m, CN), 1747 (s, C=O). 1H

NMR (CDCl3, 500 MHz, ppm) d: 2.13 (s, 3H (CH3)), 3.19–
3.23 (dd, 1H(CHCHaHbS), JHaHb = 14 Hz, JHaCH = 6.4
Hz), 3.31–3.35 (dd, 1H (CHCHaHbS), JHbCH = 4.4 Hz),
3.58–3.66 (m, 2H (OCH2)), 4.00–4.02 (m, 2H (CH2O)),
5.20–5.29 (m, 1H (CH) + 2H (CH2=)), 5.82–5.90 (m, 1H
(=CH)). 13C NMR (CDCl3, 125.77 MHz, ppm) d: 21.22,
34.92, 68.82, 70.97, 72.86, 112.35, 118.35, 134.25, 170.52.
Mass spectra m/z: 215 (M, 0.36%), 172 (M – CH3CO,
2.94%), 158 (M – C3H5O, 78.92%), 115 (M – C3H5O –
CH3CO, 4.4%), 100 (M – C3H5O – SCN, 4.5%), 98 (M –
C3H5O – CH3CO2H, 7.3%), 43 (CH3CO, 100%). Anal.
calcd. for C9H13NO3S: C 50.21, H 6.09, N 6.51; found: C
50.29, H 6.14, N 6.45.

trans-2-Thiocyanatocyclohexyl acetate (6)
Bp 101–102 8C/0.2 mmHg (1 mmHg = 133.322 Pa) (lit.

value18 bp 102–103 8C/0.2 mmHg). FTIR (neat, cm–1):
2153 (s, CN), 1741 (s, C=O). 1H NMR (CDCl3, 500 MHz,

ppm) d: 1.31–1.43 (m, 3H (ring), 1.63–1.71 (m, 1H (ring)),
1.79–1.85 (m, 2H (ring)), 2.10 (s, 3H (CH3)), 2.15–2.17 (m,
1H (ring)), 2.27–2.31 (m, 1H (ring)), 3.17–3.22 (m, 1H
(CHS)), 4.74–4.79 (m, 1H (CHO)). 13C NMR (CDCl3,
125.77 MHz, ppm) d: 21.36, 24.03, 25.98, 32.60, 32.86,
51.74, 75.06, 111.21, 170.44. Mass spectra m/z: 199 (M,
0.22%), 156 (M – CH3CO, 2.87%), 139 (M – CH3CO2H,
94.98%), 81 (M – CH3CO2H – SCN, 81.87%), 43 (CH3CO,
100%).

1-Dodecyl-2-thiocyanatoethyl acetate (1)
Oil. FTIR (neat, cm–1): 2158 (m, CN), 1745 (s, C=O). 1H

NMR (CDCl3, 500 MHz, ppm) d: 0.86–0.88 (t, 3H
(CH3CH2), J = 7.06 Hz), 1.25–1.30 (m, 20H (10 � CH2)),
1.59–1.65 (m, 1H (CHaHbCH)), 1.69–1.74 (m, 1H
(CHaHbCH)), 2.11 (s, 3H (CH3CO)), 3.04–3.08 (dd,
1H(CHCHaHbS), JHaHb = 13.93 Hz, JHaCH = 6.55 Hz),
3.22–3.26 (dd, 1H (CHCHaHbS), JHbCH = 3.83 Hz), 5.04–
5.13 (m, 1H (CH)). 13C NMR (CDCl3, 125.77 MHz, ppm)
d: 14.51, 21.26, 23.09, 25.50, 29.65, 29.75, 29.79, 29.83,
29.90, 29.93, 30.04, 32.32, 33.23, 38.00, 72.29, 112.43,
170.82. Mass spectra m/z: 313 (M, 0.32%), 255 (M – SCN,
1.5%), 253 (M – CH3CO2H, 4.5%), 196 (M – SCN –
CH3CO2, 6.06%), 43 (CH3CO, 100%). Anal. calcd. for
C17H31NO2S: C 65.13, H 9.97, N 4.47; found: C 65.09, H
10.02, N 4.45.

1-Chloro-3-thiocyanatopropan-2-yl acetate (8)
Oil. FTIR (neat, cm–1): 2159 (m, CN), 1747 (s, C=O). 1H

NMR (CDCl3, 500 MHz, ppm) d: 2.12 (s, 3H (CH3)), 2.99–
3.05 (m, 2H (CH2S)), 3.75–3.77 (m, 2H (ClCH2)), 5.26–5.31
(m, 1H (CH)). 13C NMR (CDCl3, 125.77 MHz, ppm) d:
21.28, 34.87, 43.29, 71.48, 112.12, 170.54. Mass spectra m/
z: 195 (M + 2, 0.17%), 193 (M, 0.5%), 135 (M + 2 –
CH3CO2H or M – SCN, 5.86%), 133 (M – CH3CO2H,
16.51%), 98 (M + 2 – CH3CO2H – 37Cl or M – CH3CO2H –
35Cl, 12.72%), 77 (M + 2 – CH3CO2H – SCN, 3.03%), 75
(M – CH3CO2H – SCN, 9.33%), 43 (CH3CO, 100%). Anal.
calcd. for C6H8NO2SCl: C 37.21, H 4.16, N 7.23; found: C
37.10, H 4.19, N 7.25.

Table 1. Conversion of 1,2-epoxytetradecane to 1-dodecyl-2-thiocyanatoethyl acetate (1) using
(n-Bu)4NSCN/Ac2O in various conditions.

Entry Solvent Molar ratioa Temperature (8C) Time (h) Yield (%)
1 CH2Cl2 1:1.2:1 RT 46 10
2 CH2Cl2 1:1.2:1 Reflux 46 10
3 CH3CN 1:1.2:1 Reflux 46 20
4 — 1:1.2:2 RT 24 40
5 — 1:1.2:0.5 RT 24 30
6 — 1:1.2:1 60 5.5 78
7 — 1:1.2:0.5 60 6 80
8 — 1:1.2:0.25 60 6 20

aThe molar ratio is related to epoxide:(n-Bu)4NSCN:Ac2O.
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Table 2. Catalyst-free conversion of epoxides to 2-thiocyanatoalkyl alkanoates
using (n-Bu)4NSCN (1.2 equiv.)/carboxylic anhydride at 60 8C under neutral and
solvent-free conditions.
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1-Allyloxy-3-thiocyanatopropan-2-yl benzoate (9)
Oil. FTIR (neat, cm–1): 2157 (m, CN), 1722 (s, C=O),

1601 (m, Ph). 1H NMR (CDCl3, 500 MHz, ppm) d: 3.38–
3.42 (dd, 1H (CHCHaHbS), JHaHb = 14 Hz, JHaCH = 6.3
Hz), 3.46–3.50 (dd, 1H (CHCHaHbS), JHbCH = 4.5 Hz),
3.73–3.76 (dd, 1H (OCHcHdCH), JHcHd = 10.4 Hz, JHcCH =
5.8 Hz), 3.78–3.81 (dd, 1H (OCHcHdCH), JHdCH = 4.4 Hz),
4.04–4.06 (m, 2H (CH2O)), 5.20–5.22 (dd, 1H (HaHbC=CH),
JHaCH = 10.36 Hz, JHaHb = 1.2 Hz), 5.26–5.30 (dd, 1H
(HaHbC=CH), JHbCH = 17 Hz), 5.45–5.49 (m, 1H (CH)),
5.84–5.92 (m, 1H (=CH)), 7.44–7.48 (m, 2H (Ph)), 7.57–
7.60 (m, 1H (Ph)), 8.06–8.09 (m, 2H (Ph)). 13C NMR
(CDCl3, 125.77 MHz, ppm) d: 35.35, 68.81, 71.41, 72.91,
112.47, 118.35, 128.95, 129.56, 130.39, 134.01, 134.31,
166.02. Mass spectra m/z: 277 (M, 0.3%), 220 (M – C3H5O,
51.72%), 162 (M – C3H5O – SCN, 1.4%), 105 (PhCO,
100%). Anal. calcd. for C14H15NO3S: C 60.63, H 5.45, N
5.05; found: C 60.69, H 5.48, N 5.02.

1-Isopropyloxy-3-thiocyanatopropan-2-yl benzoate (10)
Oil. FTIR (neat, cm–1): 3020 (w, Ph-H), 2157 (m, CN),

1723 (s, C=O), 1601 (w, C=C). 1H NMR (CDCl3, 500
MHz, ppm) d: 1.16–1.17 (d, 6H (2 � CH3), JCH3CH = 6.1
Hz), 3.37–3.41 (dd, 1H (CHCHaHbS), JHaHb = 13.95 Hz,
JH aCH = 6.2 Hz), 3.47–3.51 (dd, 1H (CHCHaHbS), JHbCH =
4.3 Hz), 3.62–3.67 (m, 1H ((CH3)CHO)), 3.68–3.71 (dd, 1H
(OCHcHdCH), JHcHd = 10.1 Hz, JHcCH = 6.46 Hz), 3.76–
3.79 (dd, 1H (OCHcHdCH), JHdCH = 4.42 Hz), 5.41–5.44
(m, 1H (CH)), 7.44–7.48 (m, 2H (Ph)), 7.57–7.60 (m, 1H
(Ph)), 8.07–8.09 (m, 2H (Ph)). 13C NMR (CDCl3, 125.77
MHz, ppm) d: 22.39, 35.57, 66.91, 71.64, 73.16, 112.66,
128.94, 129.65, 130.37, 133.96, 166.07. Mass spectra m/z:
279 (M, 0.2%), 220 (M – C3H7O, 15.5%), 162 (M –
C3H7O – SCN, 0.8%), 105 (PhCO, 100%). Anal. calcd. for
C14H17NO3S: C 60.19, H 6.13, N 5.02; found: C 60.12, H
6.09, N 5.10.

1-(4-Chlorophenoxy)-3-thiocyanatopropan-2-yl acetate (11)
Mp 44–45 8C (lit. value17 mp 43–44 8C). FTIR (neat,

cm–1): 2156 (m, CN), 1743 (s, C=O). 1H NMR (CDCl3, 500
MHz, ppm) d: 2.15 (s, 3H (CH3)), 3.30–3.34 (dd, 1H
(CHCHaHbS), JHaHb = 13.9 Hz, JHaCH = 6.4 Hz), 3.41–
3.44 (dd, 1H (CHCHaHbS), JHbCH = 4.3 Hz), 4.11–4.14
(dd, 1H (OCHcHdCH), JHcHd = 10.3 Hz, JHcCH = 5.5 Hz),
4.17–4.20 (dd, 1H (OCHcHdCH), JHdCH = 4.4 Hz), 5.40–
5.43 (m, 1H (CH)), 6.85–7.33 (m, 4H (ph)). 13C NMR
(CDCl3, 125.77 MHz, ppm) d: 20.66, 34.19, 66.57, 69.84,
111.57, 115.74, 126.60, 129.42, 156.32, 169.98.
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Organocatalysis in the stereoselective
bromohydrin reaction of alkenes

Sukanta Bar

Abstract: An efficient regio- and stereo-selective (>99:1) trans-bromohydrination (bromohydroxylation and bromomethoxy-
lation) of alkenes including a,b-unsaturated carbonyl compounds with N-bromosuccinimide (NBS) has been achieved by
using 1.0 mol% of N,N’-diarylthiourea catalyst.

Key words: thiourea, N-halosuccinimide, alkene.

Résumé : On a pu réaliser des bromohydrinations trans (bromohydroxylation et bromométhoxylation) d’alcènes régio- et
stéréo-sélectives (>99:1) efficaces, y compris des composés carbonylés a,b-insaturés, sous l’action du N-bromosuccinimide
(NBS), en présence de 1,0 mole % de N,N’-diarylthiourée comme catalyseur.

Mots-clés : thiourée, N-halosuccinimide, alcène.

[Traduit par la Rédaction]

1,2-Halofunctionalization of olefins, for example, halohy-
drin reaction (halohydroxylation and haloalkoxylation) is an
important transformation in organic chemistry.1 The result-
ing 1,2-halohydroxy and alkoxyhalide compounds are versa-
tile precursors in organic, medicinal, as well as industrial
chemistry.2 Owing to the immense importance of vicinal
halohydrins, a number of methods have been developed for
the reaction of aqueous (alcoholic) solutions of alkenes with
molecular halogens, N-halosuccinimides (NXSs),3 TsNBr2,4

N-halosaccharin,5 and metal halides along with an oxidizing
agent.6 Cheap and available NXSs, in particular N-bromo-
succinimide (NBS) and N-chlorosuccinimide (NCS), are the
choice of halogen sources over other hazardous reagents.
However, longer reaction times and low yields, especially
of electron-deficient alkenes, are major hitches. Some at-
tempts are made to improve the reaction by performing in
ionic liquids.7 Herein, we report highly efficient N,N’-
diarylthiourea-catalyzed (1.0 mol% of N,N’-diarylthiourea
(PhNHCSNHPh)) 1,2-bromohydrin reaction of alkenes, in-
cluding a,b-unsaturated carbonyl compounds with high
regio- and diastereo-selectivity (>99:1).

Recently, organocatalysis has become a vast area of re-
search, while interest in catalysis of thiourea has grown.8 In
my continued efforts towards the development of new cata-
lytic methods for the regio- and stereo-selective 1,2-halofunc-
tionalization of alkenes, Lewis acids like metal triflates were
found to activate NXS for the transfer of halogen to alkenes
(Scheme 1).9 This led us to anticipate that unlike Lewis acid,
thiourea derivatives having hydrogen-bonding capability with
carbonyl oxygen might catalyze the electrophilic halogen
transfer from NXS to the olefins (Fig. 1). Recently, thiourea-
catalyzed (H2NCSNH2; 20 mol%) chlorohydrin reaction of al-
kenes was reported by Bentley et al. with poor-to-moderate
stereoselectivity and yields.10

In search for an effective thiourea catalyst for the bromohy-
drin reaction, we first studied the reaction of trans-stilbene 1a
with NBS in aqueous CH3CN with N,N’-diarylthiourea 3 and
simple thiourea, and the results are presented in Table 1. Com-
pared with the non-catalytic reaction (5 h, 56% yield; Table 1,
entry 1), N,N’-diphenylthiourea-catalyzed bromohydrin reaction
of stilbene 1a proceeded very fast at RT, and within 5 min, it
afforded the desired bromohydroxylation product 2a in 86%
yield (Table 1, entry 3) along with 8% of 1,2-dibromostilbene.
Further improvement of the yield as well as product distribu-
tion was observed when the reaction was performed at 0 8C,
and no 1,2-dibromostilbene was detected by 1H NMR spec-
trum analysis of the crude reaction mixture (Table 1, entry 4).
There was no appreciable change in the reactivity and selec-
tivity with thiourea 3b, and 3c containing electron-rich and
electron-deficient arenes, respectively (Table 1, entries 5 and
6), while Thiourea 3d provided the desired product, with 65%
yield along with 16% of the 1,2-dibromostilbene.

In search for an appropriate solvent for the bromohydrin re-
action, we first studied the reaction of trans-stilbene (1a) and
NBS with 1 mol% N,N’-diarylthiourea (PhNHCSNHPh, 3a)
in different solvents. Common organic solvents were used

Scheme 1. Lewis acid catalyzed 1,2-halofunctionalization of al-
kenes.
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for this purpose. Acetone, THF, 1,4-dioxane, and 1,2-dime-
thoxyethane gave 45%–61% yield of the desired product
along with 1,2-dibromostilbene as the byproduct. Other sol-
vents gave very poor results. Acetonitrile was found to be
the best solvent with 95% yield of the desired product. De-
tailed results of the solvent study are summarized in Table 2.

Thus, the best result was obtained when substrate 1a was
treated with 0.01 equiv. of thiourea (PhNHCSNHPh, 3a) and
1.2 equiv. of NBS in 20% aqueous acetonitrile at 0 8C for
1 h. To establish the generality of the thiourea-catalyzed
bromohydrin reaction, it was investigated on other alkenes,
namely, b-propylstyrene, 1,2-dihdronaphthalene, and indene.
All underwent smooth reaction at 0 8C and provided corre-
sponding bromohydrins in excellent yields within an hour
(Table 1, entries 8, 10, and 12).

When these alkenes were subjected to bromohydrin reac-
tion at 25 8C, reactions were completed within 5 min but
with 8%–10% less yields, which is due to the formation of
dibromide as the byproduct (Table 1, entries 7, 9, and 11).
In all the above cases, these reactions were anti-selective
and no cis-isomer was formed as revealed by the 1H NMR
spectrum of the crude mixture.

Unfortunately for compounds containing isolated double
bonds like cyclohexene, the reaction was less satisfying, as
a messy reaction mixture was obtained. Similar result was
obtained for ethyl acrylate.
a,b-Unsaturated carbonyls usually undergo slow bromohy-

drin reaction with poor yields of the desired bromohydrins.
So, this catalytic method was studied for a large number of
a,b-unsaturated carbonyls like cinnamates and chalcones
(Table 2). Reaction of methyl cinnamate 4a under the cata-
lytic conditions afforded the desired bromohydrin in 91%
yield at RT after 5 h (Table 3, entry 1) compared with 60%
yield after 18 h for the non-catalytic reaction carried out with
1.6 equiv. of NBS (not shown in Table 3). Electron-rich
cinnamates 4b and 4c provided corresponding bromohydrins
in excellent yields at 0 8C (Table 3, entries 2 and 3).

3,4-Methylenedioxycinnamate (4d) behaved similar to cin-
namate (4a) (Table 3, entry 4). Similar trend was also ob-
served for chalcones. Thus, electron-rich substrates preferred
to show clean reaction at 0 8C, while other substrates reacted
at RT (Table 3, entries 5–10).

To increase the scope of the reaction, we decided to study the
bromomethoxylation reaction of a variety of alkenes. When
methanolic solutions of alkenes, including a,b-unsaturated
carbonyls, were subjected to N,N’-diarylthiourea-catalyzed
bromomethoxylation reaction with NBS, they produced me-
thoxybromides in excellent yields (Table 4).

In summary, we have developed an efficient and general
catalytic method for the bromohydrin reaction (bromohy-
droxylation and bromomethoxylation) of alkenes in the pres-
ence of only 1.0 mol% of N,N’-diarylthiourea using NBS as
halogen source with excellent anti-selectivity and yields.

Experimental section

General methods
Commercial-grade reagents were used without further pu-

rification. Solvents were dried and distilled following usual
protocols. Flash chromatography was carried out using Ran-
kem Silica gel (230–400 mesh) purchased from Rankem, In-
dia. TLC was performed on aluminium-backed plates coated
with Silica gel 60 with F254 indicator (Merck).

The 1H NMR spectra were measured on Bruker-200
(200 MHz) and Bruker-400 (400 MHz) spectrometers, and
13C NMR spectra were measured on Bruker-200 (50 MHz)
and Bruker-400 (100 MHz) spectrometers using CDCl3. 1H
NMR chemical shifts are expressed in ppm (d) downfield to
CHCl3 (d = 7.26), and 13C NMR chemical shifts are ex-
pressed in ppm (d) relative to the central CDCl3 resonance
(d = 77.0). Coupling constants in 1H NMR are in Hz. Ele-
mental analyses were carried out on a PerkinElmer 2400-II,
Department of Chemistry, Indian Institute of Technology,
Kharagpur. Melting points were measured in Toshniwal
(India) melting point apparatus. IR spectra were recorded us-
ing PerkinElmer Spectrum R � I FTIR Spectrometer.

General procedure for the N,N’-diarylthiourea-catalyzed
halohydrin reaction of alkenes

Bromohydrination of stilbene 1a
To a well-stirred solution of trans-stilbene (1a) (0.10 g,

0.55 mmol) in 2.75 mL CH3CN:H2O (4:1), PhNHCSNHPh
(1.2 mg, 0.0055 mmol) and NBS (0.118 g, 0.66 mmol)
were added, and the reaction mixture was allowed to stir at
0 8C under argon atmosphere. Progress of the reaction was
monitored by TLC. After 1 h, the solvent was evaporated
under reduced pressure at RT. The crude reaction mass was
subjected to purification by flash column chromatography
using 5% EtOAc in petroleum ether (60–80 8C) to obtain
(±)-2a11 (0.146 g, 95%) as a white solid; mp 83–86 8C
(lit.11 mp 83–84 8C). 1H NMR (200 MHz, CDCl3) d: 2.18
(bs, 1H), 5.10 (d, J = 6.8 Hz, 1H), 5.21 (d, J = 6.8 Hz, 1H),
7.36 (m, 10H). Bromohydrin compounds 2b,12 2c,13 2d,14

5a,15 5b,15 and 5e16 were characterized by 1H and 13C NMR
and compared with the reported literature data.

2-Bromo-3-(3,4-dimethoxyphenyl)-3-hydroxy-propionic
acid methyl ester (5c)

Yield: 95%; white solid; mp 133 8C. Rf (25% EtOAc/petro-
leum ether): 0.16. IR (KBr, cm–1) n: 751, 819, 872, 1021, 1037,
1142, 1156, 1244, 1274, 1462, 1508, 1747, 3457. 1H NMR
(200 MHz, CDCl3) d: 3.1 (d, J = 4.8 Hz, 1H), 3.82 (s, 3H),
3.88 (s, 3H), 3.90 (s, 3H), 4.36 (d, J = 8.0 Hz, 1H), 5.04 (dd,
J = 8.0, 4.8 Hz, 1H), 6.86 (d, J = 8.0 Hz, 1H), 6.93 (m, 2H).
13C NMR (100 MHz, CDCl3) d: 47.6, 53.1, 55.79, 55.83, 74.9,
109.5, 110.7, 119.6, 131.5, 148.9, 149.2, 169.8. Anal. calcd. for
C12H15BrO5: C, 45.16; H, 4.74. Found: C, 45.32; H, 4.51.

Fig. 1. Proposed activation of N-bromosuccinimide (NBS) by N,N’-
diarylthiourea.
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3-Benzo[1,3]dioxol-5-yl-2-bromo-3-hydroxypropionic acid
methyl ester (5d)

Yield: 91%; white solid; mp 75 8C. Rf (10% EtOAc/petro-
leum ether): 0.18. IR (KBr, cm–1) n: 814, 929, 1009, 1042,
1249, 1297, 1440, 1488, 1504, 1717, 1741, 3418 (br). 1H

NMR (200 MHz, CDCl3): 3.82 (s, 3H), 4.31 (d, J = 8.6 Hz,
1H), 5.0 (d, J = 8.6 Hz, 1H), 5.98 (s, 2H), 6.82 (m, 3H). 13C
NMR (100 MHz, CDCl3) d: 47.5, 53.2, 74.9, 101.2, 107.0,
108.1, 120.9, 132.8, 147.7, 147.8, 169.8. Anal. calcd. for
C11H11BrO5: C, 43.59; H, 3.66. Found: C, 43.67; H, 3.65.

Table 1. N,N’-diarylthiourea-catalyzed bromohydrination of alkenes 1.

Table 2. N,N’-Diarylthiourea-catalyzed bromohydrination of alkene 1a with different solvents.

Entry Substarte Solvent Yield of 2a (%) Yield of 1,2-dibromo stilbenea(%)
1 1a CH3CN 95 0
2 1a (CH3)2CO 56 17
3 1a CH2Cl2 12 15
4 1a CH3Cl 18 10
5 1a CCl4 10 9
6 1a Cl(CH2)2Cl 21 12
7 1a OMe(CH2)2OMe 45 18
8 1a Toluene 8 4
9 1a THF 61 19
10 1a 1,4-Dioxane 48 16

aDetermined from the 1H NMR spectra of the crude reaction mixture with naphthalene as an internal standard.
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Table 3. N,N’-Diarylthiourea-catalyzed bromohydrination of a,b-unsaturated carbonyls with
NBS in 20% aqueous CH3CN.
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Table 4. N,N’-Diarylthiourea-catalyzed bromomethoxylation of alkenes with NBS in
MeOH.
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2-Bromo-3-hydroxy-3-(4-methoxyphenyl)-1-phenylpropan-
1-one (5f)

Yield: 95%; white solid; mp 58 8C. Rf (15% EtOAc/petro-
leum ether): 0.16. IR (KBr, cm–1) n: 625, 684, 811, 834,
1002, 1037, 1176, 1217, 1251, 1282, 1449, 1516, 1594,
1611, 1679, 2836, 3466 (br). 1H NMR (200 MHz, CDCl3)
d: 3.45 (d, J = 4.6 Hz, 1H), 3.82 (s, 3H), 5.2 (d, J = 8.4 Hz,
1H), 5.31 (dd, J = 8.6, 4.6 Hz, 1H), 6.92 (m, 2H), 7.37–7.66
(m, 5H), 8.03 (m, 2H). 13C NMR (100 MHz, CDCl3) d: 48.2,
55.2, 74.2, 113.8 (2C), 128.4 (2C), 128.8 (2C), 128.9 (2C),
131.6, 134.1, 134.5, 159.7, 194.6. Anal. calcd. for
C16H15BrO3: C, 57.33; H, 4.51. Found: C, 57.21; H, 4.22.

2-Bromo-3-(3,4-dimethoxyphenyl)-3-hydroxy-1-
phenylpropan-1-one (5g)

Yield: 94%; white solid; mp 130 8C. Rf (20% EtOAc/pe-
troleum ether): 0.22. IR (KBr, cm–1) n: 635, 690, 812, 979,
1027, 1135, 1229, 1251, 1463, 1447, 1511, 1595, 1685,
3498. 1H NMR (200 MHz, CDCl3) d: 3.45 (d, J = 4.4 Hz,
1H), 3.89 (s, 3H), 3.92 (s, 3H), 5.2 (d, J = 8.2 Hz, 1H), 5.3
(dd, J = 8.8, 4.0 Hz, 1H), 6.87 (d, J = 8.4 Hz, 1H), 7.03 (m,
2H), 7.49 (m, 2H), 7.63 (m, 1H), 8.02 (m, 2H). 13C NMR
(100 MHz, CDCl3) d: 48.2, 55.81, 55.87, 74.5, 109.9, 110.7,
119.8, 128.8 (2C), 128.9 (2C), 131.9, 134.1, 134.5, 148.8,
149.0, 194.6. Anal. calcd. for C17H17BrO4: C, 55.91; H,
4.69. Found: C, 56.06; H, 4.64.

2-Bromo-3-hydroxy-1-(2-methoxyphenyl)-3 phenylpropan-
1-one (5h)

Yield: 93%; gummy liquid. Rf (10% EtOAc/petroleum
ether): 0.20. IR (KBr, cm–1) n: 567, 756, 930, 979, 1031,
1176, 1250, 1356, 1448, 1514, 1613, 1675, 2054, 2838,
3470 (br). 1H NMR (200 MHz, CDCl3) d: 3.90 (s, 3H), 5.27
(d, J = 7.8 Hz, 1H), 5.62 (d, J = 7.8 Hz, 1H), 7.0 (m, 2H),
7.31–7.55 (m, 6H), 7.78 (dd, J = 7.8, 1.8 Hz, 1H). 13C NMR
(100 MHz, CDCl3) d: 48.2, 55.2, 74.2, 113.8 (2C), 128.5
(2C), 128.8 (2C), 128.9 (2C), 131.6, 134.1, 134.5, 159.6,
194.4. Anal. calcd. for C16H15BrO3: C, 57.33; H, 4.51.
Found: C, 57.41; H, 4.43.

2-Bromo-3-(4-fluorophenyl)-3-hydroxy-1-phenylpropan-1-
one (5i)

Yield: 93%; white solid; mp 80 8C. Rf (5% EtOAc/petro-
leum ether): 0.20. IR (KBr, cm–1) n: 548, 686, 814, 836,
1009, 1159, 1231, 1281, 1449, 1594, 1608, 1682, 3298 (br).
1H NMR (200 MHz, CDCl3) d: 3.47 (bs, 1H), 5.15 (d, J =
8.4 Hz, 1H), 5.33 (d, J = 8.4 Hz, 1H), 7.08 (t, J = 8.4 Hz,
2H), 7.48 (m, 3H), 7.63 (t, J = 7.6 Hz, 2H), 8.02 (d, J =
8.0 Hz, 2H). 13C NMR (100 MHz, CDCl3) d: 48.0, 73.9,
115.2, 115.4, 128.8 (2C), 129 (3C), 129.1, 134.3, 134.4,
135.2, 162.7 (d, J = 245.5 Hz, 1C), 194.4. Anal. calcd. for
C15H12BrFO2: C, 55.75; H, 3.74. Found: C, 56.29; H, 3.51.

2-Bromo-3-(4-chlorophenyl)-3-hydroxy-1-phenylpropan-1-
one (5j)

Yield: 94%; white solid; mp 96 8C. Rf (10% EtOAc/petro-
leum ether): 0.15. IR (KBr, cm–1) n: 544, 646, 682, 779,
808, 834, 1012, 1089, 1219, 1277, 1293, 1376, 1449, 1594,
1680, 3449 (br). 1H NMR (200 MHz, CDCl3) d: 3.49 (d, J =
4.4 Hz, 1H), 5.10 (d, J = 8.4 Hz, 1H), 5.29 (dd, J = 8.2,
4.0 Hz, 1H), 7.23–7.50 (m, 6H), 7.60 (m, 1H), 7.90 (d, J =
7.0 Hz, 2H). 13C NMR (100 MHz, CDCl3) d: 47.7, 73.9,

128.5 (2C), 128.7 (2C), 128.8 (2C), 128.9 (2C), 134.28,
134.31 (2C), 137.8, 194.3. Anal. calcd. for C15H12BrClO2:
C, 53.05; H, 3.56. Found: C, 53.42; H, 3.17.

Bromomethoxylation of stilbene 1a
To a well-stirred solution of trans-stilbene (1a) (0.10 g,

0.55 mmol) in 2.75 mL MeOH, PhNHCSNHPh (1.2 mg,
0.0055 mmol) and NBS (0.118 g, 0.66 mmol) were added,
and the reaction mixture was allowed to stir at 0 8C under
argon atmosphere. Progress of the reaction was monitored
by TLC. After 1 h, the solvent was evaporated at RT under
reduced pressure. The crude reaction mass was subjected to
purification by flash column chromatography using 5%
EtOAc in petroleum ether (60–80 8C) to obtain ( ± )-6a6d

(0.153 g, 95%) as a white solid; mp 115–118 8C (lit.17 mp
116–118 8C). 1H NMR (200 MHz, CDCl3) d: 3.20 (s, 3H),
4.65 (d, J = 6.8 Hz, 1H), 5.04 (d, J = 6.8 Hz, 1H), 7.30 (m,
10H). Spectral data of compounds 6c,18 6e, and 6i are con-
sistent with the reported literature data.

(2-Bromo-methoxypentyl)-benzene (6b)
Yield:: 87%; gummy liquid. Rf (3% EtOAc/petroleum

ether): 0.45. IR (KBr, cm–1) n: 585, 624, 702, 760, 956,
1093, 1134, 1168, 1188, 1454, 1494, 2933, 2960. 1H NMR
(200 MHz, CDCl3) d: 0.92 (t, J = 7.2 Hz, 3H), 1.37–1.94
(m, 4H), 3.34 (s, 3H), 4.19 (m, 1H), 4.40 (d, J = 5.6 Hz,
1H), 7.39 (m, 5H). 13C NMR (100 MHz, CDCl3) d: 13.3,
20.8, 34.9, 57.5, 59.5, 86.7, 127.6 (2C), 128.1, 128.16 (2C),
138.5. Anal. calcd. for C12H17BrO: C, 56.04; H, 6.66.
Found: C, 56.13; H, 6.59.

2-Bromo-1-methoxy-1,2,3,4-tetrahydronaphthalene (6d)
Yield: 93%; liquid. Rf (3% EtOAc/petroleum ether): 0.62.

IR (KBr, cm–1) n: 601, 748, 817, 937, 1078, 1117, 1214,
1438, 1455, 1492, 2821, 2928. 1H NMR (200 MHz, CDCl3)
d: 2.12–2.25 (m, 1H), 2.42–2.56 (m, 1H), 2.77–2.88 (m,
1H), 2.90–3.15 (m, 1H), 3.54 (s, 3H), 4.48 (d, J = 4.0 Hz,
1H), 4.65 (m, 1H), 7.13–7.35 (m, 4H). 13C NMR
(100 MHz, CDCl3) d: 25.8, 26.9, 49.6, 57.4, 81.4, 126.2,
128.3, 128.8, 130.2, 132.9, 135.6. Anal. calcd. for
C11H13BrO: C, 54.79; H, 5.43. Found: C, 54.64; H, 5.34.

2-Bromo-3-methoxy-3-(4-methoxyphenyl)-propionic acid
methyl ester (7b)

Yield: 95%; white solid; mp 46 8C. Rf (3% EtOAc/petro-
leum ether): 0.25. IR (KBr, cm–1) n: 578, 833, 1031, 1074,
1095, 1150, 1182, 1246, 1281, 1316, 1379, 1438, 1516,
1612, 1742, 2940. 1H NMR (200 MHz, CDCl3) d: 3.19 (s,
3H), 3.82 (s, 3H), 3.84 (s, 3H), 4.21 (d, J = 9.8 Hz, 1H),
4.50 (d, J = 10.0 Hz, 1H), 6.92 (m, 2H), 7.28 (m, 2H). 13C
NMR (100 MHz, CDCl3) d: 47.3, 52.9, 55.1, 57.3, 83.6,
113.7 (2C), 128.7, 129.1 (2C), 159.9, 169.4. Anal. calcd. for
C12H15BrO4: C, 47.54; H, 4.99. Found: C, 47.77; H, 4.98.

2-Bromo-3-(3,4-dimethoxyphenyl)-3-methoxypropionic acid
methyl ester (7c)

Yield: 95%; white solid; mp 75 8C. Rf (10% EtOAc/petro-
leum ether): 0.30. IR (KBr, cm–1) n: 646, 817, 855, 1021,
1074, 1104, 1143, 1170, 1236, 1238, 1261, 1294, 1447,
1464, 1517, 1593, 1748, 2936, 2964. 1H NMR (200 MHz,
CDCl3) d: 3.22 (s, 3H), 3.85 (s, 3H), 3.89 (s, 6H), 4.22 (d,
J = 10.0 Hz, 1H), 4.49 (d, J = 9.8 Hz, 1H) 6.88 (m, 3H).
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13C NMR (100 MHz, CDCl3): d 47.3, 52.9, 55.74, 55.81,
57.4, 83.9, 109.8, 110.4, 121.1, 129.0, 149.0, 149.3, 169.4.
Anal. calcd. for C13H17BrO5: C, 46.86; H, 5.14. Found: C,
47.28; H, 5.15.

3-Benzo[1,3]dioxol-5-yl-2-bromo-3-methoxypropionic acid
methyl ester (7d)

Yield: 91%; white solid; mp 74 8C. Rf (5% EtOAc/petro-
leum ether): 0.32. IR (KBr, cm–1) n: 559, 631, 655, 818,
924, 961, 1017, 1036, 1066, 1091, 1159, 1251, 1274, 1447,
1489, 1501, 1744. 1H NMR (200 MHz, CDCl3) d: 3.17 (s,
3H), 3.81 (s, 3H), 4.13 (d, J = 9.8 Hz, 1H), 4.42 (d, J =
9.8 Hz, 1H), 5.95 (s, 2H), 6.81 (m, 3H). 13C NMR
(100 MHz, CDCl3) d: 47.3, 53, 57.4, 83.9, 101.2, 107.5,
107.9, 122.4, 130.7, 147.9, 148.1, 169.4. Anal. calcd. for
C12H13BrO5: C, 45.45; H, 4.13. Found: C, 45.06; H, 4.0.

2-Bromo-3-methoxy-3-(4-methoxyphenyl)-1-phenylpropan-
1-one (7f)

Yield: 95%; white solid; mp 90 8C. Rf (5% EtOAc/petro-
leum ether): 0.25. IR (KBr, cm–1) n: 578, 685, 806, 832,
1038, 1074, 1175, 1219, 1254, 1305, 1279, 1373, 1446,
1516, 1611, 1685, 2929. 1H NMR (200 MHz, CDCl3) d:
3.18 (s, 3H), 3.85 (s, 3H), 4.80 (d, J = 9.8 Hz, 1H), 5.12 (d,
J = 9.8 Hz, 1H), 6.96 (dd, J = 6.6, 2.0 Hz, 2H), 7.39 (dd, J =
6.6, 2.0 Hz, 2H), 7.50–7.62 (m, 3H), 8.06 (d, J = 7.0 Hz,
2H). 13C NMR (100 MHz, CDCl3) d: 47.6, 55.2, 57.4, 82.8,
113.7 (2C), 128.76 (2C), 128.79 (2C), 129.3 (2C), 129.7,
133.7, 135.2, 159.9, 193.2. Anal. calcd. for C17H17BrO3: C,
58.47; H, 4.91. Found: C, 58.40; H, 4.98.

2-Bromo-3-(3,4-dimethoxyphenyl)-3-methoxy-1-
phenylpropan-1-one (7g)

Yield: 94%; gummy liquid. Rf (10% EtOAc/petroleum
ether): 0.25. IR (KBr, cm–1) n: 577, 686, 806, 832, 1039,
1073, 1095, 1175, 1219, 1254, 1279, 1304, 1373, 1446,
1517, 1611, 1685, 2929. 1H NMR (200 MHz, CDCl3) d:
3.19 (s, 3H), 3.91 (s, 3H), 3.93 (s, 3H), 4.8 (d, J = 10.0 Hz,
1H), 5.11 (d, J = 9.8 Hz, 1H), 6.88–7.05 (m, 3H), 7.41–7.65
(m, 3H), 8.04 (m, 2H). 13C NMR (100 MHz, CDCl3) d: 47.5,
55.8, 55.9, 57.5, 83.1, 110.4, 110.5, 121.1, 128.73 (2C),
128.76 (2C), 130.1, 133.6, 135.2, 148.9, 149.3, 193.1. Anal.
calcd. for C18H19BrO4: C, 57.01; H, 5.05. Found: C, 57.19;
H, 4.90.

2-Bromo-3-methoxy-1-(2-methoxyphenyl)-3-phenylpropan-
1-one (7h)

Yield: 93%; gummy liquid. Rf (5% EtOAc/petroleum
ether): 0.30. IR (KBr, cm–1) n: 701, 754, 771, 1082, 1162,
1249, 1312, 1439, 1486, 1597, 1683, 2945. 1H NMR
(200 MHz, CDCl3) d: 3.20 (s, 3H), 3.93 (s, 3H), 4.82 (d, J =
9.8 Hz, 1H), 5.43 (d, J = 9.8 Hz, 1H), 7.03 (m, 2H), 7.34–
7.56 (m, 6H), 7.84 (dd, J = 7.6, 1.8 Hz, 1H). 13C NMR
(100 MHz, CDCl3) d: 52.6, 55.8, 57.6, 84.1, 111.9, 120.9,
126.3, 128.2 (4C), 128.5, 131.5, 134.5, 138.1, 158.7, 194.9.
Anal. calcd. for C17H17BrO3: C, 58.47; H, 4.91. Found: C,
58.63; H, 4.89.

2-Bromo-3-(4-fluorophenyl)-3-methoxy-1-phenylpropan-1-
one (7i)

Yield: 93%; white solid; mp 62 8C. Rf (3% EtOAc/petro-
leum ether): 0.45. IR (KBr, cm–1) n: 567, 637, 686, 808,

833, 1071, 1094, 1157, 1225, 1298, 1370, 1446, 1511,
1604, 1684, 2934. 1H NMR (200 MHz, CDCl3) d: 3.15 (s,
3H), 4.81 (d, J = 9.8 Hz, 1H), 5.05 (d, J = 9.8 Hz, 1H),
7.08 (m, 2H), 7.38–7.63 (m, 5H), 8.01 (m, 2H). 13C NMR
(100 MHz, CDCl3) d: 47.2, 57.6, 82.5, 115.2, 115.4, 128.7
(4C), 129.7, 129.8, 133.59, 133.62, 135, 162.9 (d, J =
245.6 Hz, 1C), 192.8. Anal. calcd. for C16H14BrFO2: C,
56.99; H, 4.19. Found: C, 57.39; H, 3.97.

2-Bromo-3-(4-chlorophenyl)-3-methoxy-1-phenylpropan-1-
one (7j)

Yield: 94%; white solid; mp 90 8C. Rf (5% EtOAc/petro-
leum ether): 0.35. IR (KBr, cm–1) n: 686, 807, 991, 1015,
1070, 1094, 1221, 1301, 1370, 1446, 1489, 1596, 1685,
2933. 1H NMR (200 MHz, CDCl3) d: 3.19 (s, 3H), 4.83 (d,
J = 9.8 Hz, 1H), 5.07 (d, J = 10.0 Hz, 1H), 7.41 (s, 4H),
7.43–7.66 (m, 3H), 8.03 (m, 2H), 13C NMR (100 MHz,
CDCl3) d: 46.9, 57.7, 82.6, 128.6 (2C), 128.8 (4C), 129.5
(2C), 133.8, 134.5, 135.0, 136.4, 192.7. Anal. calcd. for
C16H14BrClO2: C, 54.34; H, 3.99. Found: C, 54.73; H, 3.84.

Supplementary data
Supplementary data for this article (1H and 13C NMR

spectra of compounds 5c–5d, 5f–5j, 6b, 6d, and 7b–7j) are
available on the journal Web site (canjchem.nrc.ca).
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Étude DFT des réactions d’hydrogénation des
cyclohéxènes disubstitués en position 2 et 3

Sameh Ayadi et Manef Abderrabba

Résumé : Dans ce travail, nous avons étudié théoriquement les réactions d’hydrogénation des cyclohéxènes disubstitués
par une voie chimique par le (Z)-1,2-diazène (1) et le (E)-1,2-diazène (1’). Nous avons discuté de point de vue thermody-
namique la possibilité et la stéréosélectivité de ces réactions. Les états de transition de la réaction entre les cyclohéxènes
de type (2a–2c) et le (Z)-1,2-diazène (1) ont été déterminés.

Mots-clés : cyclohéxène, théorie de la fonctionnelle de densité (« DFT »), hydrogénation.

Abstract: The purpose of this work is to conduct a theoretical study of the hydrogenation reaction between disubstituted
cyclohexenes (2a–2c) and (Z)-1,2-diazene (1) and the reaction between disubstituted cyclohexenes (2a–2c) and (E)-1,2-
diazene (1’). From a thermodynamic point of view, we discuss the reactivity and the stereoselectivity of these reactions.
Activation barriers of the reaction between cyclohexenes (2a–2c) and the (Z)-1,2-diazene (1) have been calculated and
discussed.

Key words: cyclohexene, density functional theory (DFT), hydrogenation.

Introduction
Les réactions d’hydrogénation des cycloalcènes substitués

possèdent une grande importance en synthèse organique.1–16

Nous avons trouvé intéressant d’effectuer une étude théo-
rique sur la possibilité et la stéréosélectivité des réactions
d’hydrogénation des cyclohéxènes disubstitués (2a–2c) par
le (Z)-1,2-diazène (1) et par le (E)-1,2-diazène (1’) (fig. 1).

Dans le but de comparer l’influence des substituants de
2b–2c sur la réactivité de ces réactions d’hydrogénation,
nous avons commencé par étudier la réaction entre le cyclo-
héxène 2a et 1’. Par la suite, nous avons étudié de point de
vue cinétique et thermodynamique la réaction entre 1 et 2a.
Dans chaque cas, nous avons vérifié que ces réactions sont
sous le contrôle des orbitales frontières. Enfin, nous avons
étudié de point de vue thermodynamique et cinétique la pos-
sibilité et la stéréosélectivité de ces réactions d’hydrogé-
nation entre 1 et 2b–2c.

Les méthodes de calcul
Cette étude a été réalisée en utilisant le programme Gaus-

sian 03.17 Les calculs ont été effectués au niveau DFT
(théorie de la fonctionnelle de densité) avec les bases stan-
dard 6–31G* et 3–21G. Nous avons utilisé la fonctionnelle
B3LYP dans laquelle l’énergie d’échange est calculée par la
méthode de Becke à trois paramètres et la corrélation est
calculée par la méthode de Lee, Yang et Paar.18–20 En effet,
il a été établi que cette méthode de calcul DFT est une des
plus performantes pour ce type des molécules organiques.21

Résultats et discussion

Étude de la réaction d’hydrogénation du cyclohéxène

Étude thermodynamique
Nous avons étudié thermodynamiquement la possibilité et

la stéréosélectivité de la réaction entre 1 et 2a et la réaction
entre 1’ et 2a (fig. 2). En utilisant la méthode de calcul DFT/
B3LYP avec les bases standard 6–31G* et 3–21G, nous
avons déterminé dans les conditions standard de température
et de pression (15 K et 1 atm (1 atm = 101,325 kPa)) les va-
riations d’énergie réactionnelle DEr, les variations d’en-
thalpie libre réactionnelle DGr, les variations d’enthalpie
réactionnelle DHr et le ZPE (« zero-point energy ») qui cor-
respond aux réactions (I), (II), (III) et (IV).

Comme le montre le tableau 1, les variations d’enthalpie
libre réactionnelle DGr sont toutes négatives, par conséquent
ces réactions sont possibles et favorisées thermodynamique-
ment. Nous avons remarqué que les valeurs de la variation
d’enthalpie libre réactionnelle qui correspond aux réactions
(I) et (II) sont respectivement supérieures en valeur absolue
aux valeurs des réactions (III) et (IV). Ce qui nous a permis
de dire que la réaction entre 1 et 2a est plus favorisée ther-
modynamiquement que la réaction entre 1’ et 2a. De plus,
nous avons remarqué que la valeur de la variation d’en-
thalpie libre réactionnelle DGr qui correspond à la réaction
(I) est supérieure en valeur absolue à la valeur de DGr de la
réaction (II). Ce qui nous a permis de dire que le confor-
mère chaise (4a) est plus stable thermodynamiquement que
le conformère bateau (4a’). De la même manière pour les ré-
actions (III) et (IV), nous avons remarqué que la valeur
d’enthalpie libre réactionnelle DGr qui correspond à la for-
mation de 4a est supérieure en valeur absolue à la valeur de
DGr qui correspond à la formation de 4a’. Nous avons aussi
remarqué que les valeurs de la variation de l’énergie DEr
qui correspond aux réactions (I) et (III) sont respectivement
plus importantes que celles de la variation de l’énergie qui
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correspond aux réactions (II) et (IV). Ce qui confirme de
nouveau que la formation de 4a est le produit majoritaire
de la réaction entre 2a et 1 et de la réaction entre 2a et 1’.

Nos résultats théoriques confirment bien que 4a est plus
stable thermodynamiquement que 4a’.

Étude des orbitales frontières
En utilisant la méthode de calculs DFT/B3LYP avec les

bases standard 6–31G* et 3–21G, nous avons déterminé les

énergies de la LUMO et de la HOMO de 2a ainsi que les
énergies de la LUMO et de la HOMO de 1 et de 1’ (voir ta-
bleau 2). D’après la théorie des orbitales frontières, lors de
l’interaction entre deux molécules, les orbitales frontières à
considérer sont la HOMO de l’une et la LUMO de l’autre,
choisies de telle sorte que l’écart énergétique DE qui les sé-
pare soit le plus faible possible.22 Comme le montre la
figure 3, le diagramme orbitalaire donne une bonne indica-
tion qualitative quant à la réactivité de notre système. Nous
avons remarqué que l’interaction principale se fait entre
l’énergie de la LUMO de 1 et l’énergie de la HOMO de 2a.
De plus, nous avons remarqué que la variation d’énergie DE

Fig. 1. Réactions entre les cyclohéxènes de type (2a–2c) et le (Z)-1,2-diazène (1) ou le (E)-1,2-diazène (1’).

Fig. 2. Réactions entre le cyclohéxène (2a) et le (Z)-1,2-diazène (1) ou le (E)-1,2-diazène (1’).

Tableau 1. Valeurs calculées (kcal mol–1) des variations d’énergie
réactionnelle DEr, des variations d’enthalpie libre réactionnelle
DGr, des variations d’enthalpie réactionnelle DHr et le « zero-point
energy » ZPE.

Réactions Produits DEr DEr + ZPE DGr

B3LYP/6–31G*
Réaction (I) 4a –92,09 –92,09 –88,61
Réaction (II) 4a –88,98 –88,99 –82,05

B3LYP/3–21G
Réaction (III) 4a –85,95 –85,96 –82,76
Réaction (IV) 4a –82,86 –82,85 –76,20

Tableau 2. Les énergies (eV) de la LUMO et de la HOMO du
cyclohéxène (2a), du (Z)-1,2-diazène (1) et du (E)-1,2-diazène
(1’).

B3LYP (6–31G*) B3LYP (3–21G)

LUMO HOMO LUMO HOMO
1 –0,056 52 –0,247 86 –0,054 11 –0,2493
1’ –0,053 08 –0,241 82 –0,051 98 –0,2441
2a 0,028 830 –0,233 57 0,028 71 –0,2412
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entre la LUMO de 1 et la HOMO de 2a est inférieure à la
variation d’énergie DE entre la LUMO de 1’ et la HOMO
de 2a. Ce qui explique bien que la réaction entre 1 et 2a est
plus réactive que dans le cas de la réaction entre 1’ et 2a.

Calcul des états de transition
Nous avons optimisé les états de transition de la réaction

de 2a et 1. Nous avons obtenu trois conformations différentes
des états de transitions : l’état de transition pseudo-chaise 3a*

Fig. 3. Diagramme orbitalaire du cyclohéxène (2a) et le (Z)-1,2-diazène (1). B3LYP (6–31G*).

Fig. 4. Profil énergétique des réactions conduisant aux conformères chaise (4a) et bateau (4a’) en DFT/B3LYP avec la base standard 6–31G*
(énergie en kcal mol–1).
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et les états de transitions bateau tels que 3a’*1 (endo) et 3a’*2
(exo) obtenus respectivement avec une approche de 1 en endo
de 2a et avec une approche de 1 en exo de 2a (fig. 4).

Les calculs théoriques montrent que la formation de 4a
est favorisée par rapport à la formation de 4a’. En utilisant
la méthode de calcul DFT/B3LYP avec les bases standard
6–31G* et 3–21G, nous avons trouvé pour 4a’ une grande
énergie d’activation respectivement de 33,9 kcal mol–1 et
35,2 kcal mol–1 aux niveaux du calcul citées précédement.
Ces valeurs sont plus grandes que celles trouvées pour les
états de transition conduisant à la formation de 4a (ta-
bleau 3). Ce qui confirme de nouveau que 4a est plus stable
que 4a’. Ces valeurs de l’énergie d’activation sont du même
ordre de grandeur que celle trouvée par McKee et al. pour la
réaction entre 1 et l’éthène.23 La comparaison des profils
énergétiques des réactions conduisant respectivement à 4a
et 4a’ est donnée sur la figure 4.

Nous avons déterminé les états de transition bateau avec
une approche du (Z)-1,2-diazène en endo et avec une appro-
che du (Z)-1,2-diazène en exo. Les résultats montrent que la
forme endo est favorisée par rapport à la forme exo. La géo-
métrie des trois états de transitions 3a*, 3a’*1 (endo) et
3a’*2 (exo) est présentée sur la figure 5.

Nous avons remarqué que le cycle de l’état de transition
est quasi plan. Si on compare les longueurs des liaisons en
formation, on constate que la liaison C1–H1 est plus courte
que la liaison C2–H2 (tableau 4).

Étude de la réaction entre le (Z)-1,2 diazène et les
cyclohéxènes disubstitués

Dans la deuxième partie de ce travail, nous avons étudié
thermodynamiquement les réactions entre 1 et 2b–2c dans
les différentes conformations possibles tels que les confor-
mères pseudo-chaise et les conformères bateau (fig. 6).
Dans chaque cas, une des approches endo et exo de 1 sur
2b–2c conduit au stéréoisomère cis et l’autre au stéréoiso-
mère trans.

Étude thermodynamique
Dans le but d’étudier la possibilité et la stéréosélectivité

de la réaction d’hydrogénation de 2b–2c par 1, nous avons
étudié de point de vue thermodynamique les réactions entre
1 et 2b–2c dans les différentes conformations possibles tel-
les que les conformations pseudo-chaise 2b–2c(p-chaise)éq et
2b–2c(p-chaise)axi et les conformations bateau 2b–2c(bateau)éq et
2b–2c(bateau)axi (fig. 6).

Fig. 5. États de transition de la réaction entre le (Z)-1,2-diazène et le cyclohéxène, distance en Å (1 Å = 0,1 nm). B3LYP (6–31G*).

Tableau 3. Énergies relatives E* (kcal mol–1) des états de transi-
tion par rapport aux énergies des réactifs (calculées avec la méth-
ode DFT/B3LYP).

DFT/B3LYP(6–31G*) DFT/B3LYP (3–21G)
1
2
3a* 32,4 33,1
3a’*1 33,2 34,3
3a’*2 33,9 35,2

Nota : 1, 2, 3a*, 3a’*1 (endo); 3a’*2 (exo).

Tableau 4. Longueurs des liaisons en formation C1–H1 et C2–H2

dans l’état de transition de la réaction du (Z)-1,2-diazène (1) et
le cyclohéxène (2a).

B3LYP (6–31G*) B3LYP (3–21G)

C1–H1 C2–H2 C1–H1 C2–H2

3a* 1,5732 1,5713 1,5685 1,5811
3a’*1 1,5781 1,5791 1,5732 1,5752
3a’*2 1,5776 1,5790 1,5723 1,5761

Nota : 3a*, 3a’*1 (endo); 3a’*2 (exo).
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Dans chaque cas, une des approches endo et exo de 1 sur
2b–2c conduit au stéréoisomère cis tels que 4b–4ccis(éq), 4b–
4ccis(axi), 4’b–4ccis(éq) et 4’b–4ccis(axi) et l’autre conduit au sté-
réoisomère trans tels que 4b–4ctrans(éq), 4b–4ctrans(axi), 4’b–
4ctrans(éq) et 4’b–4ctrans(axi).

Dans chaque cas de ces réactions, nous avons trouvé des
valeurs des enthalpies libres réactionnelles négatives (ta-
bleau 5). Ces réactions sont possibles théoriquement et, par
conséquent, elles sont favorisées thermodynamiquement. De
plus, nous avons remarqué que les valeurs des enthalpies li-
bres réactionnelles qui correspondent aux réactions (V), (V’),
(VI) et (VI’) sont plus importantes en valeur absolue que
celles qui correspondent aux réactions (VII), (VII’), (VIII)
et (VIII’). Ceci nous a permis de dire que les conformères
chaise sont plus stables thermodynamiquement que les
conformères bateau.

Nous avons aussi remarqué que la formation de 4b–
4ctrans(éq) est plus favorisée que la formation de 4b–4ccis(éq)
provenant respectivement des approches endo et exo de 1
sur 2b–2c(p-chaise)éq. Par contre, dans le cas de la réaction B,
lors des approches respectivement en endo et exo du 1 sur
2b–2c (p-chaise)axi, nous avons trouvé que la formation de 4b–
4ccis(axi) est plus favorisée que celle de 4b–4ctrans(axi) (ta-
bleau 5).

Dans le cas des approches endo et exo de 1 sur
2b–2c(bateau)éq, nous avons remarqué que la formation de
4b–4ctrans(éq) est plus favorisée respectivement par rapport

à 4b–4ccis(éq). Par contre dans le cas de la réaction D, lors
de l’addition de 1 sur 2b–2c(bateau)axi dans les deux appro-
ches endo et exo. Les résultats théoriques montrent que la
formation de 4’b–4ccis(axi) est plus stable thermodynamique-
ment que celle de 4’b–4ctrans(axi).

Étude des orbitales frontières
En utilisant la méthode de calcul DFT/B3LYP avec les

bases standard 6–31G* et 3–21G, nous avons déterminé les
énergies de la LUMO et de la HOMO des cyclohéxènes di-
substitués dans les différentes conformations possibles
pseudo-chaise et bateau (tableau 6). Le diagramme orbita-
laire des réactifs entre 1 et 2b(p-chaise)axi, calculé au niveau
DFT/B3LYP et la base standard 6–31G*, est donné sur la
figure 7. Ce diagramme orbitalaire donne une bonne indica-
tion qualitative quant à la réactivité de notre système.
D’après la théorie des orbitales frontières,22 l’interaction
principale se produit entre la HOMO de 2b–2c(p-chaise)axi et
la HOMO de 1.

Fig. 6. Réactions d’hydrogénation des cyclohéxènes disubstitués
par le (Z)-1,2-diazène (1) et le (E)-1,2-diazène (1’).

Tableau 5. Valeurs calculées (kcal mol–1) des variations d’énergie
réactionnelle DEr, des variations d’enthalpie libre réactionnelle
DGr, des variations d’enthalpie réactionnelle DHr et le ZPE.

Les
produits DEr DEr + ZPE DGr

B3LYP/6–31G*
Réaction (V) 4bcis(éq) –81,79 –81,75 –77,66

4ccis(éq) –78,12 –78,11 –72,21
Réaction (V’) 4btrans(éq) –84,05 –84,06 –80,07

4ctrans(éq) –80,93 –80,92 –77,34
Réaction (VI) 4btrans(axi) –80,34 –80,34 –76,32

4ctrans(axi) –76,41 –76,41 –75,02
Réaction (VI’) 4bcis(axi) –81,68 –81,67 –77,75

4ccis(axi) –76,93 –76,93 –76,45
Réaction (VII) 4’bcis(éq) –51,27 –51,28 –48,51

4’ccis(éq) –49,87 –49,87 –45,29
Réaction (VII’) 4’btrans(éq) –69,31 –69,30 –65,29

4’ctrans(éq) –50,24 –50,23 –47,71
Réaction (VIII) 4’btrans(axi) –48,31 –48,31 –42,87

4’ctrans(axi) –43,27 –43,28 –40,39
Réaction (VIII’) 4’bcis(axi) –50,23 –50,23 –45,81

4’ccis(axi) –46,78 –46,77 –41,90

B3LYP/3–21G
Réaction (V) 4bcis(éq) –80,17 –80,16 –76,29

4ccis(éq) –76,23 –76,22 –73,13
Réaction (V’) 4btrans(éq) –83,93 –83,92 –79,11

4ctrans(éq) –80,06 –80,07 –75,32
Réaction (VI) 4btrans(axi) –69,12 –69,14 –61,32

4ctrans(axi) –68,74 –68,74 –65,86
Réaction (VI’) 4bcis(axi) –79,14 –79,14 –75,63

4ccis(axi) –75,80 –75,81 –73,19
Réaction (VII) 4’bcis(éq) –57,22 –57,23 –43,34

4’ccis(éq) –49,20 –49,21 –42,52
Réaction (VII’) 4’btrans(éq) –58,38 –58,38 –51,91

4’ctrans(éq) –54,12 –54,12 –49,87
Réaction (VIII) 4’btrans(axi) –48,12 –48,12 –40,91

4’ctrans(axi) –42,10 –42,11 –38,32
Réaction (VIII’) 4’bcis(axi) –48,71 –48,72 –42,87

4’ccis(axi) –43,93 –42,92 –40,36
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Calcul des états de transition
Dans le but de déterminer la stéréospécificité de la réac-

tion entre 1 et 2b–2c, nous avons déterminé les états de
transition correspondant à l’addition du 1 sur 2b–2c(p-chaise)éq
et 2b–2c(p-chaise)axi dans les deux approches endo et exo.24

Nous avons aussi déterminé les états de transition correspon-
dant à l’addition du 1 sur 2b–2c(bateau)éq et 2b–2c(bateau)axi
dans les deux approches endo et exo. Les énergies corres-
pondantes sont reportées dans le tableau 7.

Comme le montre le tableau 7, dans chaque cas des réac-
tions A, B, C et D, la forme endo correspond à une énergie
d’activation inférieure à celle de la forme exo. Ce qui nous a
permis de dire que la forme endo est plus favorisée par rap-
port à la forme exo.

Nos résultats théoriques montrent que dans le cas de la ré-
action A, les formes endo donnent 4b–4ctrans(éq) qui sont ther-
modynamiquement plus stables que 4b–4ccis(éq) provenant
des formes exo. Ceci nous a permis de dire que 4b–4ctrans(éq)
sont les produits cinétique et thermodynamique de la réac-
tion A.

De la même manière, nous avons trouvé dans le cas de la
réaction C que les formes endo donnent 4b–4ctrans(éq) qui
sont plus stables de point de vue thermodynamique et cinétique

que 4b–4ccis(éq) provenant des formes exo. Par contre dans le
cas des réactions B et D, nous avons trouvé que les formes
endo donnent respectivement 4b–4ccis(axi) et 4b–4ccis(axi) qui
sont respectivement plus stables thermodynamiquement et
cinétiquement que 4b–4ctrans(axi) et 4b–4ctrans(axi) provenant
des formes exo.

La comparaison des profils énergétiques des réactions A
et B conduisant respectivement à 4btrans(éq) et 4bcis(éq) et à
4bcis(axi) et 4btrans(axi) est donnée sur la figure 8.

Nous avons comparé nos résultats avec d’autres études an-
térieures.23–27 Ces études ont été réalisées sur l’hydrogénation
des alcènes non cycliques tels que les molécules d’éthène et
de propène. Dans le cas d’hydrogénation de 2b–2c par 1,
lors de l’approche des réactifs, il y a des effets de gène sté-
rique qui apparaissent. Cette gène est différente selon la face
de l’alcène dont s’approche 1.

Nous avons comparé les longueurs des liaisons en forma-
tion; on constate que la liaison C1–H1 est plus courte que la
liaison C2–H2. Ces distances sont assez proches de celle trou-
vée par McKee et al. pour la réaction entre 1 et l’éthène23

(tableau 8).

Tableau 6. Les énergies (eV) de la LUMO et de la HOMO des
cyclohéxènes disubstitués.

B3LYP/6–31G* B3LYP/3–21G

LUMO HOMO LUMO HOMO
2b(p-chaise)éq 0,035 86 –0,224 91 0,035 73 –0,213 45
2b(p-chaise)axi 0,034 26 –0,224 19 0,035 61 –0,213 67
2c(p-chaise)éq 0,034 38 –0,224 23 0,035 67 –0,213 81
2c(p-chaise)axi 0,034 45 –0,224 61 0,035 53 –0,213 84
2b(bateau)éq 0,036 28 –0,216 89 0,036 34 –0,217 14
2b(bateau)axi 0,036 14 –0,221 43 0,035 25 –0,226 32
2c(bateau)éq 0,035 93 –0,223 15 0,035 73 –0,225 46
2c(bateau)axi 0,035 87 –0,223 36 0,035 79 –0,226 48

Fig. 7. Diagramme orbitalaire du 2,3-diméthylcyclohéxène
(2b(p-chaise)axi) et le (Z)-1,2-diazène (1). B3LYP/6–31G*.

Tableau 7. Énergies relatives E* (kcal mol–1) des
états de transition par rapport aux énergies des ré-
actifs (calculées avec la méthode DFT/B3LYP).

B3LYP
(6–31G*)

B3LYP
(3–21G)

Réaction A
1
2b(p-chaise)éq

3b*(p-chaise)éq (endo) 29,57 28,91
3b*(p-chaise)éq (exo) 33,02 32,75
2c(p-chaise)éq

3c*(p-chaise)éq (endo) 29,81 29,12
3c*(p-chaise)éq (exo) 32,97 32,81

Réaction B
1
2b(p-chaise)éq

3b*(p-chaise)éq (endo) 32,40 32,15
3b*(p-chaise)éq (exo) 33,41 33,21
2c(p-chaise)éq

3c*(p-chaise)éq (endo) 32,70 32,81
3c*(p-chaise)éq (exo) 33,91 33,95

Réaction C
1
2b(bateau)éq

3b*(bateau)éq (endo) 31,73 31,91
3b*(bateau)éq (exo) 32,47 32,86
2c(bateau)éq

3c*(bateau)éq (endo) 32,13 32,10
3c*(bateau)éq (exo) 33,75 33,57

Réaction D
1
2b(bateau)axi

3b*(bateau)axi (endo) 33,97 33,91
3b*(bateau)axi (exo) 34,12 34,06
2c(bateau)axi

3c*(bateau)axi (endo) 33,98 33,96
3c*(bateau)axi (exo) 34,57 34,42
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Fig. 8. Énergies relatives E* (kcal mol–1) des états de transition par rapport aux énergies des réactifs. B3LYP (6–31G*).
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Conclusion
Dans ce travail, nous avons réalisé une étude théorique

permettant de prévoir la stéréochimie et la réactivité des ré-
actions d’hydrogénation de 2a–2c par 1 et par 1’.

Les résultats de calculs théoriques par la méthode DFT
avec la fonctionnelle B3LYP et les bases standard 6–31G*
et 3–21G montrent que ces réactions sont possibles théori-
quement, et par conséquent elles sont favorisées thermody-
namiquement.

Les résultats montrent aussi que les conformères chaise
sont plus stables thermodynamiquement que les conformères
bateau. De plus, nous avons trouvé que les réactions entre
2a–2c et 1 sont plus réactives que les réactions entre 2a–2c
et 1’. Les calculs des états de transition montrent que les
produits cinétiques de la réaction d’hydrogénation sont les
conformères chaise 4a–4c, et en plus les stéréoisomères pro-
venant de la forme endo sont plus favorisés que les stéréoi-
somères provenant de la forme exo.
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3b*(p-chaise)éq (endo) 1,5612 1,5741 1,5670 1,5731
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Novel lariat calix[4]-1,3-aza-crowns with two
branched chains — The excellent phase transfer
catalysts for nucleophilic substitution reaction

Fafu Yang, Yanhua Wang, Hongyu Guo, Jianwei Xie, and Zhiqiang Liu

Abstract: By reacting calix[4]-1,3-diethoxylaminoethyl derivative (2) with phenyl isothiocyanate, novel dendritic calix[4]-
arene derivative (3) with two different branched chains was synthesized in a yield of 78%. By reacting compound 2 with
1,6-diisocyanatohexane or N,N’-bis(2-chloracetamide)ethylene in a ‘‘1 + 1’’ intermolecular addition mode, novel lariat
calix[4]-1,3-aza-crowns (4 and 5, respectively) with two branched ethoxyl chains were prepared in reasonable yields. The
composition, structures, and conformations of all new compounds were confirmed by elemental analyses, IR, ESI-MS,
1H NMR, and so forth. The liquid–liquid extraction experiments showed that all new hosts possessed good extraction abil-
ities towards soft and hard metal cations. The liquid membrane transport experiments suggested that they had good trans-
port abilities for K+ and Ag+. The experiments of phase transfer catalysis indicated that they possessed excellent catalytic
properties of aromatic nucleophilic substitution reaction and benzyl nucleophilic substitution. The optimum yields of prod-
ucts in catalytic reaction were as high as approximately 100%.

Key words: calix[4]crown, lariat, synthesis, liquid membrane transport, phase transfer catalysis.

Résumé : La réaction du dérivé 2 du calix[4]-1,3-diéthoxylaminoéthyle avec l’isothiocyanate d’éthyle a permis de réaliser
la synthèse, avec un rendement de 78 %, du nouveau dérivé dendritique du calix[4]arène portant deux chaı̂nes ramifiées
différentes. La réaction du composé 2 avec le 1,6-diisocyanatohexane ou le N,N’-bis(2-chloroacétamide)éthylène dans un
mode d’addition intermoléculaire « 1 + 1 », il est aussi possible de préparer avec des rendements raisonnables de nou-
veaux éthers lariats, des calix[4]-1,3-azacouronnes (4 et 5) portant des chaı̂nes ramifiées éthoxyles. La composition, les
structures et les conformations de tous les nouveaux produits ont été confirmées par analyse élémentaire, spectrométrie de
masse avec ionisation par électronébulisation (SM-IEN), RMN du 1H et autres. Des expériences d’extraction liquide–
liquide ont montré que toutes les nouvelles molécules hôtes possèdent de bonnes habilités pour l’extraction des cations mé-
talliques durs et mous. Des expériences de transport dans une membrane liquide suggère qu’elles possèdent de bonnes ha-
bilités pour le transport des ions K+ et Na+. Les expériences en catalyse de transfert de phase indiquent qu’elles possèdent
d’excellentes propriétés catalytiques dans les réactions de substitution nucléophile aromatique et de substitution nucléo-
phile benzylique. Les rendements optimaux de produits dans les réactions catalytiques vont jusqu’à environ 100 %.

Mots-clés : calix[4]couronne, lariat, synthèse, transport dans une membrane liquide, catalyse par transfert de phase.

[Traduit par la Rédaction]

Introduction

The importance of calixarenes in the family of host mac-
rocycles is now well-established.1–3 Since the first calix-
crown was reported in 1983,4 much research attention had
been paid to the synthesis of calixcrowns and the study of
their molecular and ion recognition to use them in the de-
sign of ion selective electrodes, liquid supported membranes
and catalyst, and so forth.5–7 All kinds of calixcrowns con-
taining only oxygen donor atoms were synthesized and ex-
hibited excellent recognition towards hard metal ions or
some soft metal ions, and calixcrowns containing heteroa-
toms such as aza and sulfur groups usually showed outstand-
ing complexation abilities for soft metal cations.8–17

In the field of crown ethers, it is well-known that the lar-
iat crown ethers with branched chains usually show out-
standing complexation abilities for guest due to the
coordinated recognition of crown ether chains and branched
chains. However, in the field of calixcrowns, although many
calixcrowns were reported, only Bitter and co-workers18,19

and Bond et al.20 reported several lariat calix[4]-aza-crowns
with one amino-branched chain. These lariat calix[4]-aza-
crowns exhibited excellent recognition properties due to the
favorable synergistic complexation18–19 but they were not
concerned with their phase catalytic properties. Thus, it is
interesting to study the syntheses and properties of novel lar-
iat calixcrowns with other functional groups and more
branched chains. In this paper, we report the syntheses of
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two novel lariat calix[4]-1,3-aza-crowns with two branched
ethoxyl chains and a novel dendritic calix[4]arene derivative
with two different branched chains. Also, their interesting
properties of metal ion extraction, liquid membrane trans-
port, and phase transfer catalysis were studied.

Results and discussion

Syntheses and characterization of products
The synthetic routes are shown in Scheme 1. 1,3-Broethoxyl-

calix[4]arene (1) was prepared according to the published
procedures.21 By refluxing compound 1 with excess ethanol-
amine (molar ratio = 1:10) in K2CO3/MeCN for 48 h, the
calix[4]-1,3-diethoxylaminoethyl derivative (2) was obtained
in a yield of 73% after recrystallization in CH3OH/H2O. By
further reacting compound 2 with phenyl isothiocyanate
under room temperature, novel dendritic calix[4]arene deriva-
tive (3) with two different branched chains was obtained in a
yield of 78% after recrystallization in CHCl3/petroleum ether
(60*90 8C). On the other hand, by refluxing compound 2
with 1,6-diisocyanatohexane in high diluted CHCl3 solution
over night, novel lariat calix[4]-1,3-aza-crown (4) with two
branched ethoxyl chains was prepared with a yield of 62%
in a ‘‘1 + 1’’ addition mode after recrystallization in CHCl3/
petroleum ether (60*90 8C). Also, by refluxing compound 2
with N,N’-bis(2-chloracetamide)ethylene in K2CO3/MeCN for
72 h, novel lariat calix[4]-1,3-aza-crown (5) with two
branched ethoxyl chains was obtained in a yield of 42% in a
‘‘1 + 1’’ condensation mode after column chromatography. In

this condensation reaction, no catalyst, such as KI, was added
to avoid the reaction of N,N’-bis(2-chloracetamide)ethylene
with the phenolic hydroxyl groups of compound 2. Moreover,
to test the reaction activity of phenolic hydroxyl groups of
compound 2 in this reaction, compound 1 was refluxed with
N,N’-bis(2-chloracetamide)ethylene with the same reaction
conditions, but no materials took part in the reaction in 72 h
(if KI was added, materials took part in reaction). This result
certainly suggested that it was not the phenolic hydroxyl
groups but the amino groups of compound 2 taking part in
the condensation reaction as showed in Scheme 1. To the
best of our knowledge, compound 3 was the novel dendritic
calix[4]arene derivative with two different branched chains,
and compounds 4 and 5 were the first examples of lariat
calix[4]-1,3-aza-crowns with two branched ethoxyl chains.

All new compounds were tested by elemental analyses,
IR, ESI-MS, and 1H NMR spectra. The ESI-MS spectra of
compounds 2, 3, 4, and 5 clearly showed molecular ion
peaks (M+, MH+, or MNa+) at 824.0, 1116.0, 990.3, and
985.8, respectively. In the 1H NMR spectra, all of the com-
pounds showed two singlets (1:1) for the tert-butyl groups
and one pair of doublets (1:1) for the methylene bridges of
the calix[4]arene skeleton. Comparing with the similar 1H
NMR spectra of the other calix[4]arene 1,3-bisubstituted or
1,3-bridged derivatives in cone conformation,8–11 all these
1H NMR spectra data of the new compounds 2–5 were in
accordance with the assigned structures and indicated that
the calix[4]arene units adopted cone conformation as shown
in Scheme1.

Scheme 1. Synthetic routes for compounds 2, 3, 4, and 5.
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Liquid–liquid extraction for metal cations
The complexation abilities of compounds 2, 3, 4, and 5

towards a series of metal cations were studied by two-phase
extraction experiments (H2O/CHCl3) of metal cation picrate
salts. The results were summarized in Fig. 1. Compounds 2,
3, 4, and 5 exhibited good extraction abilities for both soft
and hard metal cations. These results were in accordance
with the ‘‘soft and hard acids and bases’’ concept, i.e.,
amino groups and hydroxyl groups were favorable for bind-
ing soft and hard metal cations, respectively. It is worthy to
note that the extraction percentage of compound 2 for Zn2+

and Hg2+ were as high as 100%. On the other hand, hosts 4
and 5 showed lower extraction percentages but higher
extraction selectivities than that of hosts 2 and 3. For exam-
ple, the extraction selectivity of host 4 for Hg2+/Ag+ was
6.75 (extraction percentage of Hg2+/extraction percentage of
Ag+ = 50.6/7.5). These extraction results might suggest that
the crown structures of compounds 4 and 5 were more fa-
vorable for producing the complexation selectivity than that
of the open-chain structures of compounds 2 and 3.

Liquid membrane transport for K+, Zn2+, and Ag+

To investigate the potential application of new hosts 2, 3,
4, and 5, they were studied by liquid membrane transport
experiments. Based on the extraction experiments, the K+,
Zn2+, and Ag+ were chosen as representative usual metal
cations of hard and soft cations, and representative extrac-
tion abilities with variational extraction percentages (from
10% to 100%) in extraction experiments. The fluorinion
was chosen as the anion of these metal salts because F–

plays an important role in the nucleophilic substitution reac-
tion of preparing fluorine compounds. The transport results
were summarized in Table 1. It could be seen that the salt
concentration in the receiving phase increased with prolong-
ing the running times. It was interesting that hosts 2, 3, 4,
and 5 possessed transport abilities for cations in the similar
order of K+ & Ag+ > Zn2+. For example, in compound 5,
the salts concentrations in the receiving phase of K+ and
Ag+ in 20 h were 8.9 � 10–3 mol/L and 7.8 � 10–3 mol/L,
respectively. However, the salt concentration of Zn2+ was as
low as 4.3 � 10–3 mol/L under the same transport condi-
tions. On the other hand, hosts 4 and 5 showed far higher
transport amounts than that of hosts 2 and 3 in the running
times over 20 h. For example, the concentrations of K+ in
the receiving phase using hosts 4 and 5 as carriers in 20 h
were 6.8 � 10–3 mol/L and 8.9 � 10–3 mol/L, respectively.
However, the concentrations of K+ in jthe receiving phase
using hosts 2 and 3 were as low as 1.8 � 10–3 mol/L and
1.7 � 10–3 mol/L, respectively, under the same transport
conditions. These results of liquid membrane transport were
utterly different from the results of two phase extraction ex-
periments. It was known that the liquid membrane transport
ability relied on the balance of the complexation ability of
the host for guest and the decomplexing ability of the com-
plexes.22,23 These results of liquid membrane transport might
suggest that complex 2M+(and 2M2+, 3M+, 3M2+) possessed
stronger stabilities and lower decomplexing abilities in com-
parison with the corresponding complexes with hosts 4 and
5. Thus, although the two phase extraction abilities of hosts
4 and 5 were lower than that of hosts 2 and 3, the lower
stabilities of the complexes with 4 and 5 led to higher de-

complexing abilities and then higher speeds of liquid mem-
brane transport than that of 2 and 3.

The phase transfer catalysis of the nucleophilic
substitution reaction

Based on the experiment results of liquid membrane
transport, the phase transfer catalytic properties of aromatic
nucleophilic substitution reactions were studied. Aromatic
fluorine compounds have important applications in insectici-
dal and refined chemicals.24 The replacement of aromatic Cl
by F in nucleophilic substitution reactions was chosen as a
reaction system to evaluate the phase transfer catalytic abil-
ities of new hosts 2, 3, 4, and 5. The experiment results are
shown in Table 2. It can be seen that the yield of the prod-
uct was as low as 8.5% when the reaction was performed
without a catalyst (Table 2, entry 1). As catalysts were
added, the yields greatly increased. Under the same reaction
conditions, hosts 4 and 5 showed higher catalytic activity
than that of hosts 2 and 3 (Table 2, entries 2–5). These re-
sults were in accordance with the results of the liquid mem-
brane transport experiment. Using AgF instead of KF, hosts
4 and 5 still keep the high catalytic activity, although the
yields of the product decreased a little (Table 2, entries 6–7).
On the other hand, the yields of the products were over 90%
when the reaction time was prolonged to 24 h and 36 h
(Table 2, entries 8–11). Also, p-nitrochlorobenzene, having
an electron withdrawing group (1,2-dichloro-4-nitrobenzene
or 2,4-dinitrochlorobenzene), offered higher yields (Table 2,
entries 12–13), which were attributed to the favorable influ-
ence of the electron withdrawing group for an aromatic nucle-
ophilic substitution reaction. The yields were as high as 100%
when using 2,4-dinitrochlorobenzene as material.

Also, the replacement of aliphatic Cl by a nitrile group in
a benzyl nucleophilic reaction was studied by using new
hosts 2, 3, 4, and 5 as phase transfer catalysts. The experi-
ment results are shown in Table 3, which are similar to the
results in Table 2. The yields of products were greatly in-
creased from 6.4% to approximately 90% when catalysts
were added. Although hosts 4 and 5 showed higher catalytic
activities than that of hosts 2 and 3, the differences in yields
were not remarkable. The yields were as high as almost

Fig. 1. Percentage extraction (%) of 2, 3, 4, and 5 towards picrate
salts.
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100% when the reaction time was prolonged to 24 h. All
these catalytic results in Table 2 and Table 3 indicate that
novel lariat calix[4]-1,3-aza-crowns (4 and 5) are excellent
phase transfer catalysts for nucleophilic substitution reactions.

Conclusion

Novel dendritic calix[4]arene derivative (3) with two dif-
ferent branched chains was prepared by reacting calix[4]-
1,3-diethoxylaminoethyl derivative (2) with phenyl isothio-
cyanate. Novel lariat calix[4]-1,3-aza-crowns (4 and 5) with
two branched ethoxyl chains were prepared by reacting
compound 2 with 1,6-diisocyanatohexane or N,N’-bis(2-
chloracetamide)ethylene in a ‘‘1 + 1’’ intermolecular addi-
tion mode. The composition, structures, and conformations
of all new compounds were confirmed by elemental analy-
ses, IR, ESI-MS, 1H NMR, and so forth. The liquid–liquid
extraction experiment showed that all new hosts possessed
good complexation abilities towards soft metal cations and
hard metal cations. The liquid membrane transport experi-
ments suggested that they had good transport abilities for
both K+ and Ag+. The experiments of phase transfer cataly-

sis exhibited that they possessed excellent catalytic proper-
ties of aromatic nucleophilic substitution reaction and
benzyl nucleophilic substitution. The yields of products in
catalytic reaction were as high as approximately 100%.

Experimental section

Instruments
Melting points are uncorrected. 1H NMR spectra were re-

corded in CDCl3 on a Bruker-ARX 500 instrument, using
TMS as a reference. ESI-MS spectra were obtained from a
DECAX-30000 LCQ Deca XP mass spectrometer in MeCN,
setting the ESI capillary at 3.5 kV and the cone voltage at
40 V. Elemental analyses were performed at a Vario EL III
elemental analyzer. The UV–vis measurements were per-
formed on a Varian UV–vis spectrometer. The gas chroma-
tography was performed on a Varian 450-GC/240-MS
instrument. Atomic absorption was measured on a WFX-II
spectrograph. All solvents were purified by standard proce-
dures. 1,3-Broethoxyl-calix[4]arene (1) was prepared accord-
ing to the published procedures.21 The picrate salts were
prepared according to literature.25,26

Table 1. Salts concentrations (in the receiving phase) change with running times for different carriers in cation transport.

K+(10–3 mol/L) Zn2+(10–3 mol/L) Ag+(10–3 mol/L)

Carriersa 2 h 5 h 10 h 20 h 2 h 5 h 10 h 20 h 2 h 5 h 10 h 20 h
2 0.5 1.1 1.5 1.8 0.2 0.6 0.9 1.1 0.4 1.0 1.6 1.9
3 0.4 0.8 1.4 1.7 0.5 1.0 1.4 1.6 0.4 0.9 1.5 1.7
4 2.3 4.5 5.8 6.3 1.4 3.1 4.5 5.5 2.0 4.1 5.3 6.5
5 3.0 5.6 7.2 8.9 0.8 1.8 3.2 4.3 2.6 4.9 6.6 7.8

Note: The source aqueous solution: 0.05 mol/L of each salt.
aMembrane: 5.0 � 10–4 mol/L carrier in CHCl3. For a blank experiment, no transport rate was detected in the absence of carriers during more than

12 h of continuous running.

Table 2. Catalytic investigation of compounds 2, 3, 4, and 5 in
aromatic nucleophilic reactions.

Entry R M+ Catalyst Run time (h) Yield (%)
1 H K+ None 12 8.5
2 H K+ 2 12 72.5
3 H K+ 3 12 79.3
4 H K+ 4 12 88.2
5 H K+ 5 12 90.5
6 H Ag+ 4 12 86.4
7 H Ag+ 5 12 88.6
8 H K+ 4 24 94.3
9 H K+ 5 24 96.7
10 H K+ 4 36 97.8
11 H K+ 5 36 98.2
12 Cl K+ 5 24 98.8
13 NO2 K+ 5 24 99.2

Note: Reaction conditions: p-nitrochlorobenzene or its derivatives
(5 mmol), potassium fluoride or silver fluoride (10 mmol), catalyst
(3.0 mol%), DMSO as solvent (12 mL), reaction temperature (40 8C).

Table 3. Catalytic investigation of compounds 2, 3, 4,
and 5 in benzyl nucleophilic substitution.

Entry R Catalyst Run time (h) Yield (%)
1 H None 12 6.4
2 H 2 12 84.2
3 H 3 12 88.5
4 H 4 12 93.6
5 H 5 12 97.4
6 H 4 24 98.6
7 H 5 24 98.9
8 CH3 4 12 92.1
9 CH3 5 12 88.4
10 CH3 4 24 98.5
11 CH3 5 24 98.2

Note: Reaction conditions: benzyl chloride or p-methylbenzyl
chloride (5 mmol), potassium cyanide (10 mmol), catalyst
(3.0 mol%), DMSO as solvent (12 mL), reaction temperature
(40 8C).
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Syntheses of calix[4]-1,3-diethoxylaminoethyl derivative (2)
Under N2 atmosphere, a mixture of compound 1 (0.430 g,

0.5 mmol), ethanolamine (0.30 mL, 5 mmol), and K2CO3
(0.280 g, 2 mmol) was stirred in refluxing dry acetonitrile
(30 mL) for 48 h. Thin layer chromatography (TLC) detec-
tion showed the disappearance of compound 1. After distill-
ing off the solvent under reduced pressure, the residue was
treated with 30 mL HCl (10%) and a white precipitate sepa-
rated out. The precipitate was filtered and recrystallized by
MeOH/H2O. Compound 2 was obtained as a white powder
in a yield of 73%; mp 204–206 8C. IR (KBr, cm–1) n: 3421
(OH and NH). 1H NMR (CDCl3, 500 MHz) d: 0.97 (s, 18H,
C(CH3)3), 1.23 (s, 18H, C(CH3)3), 3.28 (bs, 8H, ArCH2Ar
and OCH2), 3.49*3.53 (bs, 8H, NH2 and OCH2),
3.88*3.92 (bs, 4H, NCH2), 4.16 (s, 4H, OH and NH), 4.24
(d, 4H, J = 13.5 Hz, ArCH2Ar), 6.85 (s, 4H, ArH), 7.01 (s,
4H, ArH), 7.24 (s, 2H, ArOH). ESI-MS m/z (%): 824.0
(MH+, 100). Anal. calcd. for C52H74N2O6: C 75.87, H 9.06,
N 3.40; found: C 75.77, H 9.15, N 3.29.

Synthesis of novel dendritic calix[4]arene derivative (3)
A mixture of compound 2 (0.205 g, 0.25 mmol) and phe-

nyl isothiocyanate (0.3 mL, 2 mmol) was stirred in 10 mL
CHCl3 for 4 h under room temperature. TLC detection indi-
cated the disappearance of compound 2. The solvent was re-
moved under reduced pressure at room temperature. The
residue was treated with 10 mL petroleum ether
(60*90 8C) and a white precipitate separated out. The pre-
cipitate was filtered and recrystallized by CHCl3/petroleum
ether (60*90 8C). Compound 3 was obtained as a white
powder in a yield of 78%; mp 213–216 8C. IR (KBr, cm–1)
n: 1239 (C=S). 1H NMR (500 MHz, CDCl3) d: 0.95 (s, 18H,
C(CH3)3), 1.21 (s, 18H, C(CH3)3), 3.22 (t, 4H, OCH2), 3.38
(d, 4H, J = 14.5 Hz, ArCH2Ar), 3.57 (t, 4H, OCH2), 3.82 (t,
4H, NCH2), 3.96*4.01 (m, 4H, NCH2), 4.28 (d, 4H, J =
14.5 Hz, ArCH2Ar), 6.79 (s, 2H, ArH), 6.96 (d, 4H, J =
7.5 Hz, ArH), 7.15 (s, 4H, ArH), 7.32 (m, 8H, ArH), 7.18,
7.40, 9.48 (s, each, 2H, each, OH and NH). MS m/z (%):
1116.0 (MNa+, 100). Anal. calcd. for C66H84N4S2O6: C
72.50, H 7.74, N 5.12; found: C 72.33, H 7.83, N 5.01.

Synthesis of novel lariat calix[4]-1,3-aza-crown (4)
A mixture of compound 2 (0.205 g, 0.25 mmol) and 1,6-

diisocyanatohexane (0.048 mL, 0.3 mmol) was refluxed in
100 mL CHCl3 for 12 h. TLC detection indicated the disap-
pearance of compound 2. The solvent was removed under

reduced pressure. The residue was treated with 10 mL petro-
leum ether (60 8C*90 8C) and a white precipitate separated
out. The precipitate was filtered and recrystallized by
CHCl3/petroleum ether (60*90 8C). Compound 4 was ob-
tained as a white powder in a yield of 62%; mp 232–
234 8C. IR (KBr, cm–1) n: 1703 (C=O). 1H NMR (CDCl3,
500 MHz) d: 0.90 (s, 18H, C(CH3)3), 1.31 (s, 18H,
C(CH3)3), 1.42 (bs, 4H, CH2), 1.86 (bs, 4H, CH2),
3.16*3.30 (m, 8H, NCH2 and OCH2), 3.32 (d, 4H, J =
12.5 Hz, ArCH2Ar), 3.49*4.11 (m, 12H, NH2 and OCH2),
4.18 (d, 4H, J = 12.5 Hz, ArCH2Ar), 4.90, 6.34, 6.54 (s,
each, 2H, each, OH and NH), 6.66 (s, 4H, ArH), 7.08 (s,
4H, ArH). ESI-MS m/z (%): 990.3 (M+, 100). Anal. calcd.
for C60H86N4O8: C 72.69, H 8.74, N 5.65; found: C 72.58,
H 8.82, N 5.55.

Synthesis of novel lariat calix[4]-1,3-aza-crown (5)
Under N2 atmosphere, a mixture of compound 2 (0.205 g,

0.25 mmol), N,N’-bis(2-chloracetamide)ethylene (0.064 g,
0.3 mmol), and K2CO3 (0.280 g, 2 mmol) was stirred in re-
fluxing dry acetonitrile (30 mL) for 72 h. The TLC detec-
tion indicated the disappearance of compound 2. After
distilling off the solvent under reduced pressure, the residue
was purified by column chromatography (50 cm � 3 cm,
SiO2 100–200 mesh, acetone/CH2Cl2 (3:2, v/v) as eluant,
500 mL). Compound 5 was then obtained as a white powder
in a yield of 42%; mp 241–244 8C. IR (KBr, cm–1) n: 1653
(C=O). 1H NMR (CDCl3, 500 MHz) d: 0.89 (s, 18H,
C(CH3)3), 1.30 (s, 18H, C(CH3)3), 3.26*3.36 (m, 12H,
ArCH2Ar, NCH2, and OCH2), 3.65*4.06 (m, 8H, NH2 and
OCH2), 4.12 (d, 4H, J = 12.5 Hz, ArCH2Ar), 4.14*4.33 (m,
8H, OCH2CO and NCH2), 6.61 (s, 4H, ArH), 7.08 (s, 4H,
ArH), 6.82, 7.01, 8.52 (s, each, 2H, each, OH and NH).
ESI-MS m/z (%): 985.8 (MNa+, 100). Anal. calcd. for
C58H82N4O8: C 72.31, H 8.58, N 5.81; found: C 72.21, H
8.66, N 5.70.

Procedures for two phase extraction experiments of
metallic picrates

According to the reported method,25 3 mL of chloroform
solution containing calixarene derivatives (2.0 � 10–5 mol/L)
and 3 mL of aqueous solution containing metallic picrate
(2.0 � 10–5 mol/L) were placed in a flask (Caution: metallic
picrates are hazardous materials; avoid fire, extrusion, high
temperature, and so forth). The pH of 6.9*7.1 of these
aqueous solutions suggests that little hydrolysis happened.
The mixture was shaken for 5 min and stored for 2 h at
room temperature. The extraction ability was not affected
by further shaking, indicating that the equilibrium had been
attained within 2 h. The aqueous phase was separated and
subjected to the analysis by UV absorption spectrometry in
near 357 nm. The extracting percentage (E%) was deter-
mined by the decrease of the picrate concentration in the
aqueous phase, E% = {([Pic]blank – [Pic]water)/[Pic]blank} �
100, where [Pic]blank denoted the picrate concentrations in
the aqueous phase after extraction with pure chloroform,
and [Pic]water denoted the picrate concentrations in the aque-
ous phase after extraction with chloroform solution contain-
ing calixarene derivatives as extractants. The average of the
twice-independent experiments was carried out. Control ex-

Fig. 2. Liquid membrane cell: (1) source phase, (2) receiving
phase, (3) membrane phase, and (4) magnetic stirring bar.

626 Can. J. Chem. Vol. 88, 2010

Published by NRC Research Press

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

U
ni

ve
rs

ity
 o

f 
E

le
ct

ro
ni

c 
an

d 
Sc

ie
nc

e 
T

ec
ho

no
lo

gy
 o

f 
C

hi
na

 o
n 

09
/1

7/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



periments showed that no picrate extraction occurred in the
absence of the calixarene derivatives.

Procedures for metal ion transport experiments
According to the reported method,27 liquid membrane

transport experiments were conducted using the bulk liquid
membrane apparatus presented in Fig. 2. The membrane
phase was the CHCl3 solution of new host with a concentra-
tion of 5.0 � 10–4 mol/L. The membrane phase (25.0 mL)
was added to the bottom of the vessel and stirred magneti-
cally at 200 rpm. An aqueous salt solution (15 mL) with a
concentration of 0.05 mol/L (source phase, fluorides) and
15 mL of doubly distilled deionized water (receiving phase)
were poured on top of the organic phase. The two water
phases were separated by a cylindrical glass cell holding a
glass tube. The interface between the membrane phase and
the source phase (or the receiving phase) was 7.5 cm2. The
measurements were performed at a constant temperature of
25 8C. The concentration of salt in the receiving phase was
determined by atomic absorption spectrography. The pH
value of the source phase and receiving phase changed in
the scope of 6.9*7.2, which indicated that little hydrolysis
happened in the metal ion transport experiments. Blank ex-
periment showed that no transport was detected in the ab-
sence of host during more than 12 h of continuous running.
Each experiment was repeated three times. The cation con-
centration in the receiving phase was reported as the mean
of the determination and the relative standard deviation
from the mean was less than 5%.

The procedures of phase transfer catalysis of a
nucleophilic substitution reaction

A typical nucleophilic substitution reaction was conducted
by mixing reactant (5 mmol) and corresponding inorganic
salt (10 mmol) in 12 mL of DMSO. The catalyst (3.0 mol%)
was added and the reaction was stirred (800 rpm) for a stipu-
lated time period (Table 2 and Table 3) at 40 8C. The yields
of product were analyzed by gas chromatography (Varian
450-GC/240-MS).
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(9) Oueslati, I.; Thuéry, P.; Shkurenko, O.; Suwinska, K.; Har-
rowfield, J.; Abidi, R.; Vicens, J. Tetrahedron 2007, 63 (1),
62. doi:10.1016/j.tet.2006.10.047.

(10) He, Y.; Xiao, Y.; Meng, L.; Zeng, Z.; Wu, X.; Wu, C. T.
Tetrahedron Lett. 2002, 43 (35), 6249. doi:10.1016/S0040-
4039(02)01322-9.

(11) Yang, Y.; Cao, X.; Surowiec, M.; Bartsch, R. A. Tetrahe-
dron 2010, 66 (2), 447. doi:10.1016/j.tet.2009.11.058.

(12) Surowiec, M.; Custelcean, R.; Surowiec, K.; Bartsch, R. Tet-
rahedron 2009, 65 (37), 7777. doi:10.1016/j.tet.2009.07.006.

(13) Yang, F. F.; Chen, Y. Y. Eur. J. Org. Chem. 2001, 2001 (2),
365. doi:10.1002/1099-0690(200101)2001:2<365::AID-
EJOC365>3.0.CO;2-N.

(14) Yang, F. F.; Chen, Y. Y. Supramol. Chem. 2001, 12 (4),
445. doi:10.1080/10610270108027476.

(15) Yang, F. F.; Chen, X. L.; Guo, H. Y.; Cai, X. Q.; Lin, S.
Synth. Commun. 2004, 34 (19), 3513. doi:10.1081/SCC-
200030980.

(16) Yang, F. F.; Huang, C. Y.; Guo, H. Y.; Lin, J. R.; Peng, Q.
J. Incl. Phenom. Macrocycl. Chem. 2007, 58 (1–2), 169.
doi:10.1007/s10847-006-9139-5.

(17) Yang, F.; Wang, Y.; Hong, B.; Chai, X. J. Incl. Phenom.
Macrocycl. Chem. 2009, 64 (1–2), 67. doi:10.1007/s10847-
009-9537-6.
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Synthesis and biological evaluation of acyclic
nucleotide analogues with a furo[2,3-d]pyrimidin-
2(3H)-one base

Zlatko Janeba, Antonı́n Holý, Radek Pohl, Robert Snoeck, Graciela Andrei,
Erik De Clercq, and Jan Balzarini

Abstract: As a part of a broader structure–activity relationship (SAR) study of bicyclic nucleoside analogues (BCNAs)
[anti-varicella-zoster virus (anti-VZV) and anti-human cytomegalovirus (anti-HCMV) agents], a novel series of 2-(phosphono-
methoxy)ethyl (PME) substituted furo[2,3-d]pyrimidin-2(3H)-ones was synthesized. The target acyclic nucleotide analogues
were prepared by Sonogashira coupling of protected 5-iodo-1-[2-(phosphonomethoxy)ethyl]uracil with various 1-alkynes,
followed by in situ Cu(I)-promoted intramolecular cyclization and standard removal of the isopropyl ester groups. None
of the prepared PME analogues were active at subtoxic concentrations against VZV thymidine kinase competent (TK+),
VZV thymidine kinase deficient (TK–), HCMV, or any other viruses tested.

Key words: Sonogashira reaction, intramolecular cyclization, acyclic nucleotide analogues, phosphonates, bicyclic nucleo-
side analogues (BCNAs).

Résumé : Dans le cadre d’une large étude des analogues bicycliques de nucléotides (ABCN) [des agents actifs contre le virus
de varicelle-zoster (anti-VVZ) et contre le cytomégalovirus humain (anti-CMVH)], on a réalisé la synthèse d’une nouvelle sé-
rie de furo[2,3-d]pyrimidin-2(3H)-ones portant un substituant 2-(phosphonométhoxy)éthyle (PME). On a préparé les analogues
acycliques de nucléotides voulus par un couplage de Sonogashira du 5-iodo-1-[2-(phosphonométhoxy)éthyl]uracile avec divers
1-alcynes, suivi d’une cyclisation in situ intramoléculaire, catalysée par du Cu(I), et finalement d’une élimination standard
des groupes esters isopropyles. Aucun des analogues PME n’est actif, à des concentrations sous-toxiques, contre le contre le
virus de varicelle-zoster (anti-VVZ), contre le cytomégalovirus humain (anti-CMVH) ou contre tout autre virus testé.

Mots-clés : réaction de Sonogashira, cyclysation intramoléculaire, analogues acycliques de nucléotide (ABCN), phosphonate.

[Traduit par la Rédaction]

Introduction
Antiviral drugs currently belong to the most widely used

medications. The majority of them now available are de-
signed to help deal with infections caused by herpes simplex
virus (HSV), human immunodeficiency virus (HIV), hepatitis
B virus (HBV), hepatitis C virus (HCV), and cytomegalovirus
(CMV). Prominent among the antiviral drugs are nucleoside
and nucleotide analogues, mainly for their ability to inhibit
viral DNA polymerases and reverse transcriptases. Nowadays,
research of nucleic acid components steadily continues to pro-
vide new compounds with interesting biological activities and
high potential in the management of viral infections.

While studying 5-substituted pyrimidines as potential
inhibitors of thymidylate synthase and thus prospective anti-
viral agents, 6-n-butyl-3-methylfuro[2,3-d]pyrimidin-2(3H)-
one was reported by Robins and Barr1 in 1981 as a byproduct
(9% yield) of Sonogashira cross-coupling of 5-iodo-1-
methyluracil with 1-hexyne. The same compound was formed

in 92% yield by treatment of 5-hexynyl-1-methyluracil with
CuI in refluxing triethylamine/methanol mixture.1 Two years
later, the same authors described the preparation of the
6-n-butylfuro[2,3-d]pyrimidin-2(3H)-one 2’-deoxynucleoside
analogue.2

Two decades later, the remarkably potent and selective ac-
tivity against varicella-zoster virus (VZV) was discovered
with furo[2,3-d]pyrimidin-2(3H)-one 2’-deoxynucleoside ana-
logues with longer alkyl chains at the C-6 position (e.g., com-
pound 1, Fig. 1).3 Subsequent extensive structure–activity
relationship (SAR) studies of these bicyclic nucleoside ana-
logues (BCNAs) followed4 and identified compound Cf 1743
(compound 3, Fig. 1) as one of the most potent antiviral
agents that have ever been reported.5 Its promising prodrug
FV100 (5’-valine ester of Cf 1743) is currently in phase II of
clinical development against herpes zoster (shingles).6

While SAR studies4 of BCNAs showed that some struc-
tural modifications of the furo[2,3-d]pyrimidin-2(3H)-one
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2010.
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base or the substituent at the C-6 position are tolerated,
sugar modifications of BCNAs are not acceptable for main-
taining potent anti-VZV activity. Thus, while 2’-deoxyribo-
sides are potent and selective anti-VZV agents, their ribo-
and arabino-analogues are significantly less active.4 Further-
more, 2’,3’-dideoxy analogues (e.g., compound 2, Fig. 1)7

and N-3 alkyl derivatives8 showed poor activity against
VZV but they surprisingly exhibited activity against human
cytomegalovirus (HCMV). Replacement of the sugar at the
N-3 position by the (2-hydroxyethoxy)methyl group (present
in the antiherpes drug acyclovir) afforded compounds (e.g.,
compound 4, Fig. 1) with weak activity against both VZV
and HCMV.9

Although not sufficient as a requirement, phosphorylation of
the furo[2,3-d]pyrimidin-2(3H)-one nucleoside analogues by
the VZV thymidine kinase (TK) is a prerequisite for their
eventual anti-VZV activity.4,10 This fact is supported by the
complete absence of antiviral activity of BCNAs in the thymi-
dine kinase deficient VZV TK– assays. Thus, the anti-VZV ac-
tivity of 2’-deoxyriboside BCNAs follows the activation
pathway characteristic for thymidine nucleosides (nucleoside
mechanism mode of action). On the other hand, BCNAs with
modified sugar moiety that inhibit HCMV replication do so by
a non-nucleoside mechanism of action, at an early stage of the
viral life cycle, possibly affecting viral entry into the cells.10

In 1986, De Clercq et al.11 described broad spectrum antivi-
ral activity of (S)-9-(3-hydroxy-2-phosphonomethoxy)propyla-
denine (HPMPA) and 9-(2-phosphonomethoxy)ethyladenine
(PMEA), compounds belonging to a group of acyclic nu-
cleoside phosphonates (ANPs). ANPs possess a phosphonate
group attached to the acyclic moiety of the nucleoside
through a stable P–C bond so they are resistant towards deg-
radation by cellular enzymes. Due to ‘‘by-passing’’ of the
first phosphorylating step, a number of ANPs proved to be
active against a broad range of DNA viruses and retrovi-
ruses, and during the course of some 30 years, they have be-
come a key class of antiviral agents.12

To further elucidate the mechanism of antiviral action of
BCNAs, which still remains unclear, we decided to synthe-
size a novel series of 2-(phosphonomethoxy)ethyl (PME)
furo[2,3-d]pyrimidin-2(3H)-ones,13 stable analogues of nucleo-
tides that by-pass the first phosphorylation step. It is the first
time that a combination of the furo[2,3-d]pyrimidin-2(3H)-one
base and the acyclic nucleoside phosphonate moiety is re-
ported.

Results and discussion

Chemistry
The furo[2,3-d]pyrimidin-2(3H)-one nucleoside analogues

are usually prepared by the Sonogashira coupling of various
alkynes with 5-iodouracils, followed by Cu(I)-promoted in-
tramolecular cyclization.1–3 This procedure, with some mod-
ifications and optimization, was applied in the present work.

Recently, 5-bromouracil derivative was used to modify 1-
[2-(phosphonomethoxy)ethyl]uracil (PMEU) analogues in the
C-5 position of the uracil moiety via Pd-catalysed Suzuki–
Miyaura coupling.14 No record of the protected 5-iodo-1-[2-
(phosphonomethoxy)ethyl]uracil intermediate was found in
the literature even though the 5-iodouracil compounds could
be expected to be more reactive toward cross-coupling reac-
tions compared to their 5-bromouracil counterparts. Thus, we
decided to prepare the novel 5-iodouracil analogue as a suit-
able starting material for subsequent syntheses.

Starting PMEU compound 5 was prepared by a previously
described procedure:15 reaction of 4-methoxypyrimidin-2(1H)-
one16 with diisopropyl [(2-chloroethoxy)methyl]phosphonate17

in the presence of sodium hydride followed by hydrolysis in
aqueous methanol using Dowex 50 (H+ form). A much im-
proved yield was obtained during the alkylation step (79%)
compared to the original procedure (49%).15 The major differ-
ence in our procedure seems to be neutralization of the reac-
tion mixture before the work-up (evaporation of solvents) to
avoid possible product decomposition, since a slight excess of
NaH is used for the alkylation reaction.

The desired 5-iodouracil derivative (6) was prepared by
the reaction of compound 5 with iodine and ammonium cer-
ium(IV)nitrate (CAN) in refluxing acetonitrile (Scheme 1).18

This reactive intermediate can be conveniently prepared as a
white product by recrystallization in 90% yield. Treatment
of compound 6 with bromo(trimethyl)silane in a mixture of
acetonitrile/2,6-lutidine (*5:1) afforded the free phosphonic
acid (7). The presence of the sterically hindered mild base
2,6-lutidine is required to neutralize forming HBr and thus
prevent exchange of iodine atom in the C-5 position for bro-
mine or proton during the reaction and (or) its work-up.

Furo[2,3-d]pyrimidin-2(3H)-ones (10) were prepared in
moderate to high yields (50%–90% isolated yields for two
in situ steps) by the Sonogashira coupling of various terminal
alkynes (8) with 5-iodouracil derivative (6), followed by in
situ Cu(I)-promoted intramolecular cyclization (Scheme 1).

Fig. 1. Bicyclic nucleoside analogues.
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The lower yields can be attributed to difficult crystallization/
precipitation of highly lipophilic compounds (10). Neverthe-
less, the purity of diesters (10) proved to be very important
to ultimately obtain the pure final products (11). Also, ex-
traction of the reaction mixture with aqueous EDTA solution
during the work-up is necessary to get pure diesters (10)
with matching elemental analyses since phosphonates
strongly bind metal ions. Finally, the free phosphonic acids
(11) were prepared by standard treatment of compounds 10
with bromo(trimethyl)silane in acetonitrile followed by hy-
drolysis.

Similarly, as during the BCNAs synthesis,1–3 5-alkynyl in-
termediates (9) were not isolated. Formation of compounds
9 and their conversion to fluorescent bicyclic products (10)
was monitored by thin-layer chromatography (TLC). There
were often fluorescent and nonfluorescent byproducts ob-
served, so we tried to optimize the reaction conditions. The
best yields of compounds 10 were obtained by the addition
of fresh CuI (0.5 equiv.) and by increasing the reaction tem-
perature from 50–90 8C after the starting compound 6 was
completely consumed (TLC, *1 h).

In spite of the fact that Sonogashira coupling and in situ
cyclization is a very practical procedure, which gives high
overall yields of furo[2,3-d]pyrimidin-2(3H)-ones (10), we
decided to prepare, isolate, and fully characterize one of the
intermediate 5-alkynyluracils and use it as pure starting com-
pound in the next cyclization step. Thus, coupling of the 5-
iodouracil derivative (6) with 1.3 equiv. of 1-hexyne (8b)
under standard Sonogashira coupling conditions (Pd(Ph3P)4,
CuI, Et3N, DMF, 50 8C, 2 h) afforded the 5-hexynyluracil
derivative (9b) in 82% yield (Scheme 1). Fluorescent by-
product was clearly visible on the TLC plate and the corre-
sponding 6-butylfuro[2,3-d]pyrimidin-2(3H)-one (10b) was
isolated from the reaction mixture in 2% yield.

Treatment of the 5-hexynyluracil derivative (9b) with CuI
(1 equiv.) in a mixture of MeOH/Et3N (3:2) at reflux gave
the cyclized product 10b in 90% yield. The calculated over-
all yield of compound 10b starting from 5-iodouracil deriva-
tive (6) was 74% and is comparable to the yield of

compound 10b (78%) prepared by the standard in situ syn-
thesis in the DMF/Et3N mixture. Although, not all reaction
steps were optimized, the comparison of the results of the
in situ procedure with the two-pot-reaction sequence clearly
shows that the in situ approach for general preparation of
furo[2,3-d]pyrimidin-2(3H)-ones is preferable and more eco-
nomic.

For comparison, the Sonogashira coupling of the 5-
iodouracil derivative (6) with 1-hexyne (8b) was carried out
using THF as a solvent instead of DMF. In this case, the 5-
hexynyluracil derivative (9b) was isolated only in 59% yield
(compared to 82% in DMF) together with 5,6-disubstituted
furo[2,3-d]pyrimidin-2(3H)-one (12) as a byproduct (Fig. 2).
Formation of a similar type of byproduct during synthesis of
bicyclic nucleoside analogues was previously reported by
the group of McGuigan.19

To prepare the parent furo[2,3-d]pyrimidin-2(3H)-one de-
rivative unsubstituted at the C-6 position, ethynyl(trimethyl)-
silane (13) was coupled with the starting 5-iodouracil
compound (6) followed by deprotection of the trimethylsilyl
group with TBAF/THF (Scheme 2). The desired 5-ethyny-
luracil derivative (14) was obtained in 63% yield, but its
subsequent cyclization with CuI did not proceed well and
the reactions usually afforded complex mixtures. The best

Scheme 1. Reagents: (i) I2, CAN, CH3CN, 80 8C; (ii) (CH3)3SiBr, 2,6-lutidine, CH3CN, RT; (iii) Pd(Ph3P)4, CuI, Et3N, DMF, 50 8C, then
CuI and 90 8C; (iv) Pd(Ph3P)4, CuI, Et3N, DMF (or THF), 50 8C; (v) CuI, Et3N, MeOH, reflux; (vi) (CH3)3SiBr, CH3CN, RT.

Fig. 2. Structure of compound 12 with atom numbering of the sub-
stituted furo[2,3-d ]pyrimidin-2(3H)-ones used for assignment of
NMR signals.
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yield (38%) of the furo[2,3-d]pyrimidin-2(3H)-one (15) was
achieved by the Cu(I)-promoted intramolecular cyclization
in an EtOAc/Et3N mixture. Similar reaction of compound
14 with 1 equiv. of CuI in the MeOH/Et3N mixture gave a
complex mixture from which only a dimeric product of
Eglinton coupling,20 compound 17, was isolated in 10%
yield (Scheme 2). Finally, free phosphonic acid (16) was
prepared from compound 15 by the standard procedure in
74% yield (Scheme 2).

Biological activity
All the final 3-[2-(phosphonomethoxy)ethyl]furo[2,3-

d]pyrimidin-2(3H)-ones (11) and 16 were evaluated for their
inhibitory activity against a variety of DNA viruses includ-
ing herpes simplex virus type 1 (KOS) (HSV-1), HSV-2
(G), varicella-zoster virus (VZV) (thymidine kinase (TK)
competent (TK+) and TK deficient (TK–)), vaccinia virus
(Lederle), human cytomegalovirus (HCMV) (Davis) and the
lentiviruses, and human immunodeficiency virus type 1
(HIV-1) (IIIB) and HIV-2 (ROD). Interestingly, none of the
compounds tested were active at subtoxic concentrations, in-
cluding 11f and 11h, which represent the corresponding ana-
logues of the BCNA prototypes Cf 1368 and Cf 1743.3,5

These data revealed that the acyclic nucleotide analogues of
furo[2,3-d ]pyrimidin-2(3H)-ones (11) and 16, designed to
by-pass the first phosphorylation step necessary for the anti-
VZV activity of BCNAs, may not be further metabolized to
their active antiviral metabolites and (or) the compounds
may not be recognized as an inhibitor at their eventual anti-
viral target.

Conclusions
In conclusion, novel series of the 2-(phosphonomethoxy)ethyl

derivatives of 6-alkylfuro[2,3-d]pyrimidin-2(3H)-ones was
effectively synthesized by a convenient one-pot procedure
consisting of Sonogashira coupling of the 5-iodouracil com-
pound (6) with 1-alkynes (8) and subsequent Cu(I)-promoted
cyclization. For this purpose, protected 5-iodo-1-[2-(phos-
phonomethoxy)ethyl]uracil (6) was prepared as a suitable

starting compound. An example of Sonogashira reaction prod-
uct, the 5-hexynyluracil derivative (9b) was isolated and fully
characterized, as well as the product 12, which was formed
during the coupling procedure in THF. Bearing in mind the
same overall yields of 6-butylfuro[2,3-d]pyrimidin-2(3H)-one
derivative (10b), the in situ coupling-intramolecular cycliza-
tion is clearly preferable to two-pot synthesis with isolation
of the 5-hexynyluracil intermediate (9b). Coupling of the 5-
iodouracil derivative (6) with ethynyl(trimethyl)silane (13)
under the Sonogashira reaction conditions, followed by
removal of the TMS group, afforded the 5-ethynyluracil
derivative (14). Intramolecular cyclization of compound 14
in EtOAc gave the desired furo[2,3-d]pyrimidin-2(3H)-one
(15), while a similar reaction in MeOH only afforded a
dimer (17) in very low yield. Free phosphonic acids (11 and
16) were obtained by the standard deprotection of the corre-
sponding diesters (10 and 15). None of the compounds tested
were active in any of the antiviral assays.

Experimental section

Solvents were dried by standard procedures. Tetrahydro-
furan (THF) was freshly distilled from sodium/benzophe-
none under argon. All 1-alkynes, Pd(Ph3P)4, and CuI are
commercially available from Sigma-Aldrich. TLC was per-
formed on plates of Kieselgel 60 F254 (Merck). If not stated
otherwise, NMR spectra were recorded on Bruker Avance
400 (1H at 400.0 MHz, 13C at 100.6 MHz) in CDCl3,
DMSO-d6, or D2O. NMR spectra of several compounds
were recorded on Bruker Avance 600 spectrometer (1H at
600.0 MHz, 13C at 150.9 MHz) or Bruker Avance 500 (1H
at 500.0 MHz, 13C at 125.8 MHz). Chemical shifts (in ppm,
d scale) were referenced to the solvent signal (CDCl3 d:
7.26 ppm for 1H NMR and d: 77.0 ppm for 13C NMR,
DMSO-d6 for 1H NMR d: 2.5 ppm and for 13C d: 39.7
ppm). Chemical shifts in D2O were referenced to 1,4-diox-
ane for 1H NMR d: 3.75 ppm and for 13C NMR d: 67.19
ppm. Melting points were determined on a Büchi melting
point B-545 apparatus and are uncorrected. UV spectra
were measured on a DU spectrophotometer with solutions

Scheme 2. Reagents: (i) Pd(Ph3P)4, CuI, Et3N, DMF, 70 8C; (ii) TBAF, THF, RT; (iii) CuI, Et3N, EtOAc, reflux; (iv) (CH3)3SiBr, CH3CN,
RT; (v) CuI, Et3N, MeOH, reflux.
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in MeOH. Mass spectra were measured on a LCQ classic
spectrometer using electrospray ionization (ESI). All new
compounds were fully characterized by mass spectrometry,
NMR spectroscopy, and elemental analysis (or HR mass
spectrometry in the case of compounds 6, 10h, 12, and 17).
Complete assignment of all NMR signals using a combina-
tion of 1H-1H COSY, 1H-13C HSQC, and 1H-13C HMBC
methods is provided.

1-{2-[(Diisopropoxyphosphoryl)methoxy]ethyl}-5-
iodouracil (6)

A solution of 5 (8.28 g, 24.78 mmol), CAN (6.79 g,
12.39 mmol), and iodine (8.18 g, 32.22 mmol) in dry aceto-
nitrile (240 mL) was stirred at 80 8C under an inert atmos-
phere until the starting material was completely consumed
after 3 h as monitored by TLC analysis (5% MeOH/CHCl3).
Volatiles were evaporated, and the residue was dissolved in
EtOAc (250 mL) and washed with ice cold 5% Na2S2O3
(aq., 130 mL) and brine (50 mL). Organics were dried
(MgSO4), filtered, and solvents evaporated. The crude prod-
uct was crystallized (EtOAc) to give 6 (10.40 g, 87%) as
white crystals; mp 114 8C. 1H NMR (DMSO-d6) d: 11.66
(bs, 1H, NH), 8.07 (s, 1H, H-6), 4.56 (dh, 2H, JH,P =
7.7 Hz, Jvic = 6.2 Hz, POCH), 3.87 (m, 2H, H-1’), 3.77 (d,
2H, JH,P = 8.3 Hz, H-4’), 3.69 (m, 2H, H-2’), 1.23 and 1.21
(2 � d, 2 � 6H, Jvic = 6.2 Hz, CH3). 13C NMR (DMSO-d6)
d: 161.1 (C-4), 150.7 (C-2), 150.5 (C-6), 70.3 (d, JC,P =
6.4 Hz, POC), 69.9 (d, JC,P = 11.6 Hz, C-2’), 67.7 (C-5),
64.9 (d, JC,P = 163.8 Hz, C-4’), 47.4 (C-1’), 23.9 (d, JC,P =
3.8 Hz, CH3), 23.8 (d, JC,P = 4.5 Hz, CH3). MS (ESI) m/z:
459 [M – H]–. HR-MS (ESI) m/z: C13H21N2IO6P [M – H]–.
Anal. calcd.: 459.0176; found: 459.0181.

5-Iodo-1-[2-(phosphonomethoxy)ethyl]uracil (7)
A mixture of compound 6 (230 mg, 0.50 mmol), bromo(-

trimethyl)silane (0.90 mL, 1.04 g, 6.82 mmol), and 2,6-luti-
dine (0.70 mL, 648 mg, 6.00 mmol) in acetonitrile (5 mL)
was stirred overnight at room temperature. The mixture was
concentrated in vacuo and then codistilled with acetonitrile
(3 � 5 mL). The residue was dissolved in 50% aqueous
methanol (20 mL) and concd HCl was added until the pH
was between 2 and 3. After 1 h at room temperature, the
solvents were evaporated to dryness and the residue was pu-
rified using HPLC (20%–100% aq. MeOH) and crystallized
(H2O) to give 7 (70 mg, 37%) as white crystals; mp 194 8C.
UV–vis lmax (nm) (3 ((mol/L)–1 cm–1): 286 (16 300). 1H
NMR (DMSO-d6) d: 11.64 (bs, 1H, NH), 8.10 (s, 1H, H-6),
3.85 (m, 2H, H-1’), 3.68 (m, 2H, H-2’), 3.57 (d, 2H, JH,P =
8.4 Hz, H-4’). 13C NMR (DMSO-d6) d: 161.1 (C-4), 150.8
(C-2), 150.5 (C-6), 69.7 (d, JC,P = 9.8 Hz, C-2’), 67.8 (C-5),
66.5 (d, JC,P = 159.7 Hz, C-4’), 47.1 (C-1’). MS (ESI) m/z:
374.9 [M – H]–. Anal. calcd. for C7H10N2IO6P.2/3H2O
(388.05): C 21.67, H 2.94, N 7.22, I 32.70, P 7.98; found:
C 21.67, H 3.13, N 6.92, I 32.96, P 7.77.

Sonogashira coupling of 5-iodouracil derivative (6) with
1-hexyne (8b)

Method A
A stirred suspension of 6 (690 mg, 1.50 mmol), Pd(Ph3P)4

(87 mg, 75 mmol), CuI (87 mg, 0.46 mmol), and 1-hexyne

(8b, 0.22 mL, 160 mg, 1.95 mmol) in dry and deoxygenated
DMF/Et3N (10:1, 20 mL) was heated under argon at 50 8C
for 2 h. Volatiles were flash evaporated, the residue was ex-
tracted with hot MeOH (3 � 30 mL), and the solid was fil-
tered off. Volatiles were evaporated, the residue was
dissolved in CHCl3 (50 mL) and washed (2 � 30 mL of sa-
turated EDTA (aq.), 1 � 20 mL H2O). Organics were dried
(MgSO4) and filtered. Flash chromatography (4% MeOH in
CHCl3) afforded compounds 9b (512 mg, 82%) as brownish
oil and 10b (11 mg, 2%) as yellow foam.

1-{2-[(Diisopropoxyphosphoryl)methoxy]ethyl}-5-(1-
hexynyl)uracil (9b)

1H NMR (CDCl3) d: 9.00 (bs, 1H, NH), 7.48 (s, 1H, H-6),
4.73 (dh, 2H, JH,P = 7.7 Hz, Jvic = 6.2 Hz, POCH), 3.93 (m,
2H, H-1’), 3.79 (m, 2H, H-2’), 3.73 (d, 2H, JH,P = 8.4 Hz, H-
4’), 2.36 (t, 2H, Jvic = 7.1 Hz, H-3’’), 1.57–1.50 (m, 2H, H-
4’’), 1.46–1.36 (m, 2H, H-5’’), 1.35–1.28 (m, 12H, CH3),
0.90 (t, 3H, Jvic = 7.3 Hz, H-6’’). 13C NMR (CDCl3) d:
162.1 (C-4), 149.8 (C-2), 147.4 (C-6), 100.2 (C-5), 95.2 (C-
2’’), 71.2 (d, JC,P = 6.7 Hz, POC), 70.8 (C-1’’), 70.7 (d, JC,P
= 10.5 Hz, C-2’), 66.2 (d, JC,P = 167.8 Hz, C-4’), 48.8 (C-1’),
30.6 (C-3’’), 24.02 (d, JC,P = 3.8 Hz, CH3), 23.96 (d, JC,P =
4.5 Hz, CH3), 22.0 (C-4’’), 19.3 (C-5’’), 13.6 (C-6’’). MS
(ESI) m/z: 415 [M + H]+. HR-MS (ESI) m/z: C19H31N2O6P-
Na [M + Na]+. Anal. calcd.: 437.1810; found: 437.1812.

6-Butyl-3-{2-[(diisopropoxyphosphoryl)methoxy]
ethyl}furo[2,3-d]pyrimidin-2(3H)-one (10b)

1H and 13C NMR data were identical with compound 10b
prepared from compound 6 by the General Procedure A.

Method B
A stirred suspension of 6 (230 mg, 0.50 mmol), Pd(Ph3P)4

(29 mg, 25 mmol), CuI (20 mg, 0.11 mmol), 1-hexyne
(0.17 mL, 122 mg, 1.49 mmol), and Et3N (0.21 mL) in dry
and deoxygenated THF (10 mL) was stirred under argon at
50 8C for 3 h. Volatiles were flash evaporated, the residue
was extracted with hot MeOH (3 � 30 mL), and the solid
was filtered off. Volatiles were evaporated, the residue was
dissolved in EtOAc (30 mL) and washed (2 � 10 mL of sa-
turated EDTA (aq.), 1 � 10 mL H2O). Organics were dried
(MgSO4) and filtered. Flash chromatography (5% MeOH/
CHCl3) afforded compounds 9b (246 mg, 59%) as a yellow
oil and 12 as a yellowish oil (60 mg, 12%).

1-{2-[(Diisopropoxyphosphoryl)methoxy]ethyl}-5-(1-
hexynyl)uracil (9b)

1H and 13C NMR data were identical with compound 9b
prepared by Method A.

Diisopropyl {(2-[6-butyl-2-oxo-5-(hexyn-1-yl)furo[2,3-
d]pyrimidin-3(2H)-yl]ethoxy)methyl}phosphonate (12)

1H NMR (500.0 MHz, CDCl3) d: 7.89 (s, 1H, H-4), 4.68
(dh, 2H, JH,P = 7.7 Hz, Jvic = 6.2 Hz, POCH), 4.21 (m, 2H,
H-1’), 3.91 (m, 2H, H-2’), 3.69 (d, 2H, JH,P = 8.6 Hz, H-4’),
2.73 (t, 2H, Jvic = 7.4 Hz, H-1’’), 2.41 (t, 2H, Jvic = 7.1 Hz,
H-3’’’), 1.68 (m, 2H, H-2’’), 1.57 and 1.46 (2 � m, 2 � 2H,
H-4’’’ and H-5’’’), 1.36 (m, 2H, H-3’’), 1.28 and 1.24 (2 � d,
2 � 6H, Jvic = 6.2 Hz, CH3), 0.94 (t, 3H, Jvic = 7.4 Hz, H-
6’’’), 0.93 (t, 3H, Jvic = 7.3, H-4’’). 13C NMR (125.8 MHz,
CDCl3) d: 170.7 (C-7a), 162.0 (C-6), 155.3 (C-2), 140.8 (C-
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4), 107.7 (C-4a), 97.8 (C-5), 97.2 (C-2’’’), 71.1 (d, JC,P =
6.6 Hz, POCH), 70.3 (d, JC,P = 11.6 Hz, C-2’), 68.2 (C-1’’’),
66.1 (d, JC,P = 168.2 Hz, C-4’), 52.1 (C-1’), 30.6 (C-4’’’),
29.0 (C-2’’), 26.8 (C-1’’), 24.0 (d, JC,P = 3.8 Hz, CH3), 23.9
(d, JC,P = 4.6 Hz, CH3), 22.0 (C-5’’’ and C-3’’), 19.2 (C-3’’’),
13.6 (C-6’’’ and C-4’’). MS (ESI) m/z: 495 [M + H]+. HR-
MS (ESI) m/z: C25H40N2O6P [M + H]+. Anal. calcd.:
495.2618; found: 495.2616.

6-Butyl-3-{2-
[(diisopropoxyphosphoryl)methoxy]ethyl}furo[2,3-
d]pyrimidin-2(3H)-one (10b)

A stirred suspension of 9b (438 mg, 1.06 mmol) and CuI
(200 mg, 1.05 mmol) in a mixture of MeOH (30 mL) and
Et3N (20 mL) was refluxed for 2 h. Volatiles were flash
evaporated, the residue was extracted with hot MeOH (3 �
30 mL), and the solid was filtered off. Volatiles were evapo-
rated, the residue was dissolved in CHCl3 (50 mL) and
washed (2 � 30 mL of saturated EDTA (aq.), 1 � 20 mL
H2O). Organics were dried (MgSO4), filtered, and the product
was isolated by flash chromatography (4% MeOH/CHCl3)
and crystallized (EtOAc/Et2O) to give 10b (375 mg, 90%) as
white crystals; mp 142 8C. 1H and 13C NMR data were iden-
tical with compound 10b prepared from compound 6 by
General procedure A.

Synthesis of furo[2,3-d]pyrimidin-2(3H)-ones (10) by
Sonogashira coupling of 5-iodouracil derivative (6) with
1-alkynes (8) followed by in situ intramolecular cyclization

General procedure A
A stirred suspension of 6, Pd(Ph3P)4 (0.05 equiv.), CuI

(0.5 equiv.), and 1-alkyne (8; 1.3 equiv.) in dry and deoxy-
genated DMF/Et3N was stirred under argon at 50 8C for 2–
3 h. TLC (5% MeOH/CHCl3) showed complete conversion
to a faster-migrating product. CuI (0.5 equiv.) was added
and the reaction mixture was stirred at 90 8C for 2–4 h.
TLC (5% MeOH/CHCl3) showed complete conversion of
the intermediate 6-alkynyl derivative to a fluorescent product
(10). Volatiles were flash evaporated, the residue was dis-
solved in hot MeOH, and the solid filtered off. Volatiles
were evaporated and the residue was dissolved in CHCl3
(80 mL). Organics were washed (2 � 10 mL of saturated
EDTA (aq.), 1 � 10 mL H2O) and dried (MgSO4). After fil-
tration and evaporation, the product was isolated by flash
chromatography (5% MeOH/CHCl3) and crystallized from a
mixture of EtOAc with other organic solvents (hexanes,
EtOH, Et2O).

3-{2-[(Diisopropoxyphosphoryl)methoxy]ethyl}-6-
propylfuro[2,3-d]pyrimidin-2(3H)-one (10a)

Treatment of 6 (690 mg, 1.50 mmol) with 1-pentyne (8a;
0.19 mL, 133 mg, 1.95 mmol) by General procedure A gave
10a (402 mg, 67%) as white crystals (EtOAc/hexanes 1:1);
mp 128 8C. 1H NMR (500.0 MHz, CDCl3) d: 7.94 (s, 1H,
H-4), 6.09 (t, 1H, J5,1’’ = 1.1 Hz, H-5), 4.68 (dh, 2H, JH,P =
7.7 Hz, Jvic = 6.2 Hz, POCH), 4.22 (m, 2H, H-1’), 3.91 (m,
2H, H-2’), 3.70 (d, 2H, JH,P = 8.6 Hz, H-4’), 2.63 (td, 2H,
Jvic = 7.4 Hz, J1’’,5 = 1.1 Hz, H-1’’), 1.72 (h, 2H, Jvic =
7.4 Hz, H-2’’), 1.29 and 1.25 (2 � d, 2 � 6H, Jvic = 6.2 Hz,
CH3), 0.99 (t, 3H, Jvic = 7.4 Hz, H-3’’). 13C NMR

(125.8 MHz, CDCl3) d: 172.1 (C-7a), 159.6 (C-6), 155.4
(C-2), 140.5 (C-4), 107.4 (C-4a), 98.5 (C-5), 71.1 (d, JC,P =
6.7 Hz, POC), 70.6 (d, JC,P = 11.8 Hz, C-2’), 66.0 (d, JC,P =
168.8 Hz, C-4’), 51.5 (C-1’), 30.1 (C-1’’), 24.0 (d, JC,P =
3.9 Hz, CH3), 23.9 (d, JC,P = 4.6 Hz, CH3), 20.2 (C-2’’),
13.5 (C-3’’). MS (ESI) m/z: 399 [M – H]–. Anal. calcd. for
C18H29N2O6P (400.41): C 53.99, H 7.30, N 7.00, P 7.74;
found: C 53.94, H 7.35, N 6.86, P 8.02.

6-Butyl-3-{2-[(diisopropoxyphosphoryl)methoxy]
ethyl}furo[2,3-d]pyrimidin-2(3H)-one (10b)

Treatment of 6 (690 mg, 1.50 mmol) with 1-hexyne (8b;
0.22 mL, 160 mg, 1.95 mmol) by General procedure A gave
10b (485 mg, 78%) as white crystals (EtOAc/Et2O); mp
139 8C. 1H NMR (CDCl3) d: 7.91 (s, 1H, H-4), 6.06 (s, 1H,
H-5), 4.66 (dh, 2H, JH,P = 7.7 Hz, Jvic = 6.2 Hz, POCH),
4.20 (m, 2H, H-1’), 3.88 (m, 2H, H-2’), 3.68 (d, 2H, JH,P =
8.6 Hz, H-4’), 2.63 (t, 2H, Jvic = 7.5 Hz, H-1’’), 1.68–1.61
(m, 2H, H-2’’), 1.42–1.31 (m, 2H, H-3’’), 1.27 and 1.23
(2 � d, 2 � 6H, Jvic = 6.2 Hz, CH3), 0.92 (t, 3H, Jvic =
7.4 Hz, H-4’’). 13C NMR (CDCl3) d: 172.1 (C-7a), 159.7
(C-6), 155.3 (C-2), 140.4 (C-4), 107.3 (C-4a), 98.4 (C-5),
71.0 (d, JC,P = 6.7 Hz, POC), 70.6 (d, JC,P = 11.8 Hz, C-2’),
66.1 (d, JC,P = 168.8 Hz, C-4’), 51.5 (C-1’), 28.8 (C-1’’), 27.9
(C-2’’), 24.0 (d, JC,P = 3.9 Hz, CH3), 23.9 (d, JC,P = 4.6 Hz,
CH3), 22.0 (C-3’’), 13.6 (C-4’’). MS (ESI) m/z: 415 [M + H]+.
Anal. calcd. for C19H31N2O6P (414.43): C 55.06, H 7.54, N
6.76, P 7.47; found: C 55.12, H 7.63, N 6.70, P 7.69.

3-{2-[(Diisopropoxyphosphoryl)methoxy]ethyl}-6-
pentylfuro[2,3-d]pyrimidin-2(3H)-one (10c)

Treatment of 6 (464 mg, 1.01 mmol) with 1-heptyne (8c;
0.17 mL, 126 mg, 1.31 mmol) by General procedure A gave
10c (343 mg, 79%) as white crystals (EtOAc/EtOH); mp
120 8C. 1H NMR (CDCl3) d: 7.91 (s, 1H, H-4), 6.06 (s, 1H,
H-5), 4.65 (dh, 2H, JH,P = 7.7 Hz, Jvic = 6.2 Hz, POCH),
4.20 (m, 2H, H-1’), 3.89 (m, 2H, H-2’), 3.68 (d, 2H, JH,P =
8.6 Hz, H-4’), 2.62 (t, 2H, Jvic = 7.2 Hz, H-1’’), 1.70–1.63
(m, 2H, H-2’’), 1.35–1.29 (m, 4H, H-3’’ and H-4’’), 1.25 and
1.21 (2 � d, 2 � 6H, Jvic = 6.2 Hz, CH3), 0.88 (t, 3H, Jvic =
7.0 Hz, H-5’’). 13C NMR (CDCl3) d: 172.1 (C-7a), 159.8 (C-
6), 155.3 (C-2), 140.4 (C-4), 107.4 (C-4a), 98.4 (C-5), 71.0
(d, JC,P = 6.8 Hz, POC), 70.6 (d, JC,P = 11.8 Hz, C-2’), 66.1
(d, JC,P = 168.8 Hz, C-4’), 51.5 (C-1’), 31.1 (C-1’’), 28.2 (C-
2’’), 26.4 (C-3’’), 24.0 (d, JC,P = 3.9 Hz, CH3), 23.9 (d, JC,P =
4.6 Hz, CH3), 22.2 (C-4’’), 13.9 (C-5’’). MS (ESI) m/z: 429
[M + H]+. Anal. calcd. for C20H33N2O6P (428.21): C 56.06,
H 7.76, N 6.54, P 7.23; found: C 56.11, H 7.89, N 6.47, P
7.49.

3-{2-[(Diisopropoxyphosphoryl)methoxy]ethyl}-6-
hexylfuro[2,3-d]pyrimidin-2(3H)-one (10d)

Treatment of 6 (920 mg, 2.00 mmol) with 1-octyne (8d;
0.38 mL, 287 mg, 2.60 mmol) by General procedure A gave
10d (586 mg, 64%) as white crystals (EtOAc/hexanes); mp
118 8C. 1H NMR (CDCl3) d: 7.92 (s, 1H, H-4), 6.06 (s, 1H,
H-5), 4.65 (dh, 2H, JH,P = 7.7 Hz, Jvic = 6.2 Hz, POCH), 4.20
(m, 2H, H-1’), 3.89 (m, 2H, H-2’), 3.68 (d, 2H, JH,P = 8.6 Hz,
H-4’), 2.62 (t, 2H, Jvic = 7.2 Hz, H-1’’), 1.70–1.62 (m, 2H, H-
2’’), 1.40–1.19 (m, 18H, H-3’’ and H-4’’ and H-5’’ and CH3),
0.87 (t, 3H, Jvic = 6.9 Hz, H-6’’). 13C NMR (CDCl3) d: 172.1
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(C-7a), 159.8 (C-6), 155.3 (C-2), 140.4 (C-4), 107.4 (C-4a),
98.4 (C-5), 71.0 (d, JC,P = 6.8 Hz, POC), 70.6 (d, JC,P =
11.8 Hz, C-2’), 66.1 (d, JC,P = 168.8 Hz, C-4’), 51.5 (C-1’),
31.4 (C-1’’), 28.6 (C-2’’), 28.2 (C-3’’), 26.7 (C-4’’), 24.0 (d,
JC,P = 3.9 Hz, CH3), 23.9 (d, JC,P = 4.6 Hz, CH3), 22.5 (C-
5’’), 14.0 (C-6’’). MS (ESI) m/z: 441 [M – H]–. Anal. calcd.
for C21H35N2O6P (442.49): C 57.00, H 7.97, N 6.33, P 7.00;
found: C 56.84, H 8.09, N 6.24, P 7.17.

3-{2-[(Diisopropoxyphosphoryl)methoxy]ethyl}-6-
heptylfuro[2,3-d]pyrimidin-2(3H)-one (10e)

Treatment of 6 (460 mg, 1.00 mmol) with 1-nonyne (8e;
0.21 mL, 162 mg, 1.30 mmol) by General procedure A gave
10e (226 mg, 50%) as white crystals (EtOAc/Et2O); mp
116 8C. 1H NMR (CDCl3) d: 7.92 (s, 1H, H-4), 6.06 (s, 1H,
H-5), 4.67 (dh, 2H, JH,P = 7.7 Hz, Jvic = 6.2 Hz, POCH),
4.21 (m, 2H, H-1’), 3.90 (m, 2H, H-2’), 3.69 (d, 2H, JH,P =
8.6 Hz, H-4’), 2.63 (t, 2H, Jvic = 7.3 Hz, H-1’’), 1.71–1.63
(m, 2H, H-2’’), 1.35–1.23 (m, 20H, H-3’’ and H-4’’ and H-
5’’ and H-6’’ and CH3), 0.87 (t, 3H, Jvic = 6.9 Hz, H-7’’).
13C NMR (CDCl3) d: 172.2 (C-7a), 159.9 (C-6), 155.4 (C-
2), 140.3 (C-4), 107.4 (C-4a), 98.4 (C-5), 71.1 (d, JC,P =
6.9 Hz, POC), 70.6 (d, JC,P = 11.8 Hz, C-2’), 66.2 (d, JC,P =
168.8 Hz, C-4’), 51.5 (C-1’), 31.7 (C-1’’), 29.0 (C-2’’), 28.9
(C-3’’), 28.2 (C-4’’), 26.8 (C-5’’), 24.01 (d, JC,P = 3.9 Hz,
CH3), 23.96 (d, JC,P = 4.6 Hz, CH3), 22.6 (C-6’’), 14.0 (C-
7’’). MS (ESI) m/z: 457 [M + H]+. Anal. calcd. for
C22H37N2O6P (456.51): C 57.88, H 8.17, N 6.14, P 6.78;
found: C 57.67, H 8.14, N 5.99, P 7.05.

3-{2-[(Diisopropoxyphosphoryl)methoxy]ethyl}-6-
octylfuro[2,3-d]pyrimidin-2(3H)-one (10f)

Treatment of 6 (992 mg, 2.16 mmol) with 1-decyne (8f;
0.51 mL, 390 mg, 2.82 mmol) by General procedure A gave
10f (491 mg, 49%) as white crystals (EtOAc/Et2O); mp 114–
115 8C. 1H NMR (CDCl3) d: 7.92 (s, 1H, H-4), 6.06 (s, 1H,
H-5), 4.68 (dh, 2H, JH,P = 7.7 Hz, Jvic = 6.2 Hz, POCH), 4.21
(m, 2H, H-1’), 3.90 (m, 2H, H-2’), 3.69 (d, 2H, JH,P = 8.6 Hz,
H-4’), 2.63 (t, 2H, Jvic = 7.5 Hz, H-1’’), 1.72–1.62 (m, 2H, H-
2’’), 1.39–1.21 (m, 22H, H-3’’ and H-4’’ and H-5’’ and H-6’’
and H-7’’ and CH3), 0.87 (t, 3H, Jvic = 6.8 Hz, H-8’’). 13C
NMR (CDCl3) d: 172.1 (C-7a), 159.9 (C-6), 155.3 (C-2),
140.4 (C-4), 107.4 (C-4a), 98.4 (C-5), 71.1 (d, JC,P = 6.9 Hz,
POC), 70.6 (d, JC,P = 11.8 Hz, C-2’), 66.1 (d, JC,P =
168.8 Hz, C-4’), 51.5 (C-1’), 31.8 (C-1’’), 29.2 (C-2’’), 29.1
(C-3’’), 29.0 (C-4’’), 28.2 (C-5’’), 26.8 (C-6’’), 24.2 (d, JC,P =
3.9 Hz, CH3), 24.0 (d, JC,P = 4.6 Hz, CH3), 22.6 (C-7’’), 14.1
(C-8’’). MS (ESI) m/z: 471 [M + H]+. Anal. calcd. for
C23H39N2O6P (470.54): C 58.71, H 8.35, N 5.95, P 6.58;
found: C 58.59, H 8.43, N 5.88, P 6.77.

6-Decyl-3-{2-
[(diisopropoxyphosphoryl)methoxy]ethyl}furo[2,3-
d]pyrimidin-2(3H)-one (10g)

Treatment of 6 (800 mg, 1.74 mmol) with 1-dodecyne
(8g; 0.48 mL, 376 mg, 2.26 mmol) by General procedure A
gave 10g (700 mg, 81%) as white crystals (EtOAc/hexanes);
mp 112 8C. 1H NMR (CDCl3) d: 7.91 (s, 1H, H-4), 6.05 (s,
1H, H-5), 4.65 (dh, 2H, JH,P = 7.7 Hz, Jvic = 6.2 Hz, POCH),
4.20 (m, 2H, H-1’), 3.88 (m, 2H, H-2’), 3.68 (d, 2H, JH,P =
8.6 Hz, H-4’), 2.61 (t, 2H, Jvic = 7.4 Hz, H-1’’), 1.72–1.60

(m, 2H, H-2’’), 1.33–1.19 (m, 26H, H-3’’ and H-4’’ and H-
5’’ and H-6’’ and H-7’’ and H-8’’ and H-9’’ and CH3), 0.86
(t, 3H, Jvic = 6.9 Hz, H-10’’). 13C NMR (CDCl3) d: 172.1
(C-7a), 159.8 (C-6), 155.3 (C-2), 140.4 (C-4), 107.4 (C-4a),
98.4 (C-5), 71.0 (d, JC,P = 7.0 Hz, POC), 70.6 (d, JC,P =
11.8 Hz, C-2’), 66.1 (d, JC,P = 168.8 Hz, C-4’), 51.5 (C-1’),
31.8 (C-1’’), 29.5 (C-2’’), 29.4 (C-3’’), 29.24 (C-4’’), 29.20
(C-5’’), 29.0 (C-6’’), 28.2 (C-7’’), 26.8 (C-8’’), 24.0 (d, JC,P =
3.9 Hz, CH3), 23.9 (d, JC,P = 4.6 Hz, CH3), 22.6 (C-9’’), 14.1
(C-10’’). MS (ESI) m/z: 521 499 [M + H]+. Anal. calcd. for
C25H43N2O6P (498.59): C 60.22, H 8.69, N 5.62, P 6.21;
found: C 59.93, H 8.75, N 5.49, P 6.46.

3-{2-[(Diisopropoxyphosphoryl)methoxy]ethyl}-6-(4-
pentylphenyl)furo[2,3-d]pyrimidin-2(3H)-one (10h)

Treatment of 6 (460 mg, 1.00 mmol) with (4-pentylphe-
nyl)acetylene (8h; 0.25 mL, 224 mg, 1.30 mmol) by General
procedure A gave 10h (232 mg, 46%) as white crystals
(EtOAc/hexanes); mp 172 8C. 1H NMR (500.0 MHz,
CDCl3) d: 8.08 (s, 1H, H-4), 7.69–7.67 (m, 2H, o-Ph),
7.28–7.26 (m, 2H, m-Ph), 6.65 (s, 1H, H-5), 4.70 (dh, 2H,
JH,P = 7.7 Hz, Jvic = 6.2 Hz, POCH), 4.27– 4.25 (m, 2H, H-
1’), 3.95–3.94 (m, 2H, H-2’), 3.72 (d, 2H, JH,P = 8.6 Hz, H-
4’), 2.67–2.64 (m, 2H, H-1’’), 1.66–1.63 (m, 2H, H-2’’),
1.37–1.34 (m, 4H, H-3’’ and H-4’’), 1.30 and 1.27 (2 � d,
2 � 6H, Jvic = 6.2 Hz, CH3), 0.92–0.89 (m, 3H, H-5’’). 13C
NMR (125.8 MHz, CDCl3) d: 171.9 (C-7a), 155.9 (C-6),
155.3 (C-2), 145.1 (C-p-Ph), 141.2 (C-4), 129.0 (C-m-Ph),
125.8 (C-i-Ph), 124.9 (C-o-Ph), 108.0 (C-4a), 96.3 (C-5),
71.1 (d, JC,P = 6.7 Hz, POC), 70.5 (d, JC,P = 11.6 Hz, C-2’),
66.1 (d, JC,P = 168.9 Hz, C-4’), 51.6 (C-1’), 35.8 (C-1’’), 31.4
and 30.9 (C-2’’ and C-3’’), 24.00 (d, JC,P = 3.9 Hz, CH3),
23.95 (d, JC,P = 4.6 Hz, CH3), 22.5 (C-4’’), 14.0 (C-5’’). MS
(ESI) m/z: 505 [M + H]+. HR-MS (ESI) m/z: C26H38N2O6P
[M + H]+. Anal. calcd.: 505.2462; found: 505.2463.

Transformation of esters (10) to free phosphonic acids (11)

General procedure B
The dried starting esters (10; 1 mmol), bromo(trimethyl)-

silane (1.75 mL, 2.03 g, 13.26 mmol), and acetonitrile
(10 mL) were stirred at room temperature overnight. The
mixture was concentrated in vacuo and then codistilled with
a mixture of water/EtOH (9:1, 2 � 5 mL). The residue was
crystallized (2 crops) to give free phosphonic acids (11).

3-[2-(Phosphonomethoxy)ethyl]-6-propylfuro[2,3-
d]pyrimidin-2(3H)-one (11a)

Treatment of 10a (250 mg, 0.62 mmol) gave 11a (167 mg,
85%) as white crystals (EtOAc/EtOH 3:1); mp 165 8C.
UV–vis lmax (nm) (3 ((mol/L)–1 cm–1): 329 (5400), 242 (8900).
1H NMR (DMSO-d6) d: 8.36 (s, 1H, H-4), 6.41 (s, 1H, H-5),
4.11 (m, 2H, H-1’), 3.78 (m, 2H, H-2’), 3.57 (d, 2H, JH,P =
8.5 Hz, H-4’), 2.61 (t, 2H, Jvic = 7.4 Hz, H-1’’), 1.71–1.58 (m,
2H, H-2’’), 0.94 (t, 3H, J = 7.4 Hz, H-3’’). 13C NMR (DMSO-
d6) d: 171.5 (C-7a), 157.9 (C-6), 154.6 (C-2), 142.8 (C-4),
106.0 (C-4a), 99.7 (C-5), 69.4 (d, JC,P = 10.5 Hz, C-2’),
66.5 (d, JC,P = 159.9 Hz, C-4’), 50.2 (C-1’), 29.4 and 20.0 and
13.5 (6-propyl). MS (ESI) m/z: 315 [M – H]–. Anal. calcd. for
C12H17N2O6P�1/5H2O (319.85): C 45.06, H 5.48, N 8.76,
P 9.68; found: C 45.21, H 5.45, N 8.64, P 9.90.

634 Can. J. Chem. Vol. 88, 2010

Published by NRC Research Press

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

U
ni

ve
rs

ity
 o

f 
E

le
ct

ro
ni

c 
an

d 
Sc

ie
nc

e 
T

ec
ho

no
lo

gy
 o

f 
C

hi
na

 o
n 

09
/1

7/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



6-Butyl-3-[2-(phosphonomethoxy)ethyl]furo[2,3-
d]pyrimidin-2(3H)-one (11b)

Treatment of 10b (200 mg, 0.48 mmol) gave 11b
(110 mg, 69%) as white crystals (H2O); mp 144 8C. UV–vis
lmax (nm) (3 ((mol/L)–1 cm–1): 329 (7000), 243 (13 500). 1H
NMR (DMSO-d6) d: 8.36 (s, 1H, H-4), 6.40 (s, 1H, H-5),
4.11 (m, 2H, H-1’), 3.77 (m, 2H, H-2’), 3.58 (d, 2H, JH,P =
8.6 Hz, H-4’), 2.64 (t, 2H, Jvic = 7.4 Hz, H-1’’), 1.68–1.50
(m, 2H, H-2’’), 1.42–1.27 (m, 2H, H-3’’), 0.90 (t, 3H, J =
7.4 Hz, H-4’’). 13C NMR (DMSO-d6) d: 171.5 (C-7a), 158.1
(C-6), 154.6 (C-2), 142.9 (C-4), 106.1 (C-4a), 99.6 (C-5),
69.4 (d, JC,P = 10.5 Hz, C-2’), 66.5 (d, JC,P = 159.9 Hz, C-
4’), 50.3 (C-1’), 28.7 and 27.2 and 21.7 and 13.8 (6-butyl).
MS (ESI) m/z: 329 [M – H]–. Anal. calcd. for C13H19N2O6P
(330.27): C 47.28, H 5.80, N 8.48, P 9.38; found: C 47.14,
H 5.76, N 8.33, P 9.59.

3-[2-(Phosphonomethoxy)ethyl]-6-pentylfuro[2,3-
d]pyrimidin-2(3H)-one (11c)

Treatment of 10c (250 mg, 0.58 mmol) gave 11c
(160 mg, 80%) as white crystals (H2O); mp 156 8C. UV–vis
lmax (nm) (3 ((mol/L)–1 cm–1): 329 (6700), 243 (13 600). 1H
NMR (DMSO-d6) d: 8.36 (s, 1H, H-4), 6.40 (s, 1H, H-5),
4.11 (m, 2H, H-1’), 3.77 (m, 2H, H-2’), 3.58 (d, 2H, JH,P =
8.6 Hz, H-4’), 2.63 (t, 2H, Jvic = 7.3 Hz, H-1’’), 1.61 (m, 2H,
H-2’’), 1.37–1.26 (m, 4H, H-3’’ and H-4’’), 0.87 (t, 3H, J =
6.9 Hz, H-5’’). 13C NMR (DMSO-d6) d: 171.5 (C-7a), 158.1
(C-6), 154.6 (C-2), 142.9 (C-4), 106.1 (C-4a), 99.6 (C-5),
69.4 (d, JC,P = 10.5 Hz, C-2’), 66.5 (d, JC,P = 159.9 Hz, C-
4’), 50.3 (C-1’), 30.8 and 27.5 and 26.2 and 21.9 and 14.1
(6-pentyl). MS (ESI) m/z: 343 [M – H]–. Anal. calcd. for
C14H21N2O6P (344.30): C 48.84, H 6.15, N 8.14, P 9.00;
found: C 48.53, H 5.97, N 7.99, P 9.06.

6-Hexyl-3-[2-(phosphonomethoxy)ethyl]furo[2,3-
d]pyrimidin-2(3H)-one (11d)

Treatment of 10d (490 mg, 1.11 mmol) gave 11d
(283 mg, 71%) as white crystals (H2O); mp 159–160 8C.
UV–vis lmax (nm) (3 ((mol/L)–1 cm–1): 329 (5900), 243 (11
100). 1H NMR (DMSO-d6) d: 8.36 (s, 1H, H-4), 6.39 (s, 1H,
H-5), 4.11 (m, 2H, H-1’), 3.78 (m, 2H, H-2’), 3.58 (d, 2H,
JH,P = 8.5 Hz, H-4’), 2.63 (t, 2H, Jvic = 7.4 Hz, H-1’’), 1.69–
1.54 (m, 2H, H-2’’), 1.39–1.18 (m, 6H, H-3’’ and H-4’’ and
H-5’’), 0.85 (t, 3H, J = 6.7 Hz, H-6’’). 13C NMR (DMSO-
d6) d: 171.5 (C-7a), 158.1 (C-6), 154.7 (C-2), 142.9 (C-4),
106.1 (C-4a), 99.6 (C-5), 69.4 (d, JC,P = 10.5 Hz, C-2’),
66.5 (d, JC,P = 159.9 Hz, C-4’), 50.3 (C-1’), 31.1 and 28.3
and 27.6 and 26.5 and 22.2 and 14.1 (6-hexyl). MS (ESI)
m/z: 357 [M – H]–. Anal. calcd. for C15H23N2O6P (358.33):
C 50.28, H 6.47, N 7.82, P 8.64; found: C 49.97, H 6.52, N
7.70, P 8.85.

6-heptyl-3-[2-(phosphonomethoxy)ethyl]furo[2,3-
d]pyrimidin-2(3H)-one (11e)

Treatment of 10e (270 mg, 0.59 mmol) gave 11e (187 mg,
84%) as white crystals (H2O/EtOH): mp 162–163 8C;
UV–vis lmax (nm) (3 ((mol/L)–1 cm–1): 328 (7900), 243 (14 700).
1H NMR (500.0 MHz, DMSO-d6) d: 8.35 (s, 1H, H-4),
6.40 (t, 1H, J5,1’’ = 1.1 Hz, H-5), 4.11 (m, 2H, H-1’), 3.77
(m, 2H, H-2’), 3.58 (d, 2H, JH,P = 8.5 Hz, H-4’), 2.63 (td,
2H, Jvic = 7.4 Hz, J1’’,5 = 1.1 Hz, H-1’’), 1.68–1.52 (m, 2H,

H-2’’), 1.36–1.20 (m, 8H, H-3’’ and H-4’’ and H-5’’ and
H-6’’), 0.85 (t, 3H, J = 6.9 Hz, H-7’’). 13C NMR
(125.8 MHz, DMSO-d6) d: 171.6 (C-7a), 158.2 (C-6), 154.7
(C-2), 143.0 (C-4), 106.2 (C-4a), 99.7 (C-5), 69.5 (d, JC,P =
10.5 Hz, C-2’), 66.5 (d, JC,P = 159.9 Hz, C-4’), 50.3 (C-1’),
31.4 and 28.59 and 28.55 and 27.6 and 26.6 and 22.3 and
14.2 (6-heptyl). MS (ESI) m/z: 371 [M – H]–. Anal. calcd.
for C16H25N2O6P�1/4 H2O (376.86): C 50.99, H 6.82, N
7.43, P 8.22; found: C 51.12, H 6.77, N 7.41, P 8.40.

6-Octyl-3-[2-(phosphonomethoxy)ethyl]furo[2,3-
d]pyrimidin-2(3H)-one (11f)

Treatment of 10f (166 mg, 0.35 mmol) gave 11f (126 mg,
90%) as white crystals (H2O/EtOH); mp 164 8C. UV–vis
lmax (nm) (3 ((mol/L)–1 cm–1): 329 (5900), 243 (11 000). 1H
NMR (DMSO-d6) d: 8.36 (s, 1H, H-4), 6.40 (s, 1H, H-5),
4.11 (m, 2H, H-1’), 3.77 (m, 2H, H-2’), 3.57 (d, 2H, JH,P =
8.6 Hz, H-4’), 2.63 (t, 2H, Jvic = 7.3 Hz, H-1’’), 1.68–1.52
(m, 2H, H-2’’), 1.38–1.15 (m, 10H, H-3’’ and H-4’’ and H-
5’’ and H-6’’ and H-7’’), 0.85 (t, 3H, J = 6.8 Hz, H-8’’). 13C
NMR (DMSO-d6) d: 171.5 (C-7a), 158.1 (C-6), 154.6 (C-2),
142.8 (C-4), 106.1 (C-4a), 99.6 (C-5), 69.4 (d, JC,P =
10.5 Hz, C-2’), 66.5 (d, JC,P = 159.9 Hz, C-4’), 50.2 (C-1’),
31.4 and 28.73 and 28.67 and 28.5 and 27.5 and 26.5 and
22.2 and 14.1 (6-octyl). MS (ESI) m/z: 385 [M – H]–. Anal.
calcd. for C17H27N2O6P�1/2 H2O (395.39): C 51.64, H 7.14,
N 7.09, P 7.83; found: C 51.58, H 7.18, N 7.02, P 8.11.

6-Decyl-3-[2-(phosphonomethoxy)ethyl]furo[2,3-
d]pyrimidin-2(3H)-one (11g)

Treatment of 10g (250 mg, 0.50 mmol) gave 11g
(187 mg, 90%) as white crystals (H2O/EtOH); mp 166–
167 8C. UV–vis lmax (nm) (3 ((mol/L)–1 cm–1): 329 (6900),
243 (13 000). 1H NMR (DMSO-d6) d: 8.36 (s, 1H, H-4),
6.40 (s, 1H, H-5), 4.11 (m, 2H, H-1’), 3.77 (m, 2H, H-2’),
3.58 (d, 2H, JH,P = 8.5 Hz, H-4’), 2.63 (t, 2H, Jvic = 7.1 Hz,
H-1’’), 1.66–1.54 (m, 2H, H-2’’), 1.37–1.15 (m, 14H, H-3’’
and H-4’’ and H-5’’ and H-6’’ and H-7’’ and H-8’’ and H-9’’),
0.85 (t, 3H, J = 6.7 Hz, H-10’’). 13C NMR (DMSO-d6) d:
171.5 (C-7a), 158.1 (C-6), 154.6 (C-2), 142.8 (C-4), 106.1
(C-4a), 99.6 (C-5), 69.4 (d, JC,P = 10.5 Hz, C-2’), 66.5 (d,
JC,P = 159.9 Hz, C-4’), 50.2 (C-1’), 31.4 and 29.1 and 29.0
and 28.8 and 28.5 and 27.5 and 26.5 and 22.2 and 14.1 (6-
decyl). MS (ESI) m/z: 413 [M – H]–. Anal. calcd. for
C19H31N2O6P�1/4H2O (418.94): C 54.47, H 7.58, N 6.69, P
7.39; found: C 54.52, H 7.53, N 6.61, P 7.70.

6-(4-Pentylphenyl)-3-[2-(phosphonomethoxy)ethyl]furo[2,3-
d]pyrimidin-2(3H)-one (11h)

Treatment of 10h (130 mg, 0.26 mmol) gave 11h (85 mg,
78%) as white crystals (H2O/EtOH); mp 243–245 8C (dec).
UV–vis lmax (nm) (3 ((mol/L)–1 cm–1): 351 (16 400), 279
(20 500). 1H NMR (DMSO-d6) d: 8.54 (s, 1H, H-4), 7.73
(m, 2H, o-Ph), 7.32 (m, 2H, m-Ph), 7.19 (s, 1H, H-5), 4.15
(m, 2H, H-1’), 3.81 (m, 2H, H-2’), 3.60 (d, 2H, JH,P =
8.6 Hz, H-4’), 2.61 (t, 2H, Jvic = 7.6 Hz, H-1’’), 1.64–1.53
(m, 2H, H-2’’), 1.36–1.20 (m, 4H, H-3’’ and H-4’’), 0.86 (t,
3H, J = 7.0 Hz, H-5’’). 13C NMR (DMSO-d6) d: 171.3 (C-
7a), 154.6 (C-6), 153.7 (C-2), 144.1 (C-p-Ph), 144.0 (C-4),
129.1 (C-m-Ph), 126.1 (C-i-Ph), 124.7 (C-o-Ph), 106.6 (C-
4a), 98.6 (C-5), 69.3 (d, JC,P = 10.5 Hz, C-2’), 66.5 (d, JC,P =
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160 Hz, C-4’), 50.4 (C-1’), 35.1 and 31.0 and 30.5 and 22.1
and 14.0 (p-pentyl). MS (ESI) m/z: 419 [M – H]–. Anal.
calcd. for C20H25N2O6P (420.40): C 57.14, H 5.99, N 6.66,
P 7.37; found: C 56.96, H 6.01, N 6.53, P 7.61.

1-{2-[(Diisopropoxyphosphoryl)methoxy]ethyl}-5-
ethynyluracil (14)

TMSA (13; 0.9 mL, 640 mg, 6.51 mmol) and then Et3N
(5.5 mL) were added to a suspension of 6 (2 g, 4.34 mmol),
Pd(Ph3P)4 (251 mg, 0.22 mmol), and CuI (83 mg,
0.44 mmol) in deoxygenated DMF (20 mL). The reaction
was sealed with a septum and stirred at 45 8C for 1 h. Vola-
tiles were evaporated in vacuo, and toluene was added to the
residue and then evaporated (2 � 5 mL). The residue was
flash chromatographed (4% MeOH/CHCl3) to give a yellow-
ish solid upon drying. The TMS intermediate was dissolved
in dry THF (40 mL), TBAF (1 mol/L THF solution, 5 mL)
was added, and the reaction mixture was stirred at ambient
temperature for 0.5 h. Volatiles were evaporated, the residue
was dissolved in CHCl3(50 mL), and the solution was
washed (saturated EDTA (aq.), and H2O) and dried
(MgSO4). Volatiles were evaporated, and the residue was
chromatographed (4% MeOH/CHCl3) and crystallized to
give 14 (1.04 g, 63%) as white crystals (EtOAc/hexanes);
mp 147–148 8C. 1H NMR (600 MHz, DMSO-d6) d: 11.64
(bs, 1H, NH), 7.97 (s, 1H, H-6), 4.55 (dh, 2H, JH,P =
7.7 Hz, Jvic = 6.2 Hz, POCH), 4.08 (s, 1H, HC:C), 3.90–
3.87 (m, 2H, H-1’), 3.77 (d, 2H, JH,P = 8.3 Hz, H-4’), 3.72–
3.69 (m, 2H, H-2’), 1.22 and 1.20 (2 � d, 2 � 6H, Jvic =
6.2 Hz, CH3). 13C NMR (150.9 MHz, DMSO-d6) d: 162.4
(C-4), 150.5 (C-6), 150.1 (C-2), 96.6 (C-5), 83.7 (HC:C),
76.5 (C:CH), 70.4 (d, JC,P = 6.4 Hz, POC), 69.9 (d, JC,P =
11.5 Hz, C-2’), 64.9 (d, JC,P = 164 Hz, C-4’), 47.7 (C-1’),
24.0 (d, JC,P = 3.7 Hz, CH3), 23.9 (d, JC,P = 4.4 Hz, CH3).
MS (ESI) m/z: 381 [M + Na]+. Anal. calcd. for
C15H23N2O6P�1/4 EtOAc (380.35): C 50.52, H 6.63, N 7.37,
P 8.14; found: C 50.28, H 6.68, N 7.20, P 8.43.

3-{2-[(Diisopropoxyphosphoryl)methoxy]ethyl}furo[2,3-
d]pyrimidin-2(3H)-one (15)

A stirred suspension of 14 (620 mg, 1.63 mmol), CuI
(310 mg, 1.63 mmol), Et3N (60 mL), and EtOAc (200 mL)
was refluxed under argon for 12 h. Volatiles were evapo-
rated, the residue was dissolved in hot MeOH (50 mL), and
the solid filtered off. Volatiles were evaporated and the resi-
due dissolved in CHCl3 (80 mL). Organics were washed
(2 � 30 mL of saturated EDTA (aq.), 1 � 20 mL H2O) and
dried (MgSO4). Isolation by flash chromatography (8%
MeOH/CHCl3) and crystallization afforded compound 15
(236 mg, 38%) as white crystals (EtOAc); mp 168 8C. 1H
NMR (500.0 MHz, DMSO-d6) d: 8.54 (s, 1H, H-4), 7.73 (d,
1H, J6,5 = 2.7 Hz, H-6), 6.81 (d, 1H, J5,6 = 2.7 Hz, H-5), 4.49
(dh, 2H, JH,P = 7.7 Hz, Jvic = 6.2 Hz, POCH), 4.17 (m, 2H,
H-1’), 3.80 (m, 2H, H-2’), 3.77 (d, 2H, JH,P = 8.2 Hz, H-4’),
1.16 and 1.12 (2 � d, 2 � 6H, Jvic = 6.2 Hz, CH3). 13C NMR
(125.8 MHz, DMSO-d6) d: 171.7 (C-7a), 154.6 (C-2), 145.2
(C-4), 144.8 (C-6), 105.1 (C-5), 104.5 (C-4a), 70.3 (d, JC,P =
6.3 Hz, POC), 69.4 (d, JC,P = 11.4 Hz, C-2’), 64.8 (d, JC,P =
163.8 Hz, C-4’), 50.9 (C-1’), 23.9 (d, JC,P = 3.7 Hz, CH3),
23.8 (d, JC,P = 4.6 Hz, CH3). MS (ESI) m/z: 359 [M + H]+.

Anal. calcd. for C15H23N2O6P (358.13): C 50.28, H 6.47, N
7.82, P 8.64; found: C 50.22, H 6.53, N 7.69, P 8.98.

3-[2-(Phosphonomethoxy)ethyl]furo[2,3-d]pyrimidin-
2(3H)-one (16)

A mixture of compound 15 (150 mg, 0.42 mmol), bro-
mo(trimethyl)silane (1.00 mL, 1.16 g, 7.58 mmol), and ace-
tonitrile (5 mL) was stirred at room temperature overnight.
The mixture was concentrated in vacuo and then codistilled
with a mixture of water/ethanol (9:1, 2 � 5 mL). The resi-
due was crystallized to give 16 (85 mg, 74%) as yellowish
crystals (EtOAc/EtOH 3:1), dec. over 200 8C. UV–vis lmax
(nm) (3 ((mol/L)–1 cm–1): 325 (5200), 238 (8700). 1H NMR
(500.0 MHz, D2O) d: 8.55 (s, 1H, H-4), 7.58 (d, 1H, J6,5 =
2.7 Hz, H-6), 6.80 (d, 1H, J5,6 = 2.7 Hz, H-5), 4.31 (m, 2H,
H-1’), 3.94 (m, 2H, H-2’), 3.71 (d, 2H, JH,P = 8.7 Hz, H-4’).
13C NMR (125.8 MHz, D2O) d: 174.3 (C-7a), 159.6 (C-2),
148.3 (C-4 and C-6), 110.4 (C-4a), 107.8 (C-5), 72.5 (d,
JC,P = 11.7 Hz, C-2’), 69.0 (d, JC,P = 158.7 Hz, C-4’), 54.4
(C-1’). MS (ESI) m/z: 273 [M – H]–. Anal. calcd. for
C9H11N2O6P�1/3H2O (280.17): C 38.58, H 4.20, N 10.00, P
11.06; found: C 38.80, H 4.33, N 9.66, P 10.82.

5,5’-Buta-1,3-diyne-1,4-diylbis{(1-{2-
[(diisopropoxyphosphoryl)methoxy]ethyl}-uracil)} (17)

A stirred suspension of 14 (400 mg, 1.11 mmol), CuI
(213 mg, 1.11 mmol), Et3N (6 mL), and MeOH (14 mL)
was refluxed for 5 h. Reddish gel was formed. DMF (2 mL)
was added and the reaction stirred at room temperature
overnight. TLC (20% MeOH/CHCl3) showed complex mix-
ture. Volatiles were flash evaporated and the residue codis-
tilled with toluene (2 � 5 mL). Flash chromatography (15%
MeOH/CHCl3) and crystallization gave compound 17
(82 mg, 10%) as yellow crystals (EtOAc/EtOH), dec. over
240 8C. 1H NMR (500.0 MHz, DMSO-d6) d: 11.77 (bs, 2H,
NH), 8.15 (s, 2H, H-6), 4.56 (dh, 4H, JH,P = 7.7 Hz, Jvic =
6.2 Hz, POCH), 3.90 (t, 4H, J1’,2’ = 4.8 Hz, H-1’), 3.78 (d,
4H, JH,P = 8.3 Hz, H-4’), 3.71 (t, 4H, J2’,1’ = 4.8 Hz, H-2’),
1.23 and 1.21 (2 � d, 2 � 12H, Jvic = 6.2 Hz, CH3). 13C
NMR (125.8 MHz, DMSO-d6) d: 162.3 (C-4), 152.0 (C-6),
149.9 (C-2), 95.8 (C-5), 76.7 (C:C-C:C), 75.4 (C:C-
C:C), 70.4 (d, JC,P = 6.4 Hz, POC), 69.8 (d, JC,P =
11.6 Hz, C-2’), 64.9 (d, JC,P = 163.7 Hz, C-4’), 48.0 (C-1’),
24.0 (d, JC,P = 3.7 Hz, CH3), 23.9 (d, JC,P = 4.5 Hz, CH3).
MS (ESI) m/z: 737 [M + Na]+. HR-MS (ESI) m/z:
C30H45N4O12P2 [M + H]+. Anal. calcd.: 715.2504; found:
715.2504.

Antiviral activity assays
Varicella-zoster virus (VZV) drug susceptibility tests were

performed on confluent hen egg lysozyme (HEL) cells in
96-well microtiter plates by the plaque reduction assay.
Monolayers were infected with 20 plaque forming units
(PFU) of cell-associated virus per well. For each assay, virus
controls (infected–untreated cells) were included. After a 2 h
incubation period, the virus inoculum was removed and the
media replaced by the different dilutions (in duplicate) of
the tested molecules. Serial dilutions of test compounds
were incubated with the infected monolayers for 5 d. After
a 5 d incubation period, the cells were fixed and stained
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with Giemsa, and the level of virus-induced cytopathic ef-
fect was determined by counting the number of plaques for
each dilution. Activity was expressed as EC50 (effective
compound concentration required to reduce virus plaque for-
mation by 50%) compared to the untreated control.

For the HCMV assays, confluent HEL fibroblasts were
grown in 96-well microtiter plates and infected with the hu-
man cytomegalovirus strains Davis and AD-169 at 100 PFU
per well. After a 2 h incubation period, residual virus was re-
moved and the infected cells were further incubated with me-
dium containing different concentrations of the test
compounds (in duplicate). After incubation for 7 d at 37 8C,
virus-induced cytopathogenicity was monitored microscopi-
cally after ethanol fixation and staining with Giemsa. Antiviral
activity was expressed as the EC50 or compound concentration
required to reduce virus-induced cytopathogenicity by 50%.

To examine the inhibitory effect of the compounds against
virus-induced cytopathicity in HEL cells (herpes simplex vi-
rus type 1 (HSV-1), HSV-2 (G), vaccinia virus, and vesicular
stomatitis virus), confluent cell cultures in microtiter 96-well
plates were inoculated with 100 CCID50 of virus (1 CCID50
being the virus dose to infect 50% of the cell cultures). After
a 1 h virus adsorption period, residual virus was removed,
and the cell cultures were incubated in the presence of vary-
ing concentrations (200, 40, 8, . . . mmol/L) of the test com-
pounds. Viral cytopathicity was recorded as soon as it
reached completion in the control virus-infected cell cultures
that were not treated with the test compounds.

The methodology of the anti-HIV assays was as follows:
human T-lymphocyte CEM (*3 � 105 cells/cm3) cells
were infected with 100 CCID50 of HIV-1(IIIB) or HIV-
2(ROD)/mL and seeded in 200 mL wells of a microtiter
plate containing appropriate dilutions of the test compounds.
After 4 d of incubation at 37 8C, HIV-induced CEM giant
cell formation was examined microscopically.
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cov. 2005, 4 (11), 928. doi:10.1038/nrd1877. PMID:
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A new family of bent-core C2-symmetric liquid
crystals

Kyle A. Hope-Ross, Paul A. Heiney, and John F. Kadla

Abstract: A series of C2-symmetric compounds with different core sizes and varying lengths and numbers of alkoxy side
chains were prepared, and the factors influencing their liquid crystalline mesophase behaviour were investigated. The com-
pounds studied were based on benzophenone, dibenzylidene-acetone, and 1,9-diphenyl-nona-1,3,6,8-tetraen-5-one cores
with either 1 or 2 linear alkoxy side chains. The side chains were varied in length from C6H13 to C12H25. The liquid crys-
talline mesophase behaviour of the compounds was investigated using differential scanning calorimetry, polarizing optical
microscopy, and small-angle X-ray scattering (SAXS). It was found that a number of the molecules were able to self-as-
semble into smectic and nematic liquid crystalline phases.

Key words: mesophase, C2 symmetric, SAXS, benzophenone, dibenzylidene-acetone and 1,9-diphenyl-nona-1,3,6,8-tetraen-
5-one.

Résumé : On a réalisé la synthèse d’une série de composés de symétrie C2 comportant des coeurs de tailles différentes et
des quantités diverses de chaı̂nes latérales alcoxyles de longueurs variables et on a étudié les facteurs qui influencent leur
comportement comme mésophase de cristal liquide. Les composés étudiés ont des coeurs à base de benzophénone, de di-
benzylidèneacétone et de 1,9-diphényl-1,3,6,8-tétraén-5-one et des chaı̂nes latérales alcoxyles linéaires en positions 1 ou 2.
Les longueurs de chaı̂nes latérales varient de C6H13 à C12H25. On a étudié leur comportement comme mésophase de cristal
liquide en faisant appel à la calorimétrie à balayage différentiel, à la microscopie optique polarisante et par la diffusion
des rayons-X à angle faible (DXAF). On a trouvé qu’un certain nombre de molécules peuvent s’autoassembler en phases
de cristal liquide smectique et nématique.

Mots-clés : mésophase, symétrie C2, diffusion des rayons X à angle faible (DXAF), benzophénone, dibenzylidèneacétone,
1,9-diphényl-1,3,6,8-tétraén-5-one.

[Traduit par la Rédaction]

Introduction
Liquid crystals are a growing field of research with appli-

cations in a wide variety of devices, including photovoltaic
solar cells,1 light-emitting diodes,2 and displays.3

Traditionally, molecules displaying liquid crystalline mes-
ophases display a structure that consists of a flat, rigid (usu-
ally aromatic) core with multiple, usually aliphatic, flexible
side chains.4 Liquid crystalline molecules can consist of
disc-like,5 linear6 or bent-shaped7 core structures. In addi-
tion, owing to their inherent ability to self-assemble, based
largely on p-stacking interactions, any factor that influences
the electronic structure of the core will affect the ability of
the molecules to form liquid crystalline mesophases.8 It has
been shown that alkyl side-chain length,9,10 electronics,11

and core size12 all have an impact on molecular self-assem-
bly. To fully exploit the potential applications of liquid crys-
talline materials, we must fully understand the variables that
have an effect on mesophase formation.

Herein, we report the synthesis and characterization of a

new family of bent-core C2-symmetric molecules, and discuss
various factors that affect their ability to self-assemble into
liquid crystalline mesophases. The compounds prepared were
based on a benzophenone (1), dibenzylidene acetone (2), and
1,9-diphenyl-nona-1,3,6,8-tetraen-5-one (3) core (Fig. 1) with
either one or two linear alkoxy side chains varying in length
from C6H13 to C12H25.

Experimental section
All chemicals were purchased from Sigma-Aldrich (Oak-

ville, ON) and used without further purification unless other-
wise noted.

General procedure for the synthesis of 4,4’-
bis(alkyloxy)benzophenones (1a–1d)

4,4’-Bis(hexyloxy)benzophenone (1a)
To a solution of 4,4’-dihydroxybenzophenone (0.50 g,

2.33 mmol) and potassium carbonate (1.29 g, 9.34 mmol) in ace-

Received 1 October 2009. Accepted 30 March 2010. Published on the NRC Research Press Web site at canjchem.nrc.ca on 15 June
2010.
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tone (25 mL) was added 1-bromohexane (1.54 g, 9.34 mmol)
dropwise. The resulting mixture was heated and allowed to
reflux. After 48 h, the reaction mixture was poured into
water (200 mL) and extracted with CH2Cl2 (3 � 75 mL).
The combined organic layers were washed with water
(300 mL), dried over MgSO4, filtered, and the solvent was
removed in vacuo. Recrystallization from acetone afforded
1a (0.86 g, 97%) as white crystals, mp 102–105 8C. IR
(thin film, cm–1): 2955, 2938, 2863, 1636, 1604, 1256,
853, 764. 1H NMR (300 MHz, CDCl3) d: 7.79 (d, J =
8.66 Hz, 4H), 6.96 (d, J = 8.66 Hz, 4H), 4.05 (t, J =
6.58 Hz, 4H), 1.84 (quin., J = 6.58 Hz, 4H), 1.56–1.31
(m, 12H), 0.94 (t, J = 6.58 Hz, 6H). 13C NMR (300 MHz,
CDCl3) d: 194.5, 162.4, 132.2, 130.6, 113.9, 68.2, 31.6,
29.1, 25.7, 22.6, 14.0. Anal. calcd. for C25H34O3: C,
78.49; H, 8.96. Found: C, 78.58; H, 8.73.

General procedure for the synthesis of 3,3’,4,4’-
tetrakis(alkoxy)benzophenones (1e–1h)

3,3’,4,4’-Tetrakis(hexyloxy)benzophenone (1e)
To a solution of 3,4-bis(hexyloxy)benzoic acid (9e, 0.34

g, 1.06 mmol) and diethylamine (0.50 mL) in CH2Cl2 was
added SOCl2 (5 mL) dropwise. The resulting solution was
heated to reflux for 1.5 h. Excess SOCl2, diethylamine, and
CH2Cl2 were removed in vacuo, and the resultant acid chlor-
ide was added as a solution in CH2Cl2 (15 mL) to a mixture
of AlCl3 (0.14 g, 1.06 mmol) and 1,2-bis(hexyloxy)benzene
(5e, 0.29 g, 1.06 mmol) in CH2Cl2 (15 mL) at 0 8C under N2
atmosphere. The reaction mixture was stirred for 1 h,
warmed to RT, and stirred overnight. The green solution
was quenched with H2O (10 mL), poured into 2.0 mol/L
HCl (200 mL), and the organic phase was separated. The
aqueous layer was extracted with CH2Cl2 (3 � 75 mL), and
the combined organic phases were washed with H2O
(200 mL) and brine (200 mL), dried over MgSO4, filtered,
and the solvent was removed in vacuo. Recrystallization
from acetone afforded 1e (0.37 g, 60%) as a white powder,
mp 44–48 8C. IR (thin film, cm–1): 2931, 2860, 1649, 1595,
1513, 1428, 1266, 1135, 1017, 760. 1H NMR (300 MHz,
CDCl3) d: 7.42 (d, J = 1.86 Hz, 2H), 7.37 (dd, J1 =
8.33 Hz, J2 = 1.86 Hz, 2H), 6.90 (d, J = 8.33 Hz, 2H), 4.09
(t, J = 6.58 Hz, 4H), 4.06 (t, J = 6.58 Hz, 4H), 1.93–1.79
(m, 8H), 1.58–1.30 (m, 24H), 0.93 (t, J = 6.58 Hz, 6H),
0.92 (t, J = 6.58 Hz, 6H). 13C NMR (300 MHz, CDCl3) d:
194.6, 152.8, 148.7, 130.7, 124.7, 114.7, 111.5, 69.3, 69.1,

31.58, 31.56, 29.2, 29.1, 25.69, 25.66, 22.6 (4C), 14.0 (4C).
Anal. calcd. for C37H58O5: C, 76.25; H, 10.03. Found: C,
76.06; H, 10.09.

General procedure for the synthesis of 1,5-bis(4-alkoxy-
phenyl)-penta-1,4-dien-3-ones (2a–2d)

1,5-Bis(4-hexyloxy-phenyl)-penta-1,4-dien-3-one (2a)
A solution of sodium hydroxide (0.39 g, 9.75 mmol) in

water (5 mL) and ethanol (5 mL) was cooled to 0 8C for
30 min. To this solution was added acetone (0.11g,
1.95 mmol) and 4-hexyloxy-benzaldehyde (11a, 0.80 g,
3.90 mmol). The resulting solution was allowed to stir at
room temperature. After 3 days, the reaction mixture was
poured into 2.0 mol/L HCl (200 mL), and the organic phase
was separated. The aqueous phase was extracted with di-
chloromethane (2 � 150 mL) and washed with water
(250 mL). The combined organic phases were dried over
MgSO4, filtered, and the solvent was removed in vacuo. Re-
crystallization from EtOH afforded 2a as yellow crystals
(0.49 g, 58%), mp 97–100 8C. IR (thin film, cm–1): 2934,
2869, 1651, 1599, 1574, 1512, 1177, 1030, 983. 1H NMR
(300 MHz, CDCl3) d: 7.72 (d, J = 15.78 Hz, 2H), 7.58 (d, J =
8.66 Hz, 4H), 6.97 (d, J = 15.78 Hz, 2H), 6.94 (d, J = 8.66 Hz,
4H), 4.02 (t, J = 6.58 Hz, 4H), 1.82 (quin., J = 6.58 Hz, 4H),
1.54–1.29 (m, 12H), 0.93 (t, J = 6.58 Hz, 6H). 13C NMR
(300 MHz, CDCl3) d: 188.9, 161.2, 142.7, 130.1, 127.4,
123.4, 114.9; 68.2, 31.6, 29.1, 25.7, 22.6, 14.0. Anal. calcd.
for C29H38O3: C, 80.14; H, 8.81. Found: C, 80.03; H, 8.64.

General procedure for the synthesis of 1,5-bis(3,4-
bis(alkoxy-phenyl))-penta-1,4-dien-3-ones (2e–2h)

1,5-Bis(3,4-bis(hexyloxy-phenyl))-penta-1,4-dien-3-one (2e)
To a solution of 4-(3,4-bis(hexyloxy-phenyl))-but-3-en-2-

one (12e, 0.50 g, 1.44 mmol) and 3,4-bis(hexyloxy)benzal-
dehyde (11e, 0.44 g, 1.44 mmol) in methanol (20 mL) was
added sodium methoxide (25 wt% solution in MeOH,
0.94 mL, 4.33 mmol) dropwise. The resulting solution was
heated to reflux. After 48 h, the reaction mixture was poured
into 2.0 mol/L HCl (200 mL), and the organic phase was
separated. The aqueous phase was extracted with CH2Cl2
(3 � 75 mL). The combined organics were washed with
H2O (2 � 200 mL), dried over MgSO4, filtered, and the sol-
vent was removed in vacuo. Recrystallization from acetone
afforded 2e (0.52 g, 57%) as a yellow powder, mp 62–
65 8C. IR (thin film, cm–1): 2955, 2931, 2860, 1648, 1618,
1595, 1511, 1468, 1432, 1258, 1234, 1172, 1137, 1095,
1017. 1H NMR (300 MHz, CDCl3) d: 7.69 (d, J =
15.78 Hz, 2H), 7.21–7.15 (m, 4H), 6.95 (d, J = 15.78 Hz,
2H), 6.90 (d, J = 8.33 Hz, 2H), 4.07 (t, J = 6.58 Hz, 4H),
4.06 (t, J = 6.58 Hz, 4H), 1.87 (quin., J = 6.58 Hz, 4H),
1.86 (quin., J = 6.58 Hz, 4H), 1.56–1.26 (m, 24H), 0.94 (t,
J = 6.58 Hz, 6H), 0.93 (t, J = 6.58 Hz, 6H). 13C NMR
(300 MHz, CDCl3) d: 188.8, 151.6, 149.2, 143.1, 127.8,
123.5, 123.1, 113.0, 112.6, 69.4, 69.1, 31.59, 31.56, 29.2,
29.1, 25.71, 25.67, 22.62, 22.59, 14.03, 14.01. Anal. calcd.
for C41H62O5: C, 77.56; H, 9.84. Found: C, 77.57; H, 9.75.

Fig. 1. Core structures studied: 1, 2, and 3.
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General procedure for the synthesis of 1,9-bis(4-alkoxy-
phenyl)-nona-1,3,6,8-tetraen-5-ones (3a–3d)

1,9-Bis(4-hexyloxy-phenyl)-nona-1,3,6,8-tetraen-5-one (3a)
To a solution of 6-(4-hexyloxy-phenyl)-hexa-3,5-dien-2-

one (18a, 0.20 g, 0.73 mmol) and 4-hexyloxy-cinnam-
aldehyde (17a, 0.17 g, 0.73 mmol) in THF (15 mL) was
added NaOMe (25 wt% in MeOH, 0.48 mL, 2.20 mmol)
dropwise. The resulting dark orange solution was allowed to
stir at RT. After 30 min, the reaction mixture was poured
into 2.0 mol/L HCl (100 mL), and the organic phase was
separated. The aqueous phase was extracted with CH2Cl2
(3 � 75 mL), and the combined organics were washed with
H2O (2 � 200 mL), dried over MgSO4, filtered, and the sol-
vent was removed in vacuo. Recrystallization from acetone
afforded 3a as a green/yellow solid (0.22 g, 62%), mp 147–
151 8C. IR (thin film, cm–1): 2926, 2851, 1655, 1592, 1509,
1464, 1359, 1257, 1174, 1071, 1005, 854, 821. 1H NMR
(300 MHz, CDCl3) d: 7.48 (dd, J1 = 15.13 Hz, J2 =
10.41 Hz, 2H), 7.44 (d, J = 8.66 Hz, 4H), 6.95 (d, J =
15.46 Hz, 2H), 6.90 (d, J = 8.66 Hz, 4H), 6.84 (dd, J1 =
15.46 Hz, J2 = 10.41 Hz, 2H), 6.53 (d, J = 15.13 Hz, 2H),
4.0 (t, J = 6.58 Hz, 4H), 1.81 (quin., J = 6.58 Hz, 4H),
1.55–1.30 (m, 12H), 0.91 (t, J = 6.58 Hz, 6H). 13C NMR
(300 MHz, CDCl3) d: 189.0, 160.2, 143.3, 141.2, 128.8,
128.7, 128.1, 124.8, 114.9, 68.2, 31.6, 29.2, 25.7, 22.6,
14.0. Anal. calcd. for C33H42O3: C, 81.44; H, 8.70. Found:
C, 80.56; H, 8.68.

Characterization
Small-angle X-ray scattering (SAXS) measurements em-

ployed a Bruker-Nonius FR591 rotating-anode generator
with a copper anode operated at 3.4 kW. The beam was col-
limated and focused with Osmic confocal optics and pin-
holes, and the scattered radiation was detected using a
Bruker Hi-Star wire (area) detector.13 Samples were sealed
in 1 mm diameter glass capillaries. Measurements were
made at fixed sample–detector distances of 54 and 11 cm;
the presence or absence of crystalline (three-dimensional or-
der) was established from the 11 cm data sets, while the fi-
nal refinement of the liquid crystal unit cell parameters was
made using the data from the 54 cm configuration. In situ
temperature-dependent measurements employed a Linkam
heating cell. Primary data analysis was performed using Da-
tasqueeze.14

Differential scanning calorimetry (DSC) measurements
were performed on a TA Instruments Q1000 DSC. All ex-
periments were run with 1–3 mg of sample in aluminum
hermetic pans at heating rates of 10 8C/min and cooling
rates of 5 8C/min unless otherwise noted. The samples were
initially analyzed at temperatures between –90 8C and
250 8C with subsequent runs performed only in the temper-
ature range displaying phase transitions.

1H and 13C NMR spectra were recorded using a 300 MHz
Bruker Avance Ultrashield NMR Spectrometer (300.13 and
75.03 MHz, respectively) at concentrations of approximately
10 mg/mL and referenced to CDCl3 (7.28 ppm) or acetone-d6
(2.05 ppm). The number of scans used was 16 for 1H NMR
and 3072 for 13C NMR.

Polarizing optical microscopy (POM) was performed on
an Olympus BX41 Microscope equipped with an Instec

HCS402 Hot Stage and STC200 Temperature Controller.
All samples that exhibited multiple endothermic transitions
on heating or multiple exothermic transitions on cooling by
DSC analysis were characterized by POM. In a typical ex-
periment, 5–10 mg of sample was heated to the clearing
point, which was estimated by DSC, and cooled slowly to
observe the liquid crystalline textures. POM images were
captured with a Lumenera Infinity1 Digital Camera and
were recorded and analyzed using InfinityCapture software.

Results and discussion

Synthesis
The synthesis of the mono-alkoxy-substituted benzophe-

nones 1a–1d simply involved appending the alkoxy chains
onto commercially available 4,4’-dihydroxy-benzophenone
using the Williamson ether synthesis15 (eq. [1]).

½1�

The synthesis of the bis(alkoxy)benzophenones (1e–1h) in-
volved a Friedel–Crafts acylation16 between 3,4-bis(alkoxy)-
benzoic acids (9e–9h) and 3,4-bis(alkoxy)benzenes (5e–5h)
(Scheme 1). The 3,4-bis(alkoxy)benzenes (5e–5h) were
achieved via a Williamson ether synthesis between catechol
(5) and the appropriate n-alkyl bromides (94%–100%). The
substituted benzoic acids were achieved in three steps from
3,4-dihydroxybenzoic acid (7). First, 6 was protected as its
methyl ester 7 by Fischer esterification,17 then Williamson
conditions were used to append the alkoxy chains to achieve
esters 8e–8h18 in yields ranging from 96% (C6) to 100% (C8).
Finally, saponification of 8e–8h19 afforded the benzoic acid
coupling precursors 9e–9h in yields from 88% (C10) to 99%
(C8). Benzoic acids 9e–9h were first converted to their respec-
tive acid chlorides using thionyl chloride and diethylamine.

Scheme 1. Synthesis of 3,4-bis(alkoxy)benzophenones (1e–1h).
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The acid chlorides were then added to a solution containing
5e–5h and AlCl3. The benzophenones 1e–1h were achieved
in five steps with overall yields from 40% (C12) to 52% (C8).

The synthesis of the mono-alkoxy-substituted dibenzyl-
idene acetones 2a–2d involved a bidirectional aldol condensa-
tion between 1 equiv. of acetone and 2 equiv. of 4-alkoxy-
benzaldehydes (11a–11d), which were achieved again using
a Williamson ether synthesis between 4-hydroxybenzaldehyde
(10) and the appropriate n-alkyl bromides20 (Scheme 2).

The attempted procedure of a bidirectional aldol conden-
sation to achieve the di-alkoxy-substituted dibenzylidene
acetones 2e–2h in a method analogous to that of 2a–2d
proved difficult, with the reaction yielding an inseparable
mixture of the mono- and bis-aldol condensation products.
Instead, two stepwise aldol condensations were employed,
the first reaction between 1 equiv. of acetone and 1 equiv.
of 3,4-alkoxybenzaldehydes (11e–11h), and the second reac-
tion between the resulting 4-(4-alkoxy-phenyl)but-3-en-2-
ones (12e–12h) and a second equiv. of benzaldehydes 11e–
11h (Scheme 3).

The synthesis of mono-alkoxy 1,9-diphenyl-nona-1,3,6,8-
tetraen-5-ones (3a–3d) was performed in a method analogous
to that of 2e–2h, employing stepwise aldol condensations
between acetone and 4-alkoxy cinnamaldehydes. The latter
were obtained, after various functional group interconver-
sions, from commercially available p-coumaric acid
(Scheme 4). The synthesis proceeded in six linear steps
with overall yields of 42% (C10) to 56% (C12).

First, p-coumaric acid (13) was converted to its methyl
ester 14 by Fischer esterification in 97% yield. The alkoxy

chains were appended by the Williamson ether synthesis to
afford 15a–15d in yields from 90% to 98%. Attempted
DIBAL reduction to the aldehydes 17a–17d21 led to a 1:1
mixture of completely reduced alcohol 16a–16d and un-
reacted ester 15a–15d. Instead, a strategy of complete reduc-
tion to the alcohol and subsequent reoxidation to the
aldehyde was employed. The attempted reduction using
LAH22 resulted in reduction of esters 15a–15d as well as
hydrogenation of the olefin; a known result that seems to be
limited to cinnamic acid derivatives.23 A reduction using an
excess of DIBAL afforded the cinnamyl alcohols 16a–16d
in yields ranging from 93% to 96%. Oxidation using the
Corey–Suggs reagent PCC24 led to both the desired a,b-
unsaturated aldehydes 17a–17d (minor) as well as the oxida-
tive olefin cleavage byproduct23 benzaldehyde (major). In-
stead, an oxidation using DDQ in dioxane25 gave 17a–17d
in excellent yields (97% to 100%). Stepwise aldol condensa-
tions; the first between 1 equiv. of aldehydes 17a–17d and
acetone, and the second between the resulting 6-(4-alkoxy-
phenyl)-hexa-3,5-dien-2-ones (18a–18d) and a second equiv.
of 17a–17d, gave the desired 1,9-diphenyl-nona-1,3,6,8-
tetraen-5-ones (3a–3d) in yields of 49% to 67% over two
steps.

Characterization
It was found that neither the mono-alkoxybenzophenone

derivatives 1a–1d nor the bis(alkoxy)benzophenones (1e–
1h) were mesogenic. Of the bis(alkoxy)benzophenones, 1e
was seen in SAXS measurements to undergo a crystal-to-

Scheme 2. Synthesis of mono-alkoxy dibenzylidene-acetones 2a–2d.

Scheme 3. Synthesis of bis(alkoxy)dibenzylidene-acetones (2e–2h).

Table 1. Phase behaviour of 1a–1h.
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crystal transition at ~50 8C and to melt at ~100 8C. The
phase behaviour of 1a–1h is outlined in Table 1.

It was found the mono-alkoxy dibenzylidene acetone de-
rivatives 2a–2d were non-mesogenic. By contrast, the C6,
C8, and C10 bis(alkoxy)dibenzylidene acetones 2e, 2f, and
2g were found to self-assemble into nematic mesophases.
Figure 2 displays POM images of 2e and 2f taken at a mag-
nification of 10�, and the phase behaviour of 2a–2h is out-
lined in Table 2.

SAXS measurements confirm the assignments of 2e, 2f,
and 2g to nematic mesophases above room temperature. A
diffuse maximum in the scattering from 2e is consistent

with a nematic phase with a typical dimension of the cybo-
tatic group of 2.1 nm and a correlation that increases upon
cooling from 1.2 nm near the clearing point to 3.0 nm at
room temperature. Compound 2f shows similar behaviour,
with a cybotatic dimension of 2.4 nm and a correlation
length of 2.0 nm, and similarly 2g has a nematic cybotatic
dimension of 2.6 nm and a correlation length of ~2 nm.

It was found that all four 1,9-diphenyl-nona-1,3,6,8-tetra-
en-5-one derivatives self-assembled into nematic liquid crys-
talline phases. Figure 3 displays POM images of 3b and 3d
in the nematic phase taken at a magnification of 10�, and
the phase behaviour of 3a–3d is outlined in Table 3.

SAXS on 3a and 3b were consistent with nematic phases
at high temperature, but low signal levels precluded accurate
measurement of cybotatic dimensions or correlation length.
However, SAXS measurements on 3c and 3d showed sharp
diffraction peaks with lamellar d spacings of 3.3 nm (3c)
and 3.5 nm (3d), clearly indicating a smectic phase and in-
consistent with the nematic texture observed in POM
(Fig. 3). The reasons for this discrepancy are unclear, but
are likely related to differences either in thermal history or
anchoring effects by the glass slides and glass capillaries
used in the two measurements.

Scheme 4. Synthesis of mono-alkoxy 1,9-diphenyl-1,3,6,8-tetra-en-5-ones (3a–3d).

Table 2. Phase behaviour of 2a–2h. Table 3. Phase behaviour of 3a–3d.
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Conclusions

In summary, we have synthesized a new series of C2-
symmetric compounds, which display liquid crystalline mes-
ophase behaviour. It was determined that the size of the
rigid core, the length of the alkoxy side chain, and the num-
ber of alkoxy side chains have an impact on the ability of
the molecules to self-assemble into liquid crystalline meso-
phases. Increasing the core size as well as increasing the
number of side chains helped induce mesophase formation.
In addition, increasing the length of the alkoxy side chain
expanded the temperature range of the mesophase for the
1,9-diphenyl-nona-1,3,6,8-tetraen-5-ones.

Supplementary data

Supplementary data for this article (detailed experimental
procedures as well as spectral and analytical data, including
1H and 13C NMR spectra, DSC thermograms, and POM mi-
crographs) are available on the journal Web site (canjchem.
nrc.ca).
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(3) Christ, T.; Glüsen, B.; Greiner, A.; Kettner, A.; Sander, R.;
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Radiolysis of supercritical water at 400 8C and
liquid-like densities near 0.5 g/cm3 — A Monte
Carlo calculation

Jintana Meesungnoen, David Guzonas, and Jean-Paul Jay-Gerin

Abstract: Monte Carlo simulations are used to calculate the primary radical yields gðeaq
�Þ, g(�OH), the sum [gðeaq

�Þ +
g(�OH) + g(H�)], and the ratio g(H�)/gðeaq

�Þ in the low linear energy transfer (LET) radiolysis of supercritical water
(SCW) at 400 8C in the high-density, liquid-like region near *0.5 g/cm3. Using all the currently available information on
the reactivities and diffusion coefficients of the radiation-induced species under these conditions, and assuming the aque-
ous medium to be a ‘‘continuum’’, a good accord is found between our calculations and the available experimental data. In
particular, our computed eaq

� yields at 60 ps and 1 ns compare very well with recently reported direct time-dependent
eaq
� yield measurements in SCW (D2O) at 400 8C and 0.570 g/cm3 using picosecond pulse radiolysis experiments.

Key words: supercritical water, radiolysis, hydrated electron, �OH radical, H� atom, rate constants, diffusion coefficients,
primary radiolytic yields (g values), Monte Carlo track structure simulations.

Résumé : À l’aide de simulations Monte Carlo, nous avons calculé, pour des rayonnements de faible transfert d’énergie li-
néique (TEL), les rendements primaires radicalaires (gðeaq

�Þ), g(�OH), la somme [gðeaq
�Þ + g(�OH) + g(H�)] et le rapport

g(H�)/gðeaq
�Þ intervenant lors de la radiolyse de l’eau à l’état supercritique (ESC) à 400 8C dans la région de haute den-

sité de type liquide autour de ~0,5 g/cm3. En utilisant toute les renseignements actuellement disponibles sur les réactivités
et les coefficients de diffusion des espèces radio induites dans ces conditions et en considérant le milieu aqueux comme
un « continuum », un bon accord a été trouvé entre nos calculs et les données expérimentales existantes. En particulier,
nos rendements calculés en électrons hydratés (eaq

�) à 60 ps et 1 ns s’accordent très bien avec les mesures directes obte-
nues en radiolyse pulsée picoseconde du rendement en eaq

� dans l’ESC (D2O) à 400 8C et 0 570 g/cm3.

Mots-clés : eau supercritique, radiolyse, électron hydraté, radical �OH, atome H�, constantes de vitesse de réaction, coeffi-
cients de diffusion, rendements primaires radiolytiques (valeurs g), simulations Monte Carlo de structure de trajectoire.

Introduction

While experiments showing that water is decomposed by
X-rays and radium date back to the early 20th century, vari-
ous quantitative aspects of this radiolysis are still not fully
resolved (for example, see refs. 1–3). The operation of
water-cooled nuclear reactors, which use water in various
process systems around the reactor core, including the pri-
mary heat transport system, as a neutron moderator and as a
biological shield,4 requires the ability to predict and mitigate
the effects of this water radiolysis. The Generation IV (Gen
IV) supercritical water-cooled reactor (SCWR) designs cur-
rently under consideration for deployment in the 2025 time-
frame5–10 would operate at core outlet temperatures as high
as 625 8C and at a pressure of 25 MPa, i.e., well beyond
the thermodynamic critical point of water (H2O: tc =
373.95 8C, Pc = 22.06 MPa or 217.7 atm, rc = 0.322 g/cm3;
D2O: tc = 370.74 8C, Pc = 21.67 MPa or 213.9 atm, rc =
0.358 g/cm3).11 Thermodynamic cycle efficiencies as high
as *49% (vs. *33% for existing water reactors) have been

calculated for reactors operating with a supercritical water
(SCW) coolant, thus generating lower-cost electricity.

A greatly enhanced understanding of the effects of radia-
tion on aqueous systems in future SCWR designs will be re-
quired to specify a chemistry control strategy that will
minimize unwanted degradation of components in the
SCWR core and of piping downstream of the core resulting
from the radiolytic formation of oxidizing products such as
�OH, H2O2, O2, and O2

�– (or HO2
� depending on the

pH).8–10,12 These oxidizing products are highly reactive with
most metal alloys at the elevated temperatures proposed for
the SCWR core outlet. In current pressurized water reactor
(PWR) designs, one commonly used chemistry control
measure to prevent the net radiolytic production of oxidizing
species in the water is to add a small overpressure of excess
H2 to the reactor coolant. It is still unclear, however,
whether this strategy, or some variant on the same theme,
would also be effective under SCWR conditions.9

The combination of extreme conditions of high tempera-
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ture and pressure and the intense flux of ionizing radiations
(fast neutrons, g-rays, recoil protons/deuterons and heavy
ions), which are the main source of the oxidizing prod-
ucts,9,10,13,14 make the experimental characterization of water
radiolysis under expected SCWR operating conditions very
difficult. As a result, theoretical models and computer simu-
lations of the radiation chemistry of the SCWR coolant are
an important route of investigation.9,10,14,15 However, a large
amount of input information on the reaction rate constants
(k) of radiation-induced species, reaction mechanisms, diffu-
sion coefficients (D), and radiolytic yields (g values) in sub-
critical water and in the SCW regime is needed to create
such models. This information is important since prelimi-
nary studies suggest, in many cases, a markedly different be-
havior of the effects of radiation at SCW conditions
compared to what one would predict from simplistic extrap-
olations of experimental data originally measured at lower
temperatures. Key examples here include the rate constants
of a growing number of chemical reactions that are found
to exhibit, at elevated temperatures, negative Arrhenius acti-
vation energies (i.e., the temperature dependence of k ac-
tually decreases gradually with temperatures above a certain
temperature), so that earlier attempts to extrapolate existing
experimental data on reactivities from their measured ranges
(mostly less than 250–310 8C; see, for example, refs. 15–18)
to the temperatures of interest, assuming simple Arrhenius
behavior, should be viewed with caution.9,19–24 Since about
2000, there has been a revival in the study of the high-tem-
perature, radiolysis of water driven, in large part, by the
need for information on (light and heavy) water in the
supercritical regime. Generally, these studies have been able
to extend the measurements of both reaction rates and g val-
ues to higher temperatures than the original investigations,
thereby reducing or, in some cases, eliminating the need to
extrapolate the data.24,25 More recently, the need to model
chemistry in a SCWR has initiated concerted national and
international experimental programs that are now underway
in several laboratories to generate the necessary radiation
chemistry data. Currently, however, only limited experimen-
tal data are available on the radiation chemistry and reaction
kinetics of transients in SCW.8,9,13,19,20,26–36

The present work is a first attempt to extend our previous
Monte Carlo track structure simulations in liquid water at
high temperatures37 to the study of the low linear energy
transfer (LET) radiolysis of SCW (H2O) at 400 8C. It repre-
sents an initial effort to obtain data to help elucidate mecha-
nisms by which radiation interacts with water in its
supercritical regime. The calculations reported herein incor-
porate all the currently available information on the reactiv-
ities and diffusion coefficients of the radiolytically produced
free radicals and molecular products (eaq

�, H+, OH–, H�, H2,
�OH, H2O2, O2

�– (or HO2
�), etc.)1,38–40 and on the physico-

chemical properties (density, viscosity, static dielectric con-
stant, Kw, etc.) of water at this temperature. To our
knowledge, no theoretical modeling of the radiolysis of
water at such elevated temperatures has been reported so
far. It should be pointed out that even if uncertainties
abound throughout, and many steps remain to be studied be-
fore a complete theoretical foundation exists for describing
the radiolysis of SCW, we have used parameters that appear
reasonable to us. Rather than waiting until better data be-

come available, our first objective is to push the calculation
to the point at which we can compare calculated g values
for radiolysis yields with existing experimental observations.
Of course, the final objective is a track model that agrees
with all experimental chemical data.

The organization of the paper is as follows. We first
briefly describe the main features of our simulation ap-
proach, and then present and discuss, in the light of the
available experimental data, the results of our calculated
yields of the free radical products eaq

� (hydrated electron),
�OH, and H� atom in irradiated SCW at 400 8C in the
liquid-like density region around *0.5 g/cm3. We conclude
with a short summary and final remarks.

Monte Carlo simulations
The radiolysis of SCW has been modeled using an ex-

tended version of our Monte Carlo track structure simulation
code called IONLYS-IRT, which simulates irradiations (by
high-energy protons or heavier ions) of pure liquid water or
(dilute) aqueous solutions at ambient41–44 and elevated37

temperatures. A detailed description of our simulation meth-
odology and reaction scheme used to model the radiation
chemistry of water can be found in refs. 37 and 41–44. In
brief, the IONLYS program models, on an event by event
basis, all the events of the early ‘‘physical’’ (<10–15 s) and
‘‘physicochemical’’ (*10–15–10–12 s) stages45 in the track
development. The complex spatial distribution of reactants
present at the end of the physicochemical stage, which is
provided as an output of the IONLYS program, is then used
directly as the starting point for the subsequent ‘‘nonhomo-
geneous chemical’’ stage.45 This third and final stage (from
*10–12 s up to about 10–7–10–6 s at room temperature), dur-
ing which the various radiolytic species diffuse randomly
and react with one another or with dissolved solutes (if any)
present at the time of irradiation, until all spur/track proc-
esses are complete, is covered by our IRT program. This
program employs the ‘‘independent reaction times’’ (IRT)
method,46,47 a computer-efficient stochastic simulation tech-
nique that is used to simulate reaction times without having
to follow the trajectories of the diffusing species. The IRT
method relies on the approximation that the reaction time
for each pair of reactants is independent of the presence of
other reactants in the system. Such an approximation has
been found to be accurate in solvents of high dielectric con-
stant, where the Coulomb forces between the ions are weak
(as is the case with ordinary water), but the method has also
been used in intermediate and low-permittivity solvents
(such as water at elevated temperatures, alcohols, and hydro-
carbons).37,48–50 Within the framework of this approach, the
competition between the reactions is simply described via a
sorting out of the stochastically sampled reaction times for
each of the potentially reactive pairs of reactants. The im-
plementation of this program has been described in detail
previously42,44 and its ability to give accurate time-depend-
ent chemical yields has been validated by comparison with
full random flight Monte Carlo simulations that do follow
the reactant trajectories in detail.51,52

In the present version of IONLYS-IRT, the rate constants
of the dominant chemical and acid/base equilibrium reac-
tions involved in the radiolysis of SCW at 400 8C in the
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liquid-like density region studied have generally been ob-
tained by extrapolating the experimental data recently com-
piled by Elliot and Bartels24 from their measured ranges
(mostly 20–350 8C). In some cases, however, the kinetic
data of Ghandi and Percival20 inferred from muon spin spec-
troscopy measurements in subcritical water and SCW (up to
450 8C) have also been used. The corresponding k values
employed in our simulations are listed in Table 1. Note the
particular case of the self-reaction of eaq

� (reaction R10)
whose temperature dependence in near-neutral solution is
still a subject of discussion16–18,23,24 that requires clarifica-
tion. Its rate constant has been chosen here by following the
extrapolation procedure previously proposed by Elliot,16 and
employed in ref. 37, which assumes that this reaction is dif-
fusion controlled at temperatures above 150 8C. The validity
of this assumption is confirmed by the good agreement of
the calculated and experimental g(eaq

�) values up to 350 8C
(data not shown). In contrast, if the abrupt decrease in this
rate constant observed in alkaline solution above 150 8C is
included in our simulations, a sharp downward discontinuity
in g(H2) is predicted,37 see also refs. 54 and 55, which is not
observed experimentally.24 This abrupt drop needs to be
confirmed at near-neutral pH values, as it may be a function
of the pH of the solution.16–18 For the other reactions, whose
rate constants have been measured only up to 200 or 250 8C
(many of these data have been collected and summarized in
refs. 15–18 and 24 for both light and heavy water), the
available data for k have been extrapolated above their ex-
perimentally studied temperature range as described previ-

ously.37 Due to the lack of experimental data, we have
simply assumed that the reaction rate constants remain con-
stant with water density on the 400 8C isotherm of interest.
This approximation would most likely not be too severe,
taking into account the limited range of densities (around
*0.5 g/cm3) investigated here.28

The diffusion coefficients used in the simulations for the
main reactive species are listed in Table 2. The values of
the viscosity (h * 58.6 mPa s), static dielectric constant (30

* 9.6), and molar concentration (*27.8 mol/L) of SCW at
400 8C and *0.5 g/cm3 have been taken from the NIST
Chemistry WebBook11 while the ionic product of water (Kw)
has been obtained from Bandura and Lvov.59 Finally, from a
microscopic viewpoint, we have ignored here the heteroge-
neous molecular structure of SCW originating from the exis-
tence of density fluctuations (or water ‘‘clustering’’) that are
associated with the high compressibility of water in the vi-
cinity of the critical point (e.g., see refs. 60–65 and refs.
cited therein). In our simulations, we assume that the overall
instantaneous picture of SCW can simply be viewed as a
continuum medium with a mean density equal to the density
of bulk water. This approximation is thought to be reason-
able at the liquid-like SCW densities considered in this
study61,63 and it seems to be justified by the agreement we
have obtained between model and experiment (see below).

To reproduce the effects of 60Co g-rays or fast electrons,
we use short (*100 mm) segments of *300 MeV proton
tracks, over which the LET is essentially constant and equal
to *0.3 keV/mm in normal liquid water at 25 8C. Such an
analysis thus gives ‘‘track segment’’ yields66 as a function of
time from picoseconds to, typically, microseconds. The
number of proton histories (*150) is chosen so as to ensure
only small statistical fluctuations when calculating average
yields, while keeping acceptable computer time limits.

Table 1. Main spur/track reactions and values at 400 8C and in the
liquid-like density region near *0.5 g/cm3 for the corresponding
rate constants (k) used in our simulations.

Symbol Reaction k (1010 (mol/L)–1 s–1)
R1 �OH + eaq

� ? OH– 45a

R2 �OH + H� ? H2O 4.4b

R3 �OH + �OH ? H2O2 0.85a

R4 �OH + HO2
� ? O2 + H2O 3a

R5 OH + H2 ? H� + H2O 0.06a

R6 eaq
� + H+ ? H� 300a,c

R7 eaq
� + H� ? H2 + OH– 79a

R8 H� + OH– ? eaq
� + H2O 2.2a

R9 H+ + OH– ? H2O 200a

R10 eaq
� + eaq

� ? H2 + 2OH– 21d

R11 H� + H� ? H2 15e

R12 H� + O2 ? HO2
� 6.7a

R13 H� + HO2
� ? 2�OH 34a

R14 H� + H2O2 ? �OH + H2O 0.23a

R15 eaq
� + H2O2 ? �OH + OH– 46a

R16 �OH + H2O2 ? HO2
� + H2O 0.06a

R17 eaq
� + O2 ? O2

�– 25a,f

aExtrapolated from ref. 24.
bFrom Fig. 2 of ref. 20. See also ref. 24.
cSee also ref. 53.
dExtrapolated from Fig. 3 of ref. 16, assuming reaction R10 is diffusion

controlled and using the experimental data up to 150 8C. See also ref. 37.
eExtrapolated from Fig. 7 of ref. 16, assuming reaction R11 is diffusion

controlled. See also ref. 24.
fSee also ref. 28.

Table 2. Values at 400 8C for the diffusion
coefficients (D) of reactive species in SCW in
the high-density region around *0.5 g/cm3.

Species D (10–9 m2 s–1)
H2

a 146
H2O2

a 70
H�a 213
�OHa 67

eaq
� 420b

H3O+ 56c

OH– 58c

H2Oa 70

aThe diffusion coefficients of H2, H2O2, H�, and �OH,
explicitly determined at 25 8C but essentially unknown
at 400 8C, are assumed to scale with the self-diffusion of
water above room temperature.16–18,23,37,54 The values of
D at 25 8C for the various reactants are taken from
refs. 16 and 37. DH2O(25 8C) = 2.299� 10–9 m2 s–1.56 The
self-diffusion coefficient of compressed SCW at 400 8C
and *0.5 g/cm3 is taken to be 70 � 10–9 m2 s–1 from the
measurements of Lamb et al.57

bExtrapolated from the data of Schmidt et al.58 up to
90 8C and the estimate of Marin et al.23 at 300 8C
(*240 � 10–9 m2 s–1).

cObtained by extrapolation of the experimental data
reported by Elliot and Bartels (Figs. 4–27 of ref. 24)
over the 0–350 8C temperature range.
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Results and discussion

Table 3 compares our calculated values of g(eaq
�),

g(�OH), the sum (g(eaq
�) + g(�OH) + g(H�)), and the ratio

g(H�)/g(eaq
�) with available experimental data13,26,27,31,33–36

for the low-LET radiolysis of pure, deaerated SCW at
400 8C and *0.5 g/cm3. As we can see, there is good over-
all agreement between calculated and experimental g values.
Among the results emerging from this study, let us note be-
low the following points.

First, there is at present only limited information with
which to compare our results on the radiation yields of
transient species in water under supercritical conditions. In
fact, published data mainly concern g values for
eaq
�,9,13,26–28,31,32,35,36 H� atom,9,13,28 H2,9,13 and �OH33 pro-

duction in low-LET radiolysis up to 400 8C. Most of these
studies employ steady-state radiolysis experiments with var-
ious specific scavengers, assuming that they (and the prod-
ucts formed) are thermally stable in SCW. However,
because of the lack of precise determination of the rate con-
stants for the reactions between radicals and scavengers, the

scavenging time (i.e., the reciprocal of the ‘‘scavenging
power’’, defined as the product of k and the scavenger con-
centration) corresponding to the g values reported at high
temperature, and a fortiori in the supercritical regime, is not
well-known and may differ appreciably depending on the
experimental conditions. In fact, to ensure minimal scaveng-
ing in the spur/track, experimentalists generally use scav-
enger concentrations such that the scavenging time at room
temperature is about 10–7 s.16,24,31–33 In the calculations re-
ported in Table 3, we have assumed that, in the tempera-
ture/density regime investigated, the scavenging time in
those yield experiments is of the order of 10 ns.13,68 This
choice is consistent with our Monte Carlo calculations,
which show that, in liquid water for low-LET radiation and
under ordinary irradiation conditions, the lifetime of the spur
(i.e., the time at which the nonhomogeneous chemical stage
is completed) diminishes with increasing temperature, reach-
ing a value close to 2 � 10–8 s at 350 8C.37,69

Second, in an effort to overcome the difficulties posed by
the scavenging method, Muroya et al.35 have recently meas-
ured, for the first time, the time-dependent yield of hydrated

Table 3. Comparison of available experimental data of g(eaq
�), g(�OH), (g(eaq

�) + g(�OH) +
g(H�)), and g(H�)/g(eaq

�) in the low-LET radiolysis of SCW at 400 8C and in the liquid-like
density region near *0.5 g/cm3 with the results of our Monte Carlo simulations.

Yield Experiment This worka

g(eaq
�)

3.48 ± 0.2b at 0.570 g/cm3 and *60 ps35,36 3.15 at 60 ps
2.46 ± 0.2b at 0.570 g/cm3 and *1 ns35,36 2.55 at 1 ns
2.29 at 0.523 g/cm3 31

2.36 at 0.502 g/cm3 31 2.26
2.45c at 0.475 g/cm3 31

g(eaq
�) + g(�OH) + g(H�)

9.45 at 0.523 g/cm3 31

9.35 at 0.502 g/cm3 31 9.07
9.55 at 0.475 g/cm3 31

9.38 at 0.523 g/cm3 34

10.08 at 0.475 g/cm3 34

g(�OH)
5.41d at 0.523 g/cm3 33 4.91
5.63d at 0.475 g/cm3 33

g(H�)/g(eaq
�)

0.996e at 0.523 g/cm3 0.84
1.11e at 0.475 g/cm3

Note: Most data reported here are derived from scavenged yields of species measured in steady-state ex-
periments and supposed ideally to be close to the ‘‘escape’’ yields from the spur.24,39,66 The precision of these
measurements is estimated to be on the order of 10%.31,33,34 Unless otherwise indicated, our calculated yields
are all obtained assuming a scavenging time of *10 ns.13 The g values are expressed here in units of mole-
cules per 100 eV. For conversion into SI units (mol/J): 1 molecule/100 eV & 0.10364 mmol/J.1

aAll yield values are computed for a SCW density of 0.5 g/cm3.
bDirect observation using picosecond pulse radiolysis experiments in supercritical D2O.
cJanik et al.13 also measured the eaq

� escape yields in SCW at 400 and 380 8C as a function of density using
N2O as a specific scavenger for eaq

� rather than the tert-BuOH/methyl viologen scavenging system used in the
experiments of Lin et al.31 At their highest densities studied (*0.42–0.55 g/cm3), their eaq

� yields (*1.48–
3.12 molecules/100 eV) are comparable with those measured by Lin et al.31 In contrast, the value of g(eaq

�) =
0.8 molecule/100 eV found by Sims27 in g-irradiated SCW at 400 8C and 0.45 g/cm3 from a reanalysis of data
previously published by Burns and Marsh26 is a factor of *3 lower than that measured by Lin et al.31

dAverage over several determinations. Note that there are at present no experimental data from other groups
with which to compare our results.

eObtained from different product yield measurements without taking account of the scavenging time of the
two species.67 Note that similar values of this ratio have also been reported at 380 8C in the density regime
studied here by Janik et al.13 (see also ref. 28). For comparison, the value for g(H�)/g(eaq

�) in the low-LET
radiolysis of ordinary liquid water at 25 8C is *0.22.24

Meesungnoen et al. 649

Published by NRC Research Press

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

U
ni

ve
rs

ity
 o

f 
E

le
ct

ro
ni

c 
an

d 
Sc

ie
nc

e 
T

ec
ho

no
lo

gy
 o

f 
C

hi
na

 o
n 

09
/1

7/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



electrons in SCW (D2O) at 400 8C and various water den-
sities between *0.182 and 0.570 g/cm3, using picosecond
pulse radiolysis experiments. As shown in Table 3, at the
highest density studied by these authors,35 a good agreement
is observed between our computed eaq

� yields at 60 ps and
1 ns and their corresponding measured g values.36 In this con-
text, it is interesting to note that these direct time-dependent
eaq
� yield measurements35,36 compare well with Lin et

al.’s31,32 previous studies that used scavenging methods.
Finally, our third point concerns the contribution of the

various reactions to the yield of eaq
� in irradiated SCW at

400 8C, and in particular the importance of the charge-re-
combination reaction, R6 (see Table 1). In fact, the rate con-
stant for this reaction is known only up to 350 8C;24 at
25 8C, it is 2.1 � 1010 (mol/L)–1 s–1 while it reaches the
value of *2 � 1012 (mol/L)–1 s–1 at 350 8C.16,24,53 However,
the recent measurements of Muroya et al.35 have suggested
that reaction R6 at 400 8C is even faster than that at
350 8C. In view of these results, we have examined the sen-
sitivity of our simulated radiolytic yields on variations in the
value of the rate constant for this reaction. As expected,13,35

reaction R6 does have a major impact on the calculated
yields of g(eaq

�) and g(H�). For example, at 400 8C and
0.5 g/cm3, the ratio g(H�)/g(eaq

�) at 10 ns varies from 0.74
to 1.26 when the rate constant of reaction R6 is varied from
2.5 to 5 � 1012 (mol/L)–1 s–1. By contrast, g(�OH) and g(H2)
are found to be rather insensitive to this parameter. The im-
portance of reaction R6 is further illustrated in Fig. 1 where
we compare the time dependence of the cumulative yield
variations, Dg(eaq

�), of the main spur/track reactions that
contribute to the decay of eaq

� in the low-LET radiolysis of
liquid water at 25 8C and of SCW at 400 8C and 0.5 g/cm3.
As can be seen, at 25 8C, the decay of the eaq

� yield is
mainly due to the reaction R1 (see Table 1) of eaq

� with
�OH radicals; about 54% of electrons decay in this reaction
and about 25% in reaction R6 with protons (Fig. 1a). Under
supercritical conditions, reaction R1 loses its efficiency and
reaction R6 becomes largely predominant; at *10–8 s, this
latter reaction contributes about 65% to the decay of eaq

�,
while only 20% of electrons are lost because of reaction R1
(Fig. 1b). The total contribution of reactions R7, R10, and
R15 (see Table 1) does not exceed 15%. As a consequence

of this predominance of reaction R6 in irradiated SCW,
there are more H� atoms available to either react in other
spur/track reactions or escape into the bulk solution. This,
in large part, supports the marked increase in the ratio
g(H�)/g(eaq

�) observed during the radiolysis of SCW at
380–400 8C in the density regime studied (see Table 3),
compared to its value (*0.22) in ordinary liquid water at
25 8C.24

Fig. 1. Time dependence of the extents Dg(eaq
�) (in molecule/

100 eV) of the main spur/track reactions R1, R6, R7, R10, and R15
(listed in Table 1) that contribute to the decay of eaq

�, calculated
from our Monte Carlo simulations of the radiolysis of (a) pure, dea-
erated liquid water at 25 8C and (b) SCW at 400 8C and 0.5 g/cm3.
The time intervals chosen here correspond to the estimated lifetimes
of spurs in the two considered cases. Simulations are carried out
with 300 MeV incident protons (corresponding to an LET of
*0.3 keV/mm in ordinary liquid water at 25 8C). Note that, in the
case of reaction R10 involving two hydrated electrons, the Dg value
that is shown accounts for the fact that each reaction eliminates two
reactants. For the sake of comparison, Fig. 1c shows the time de-
pendences of the yield of eaq

� computed at 25 8C, and at 400 8C
and 0.5 g/cm3 over the considered spur lifetimes. As we can see, the
kinetics of the decay of eaq

� is significantly accelerated with in-
creasing temperature, a result in agreement with the recent picose-
cond time-resolved experiments in SCW of Muroya et al.35
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Conclusion
In this work, we have presented the results of our calcu-

lated yields of the primary free-radical products eaq
�, �OH

radical, and H� atom in the low-LET radiolysis of SCW at
400 8C and liquid-like densities around *0.5 g/cm3. Assum-
ing the aqueous medium to be a ‘‘continuum’’ and using all
the currently available information on the rate constants for
the main reactions involved in the radiolysis of water under
these conditions, our Monte Carlo simulations are found to
reproduce well the available experimental data. In particular,
our computed eaq

� yields at 60 ps and 1 ns compare very
well with recently reported time-dependent yields of hy-
drated electrons in SCW at 400 8C and 0.570 g/cm3 meas-
ured directly using picosecond pulse radiolysis experiments.
This good overall accord between experiment and theory
shows that Monte Carlo simulations offer a most promising
avenue at present to further develop our understanding of
temperature/pressure (density) effects in the radiolysis of
SCW under various thermodynamic conditions. Currently,
work is in progress at our laboratory to calculate the g val-
ues in SCW at 400 8C in the low-density, gas-like region
near *0.15 g/cm3.
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(37) (a) Hervé du Penhoat, M.-A.; Goulet, T.; Frongillo, Y.; Fra-

ser, M.-J.; Bernat, Ph.; Jay-Gerin, J.-P. J. Phys. Chem. A
2000, 104 (50), 11757. doi:10.1021/jp001662d.; (b) Hervé
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(48) Běgusová, M.; Pimblott, S. M. Radiat. Prot. Dosimetry
2002, 99 (1–4), 73. PMID:12194364.

(49) Green, N. J. B.; Pilling, M. J.; Pimblott, S. M.; Clifford, P. J.
Phys. Chem. 1989, 93 (24), 8025. doi:10.1021/j100361a014.

(50) Pimblott, S. M.; Green, N. J. B. In Research in Chemical Ki-
netics; Compton, R. G., Hancock, G., Eds.; Elsevier: Am-
sterdam, 1995; Vol. 3, p 117.

(51) Goulet, T.; Fraser, M.-J.; Frongillo, Y.; Jay-Gerin, J.-P. Ra-
diat. Phys. Chem. 1998, 51 (1), 85. doi:10.1016/S0969-
806X(97)00060-1.

(52) Plante, I. Ph.D. Thesis, Université de Sherbrooke, Sher-
brooke, QC, 2009.

(53) Stanisky, C. M.; Bartels, D. M.; Takahashi, K. Radiat. Phys.
Chem. 2010, 79 (1), 64. doi:10.1016/j.radphyschem.2009.08.
032.

(54) LaVerne, J. A.; Pimblott, S. M. J. Phys. Chem. 1993, 97
(13), 3291. doi:10.1021/j100115a034.

(55) (a) Swiatla-Wojcik, D.; Buxton, G. V. J. Phys. Chem. 1995,
99 (29), 11464. doi:10.1021/j100029a026.; (b) Swiatla-Woj-
cik, D.; Buxton, G. V. Res. Chem. Intermed. 2001, 27 (7),
875. doi:10.1163/15685670152622149.

(56) Mills, R. J. Phys. Chem. 1973, 77 (5), 685. doi:10.1021/
j100624a025.

(57) Lamb, W. J.; Hoffman, G. A.; Jonas, J. J. Chem. Phys. 1981,
74 (12), 6875. doi:10.1063/1.441097.

(58) Schmidt, K. H.; Han, P.; Bartels, D. M. J. Phys. Chem.
1995, 99 (26), 10530. doi:10.1021/j100026a016.

(59) Bandura, A. V.; Lvov, S. N. J. Phys. Chem. Ref. Data 2006,
35 (1), 15. doi:10.1063/1.1928231.

(60) Jortner, J.; Gaathon, A. Can. J. Chem. 1977, 55 (11), 1801.
doi:10.1139/v77-253.

(61) Ohtaki, H.; Radnai, T.; Yamaguchi, T. Chem. Soc. Rev.
1997, 26 (1), 41. doi:10.1039/cs9972600041.

(62) Tucker, S. C. Chem. Rev. 1999, 99 (2), 391. doi:10.1021/
cr9700437. PMID:11848986.

(63) Akiya, N.; Savage, P. E. Chem. Rev. 2002, 102 (8), 2725.
doi:10.1021/cr000668w. PMID:12175266.

(64) Boero, M.; Terakura, K.; Ikeshoji, T.; Liew, C. C.; Parri-
nello, M. J. Chem. Phys. 2001, 115 (5), 2219. doi:10.1063/
1.1379767.

(65) Jay-Gerin, J.-P.; Lin, M.; Katsumura, Y.; He, H.; Muroya,

652 Can. J. Chem. Vol. 88, 2010

Published by NRC Research Press

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

U
ni

ve
rs

ity
 o

f 
E

le
ct

ro
ni

c 
an

d 
Sc

ie
nc

e 
T

ec
ho

no
lo

gy
 o

f 
C

hi
na

 o
n 

09
/1

7/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



Y.; Meesungnoen, J. J. Chem. Phys. 2008, 129 (11), 114511.
doi:10.1063/1.2978955. PMID:19044973.

(66) (a) LaVerne, J. A. Radiat. Res. 2000, 153 (5), 487. doi:10.
1667/0033-7587(2000)153[0487:TEOHII]2.0.CO;2. PMID:
10790268.; (b) LaVerne, J. A. In Charged Particle and
Photon Interactions With Matter: Chemical, Physical, and
Biological Consequences With Applications; Mozumder, A.,
Hatano, Y., Eds.; Marcel Dekker: New York, 2004; p 403.

(67) Lin, M. Personal communication, 2008.
(68) Takahashi, K.; Ohgami, S.; Koyama, Y.; Sawamura, S.;

Marin, T. W.; Bartels, D. M.; Jonah, C. D. Chem. Phys.
Lett. 2004, 383 (5–6), 445. doi:10.1016/j.cplett.2003.11.050.

(69) Sanguanmith, S.; Tippayamontri, T.; Meesungnoen, J.; Jay-
Gerin, J.-P. Manuscript submitted to this journal.

Meesungnoen et al. 653

Published by NRC Research Press

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

U
ni

ve
rs

ity
 o

f 
E

le
ct

ro
ni

c 
an

d 
Sc

ie
nc

e 
T

ec
ho

no
lo

gy
 o

f 
C

hi
na

 o
n 

09
/1

7/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



Synthesis and characterization of chalcone-
substituted phosphazenes

Zainab Ngaini and Norashikin I. Abdul Rahman

Abstract: A series of mono[(E)-1-(4-alkyloxyphenyl)-3-(4-hydroxy-phenyl)prop-2-en-1-one]cyclotriphosphazenes and
hexakis[(E)-1-(4-alkyloxy-phenyl)-3-(4-hydroxy-phenyl) prop-2-en-1-one]cylotriphosphazenes have been synthesized. A
convenient synthetic method was performed from the reaction of hexachlorocyclotriphosphazenes with 1 and 6 equiv. of
(E)-1-(4-alkyloxyphenyl)-3-(4-hydroxy-phenyl)prop-2-en-1-one (2a–2c) to afford (3a–3c) in 17%–19% and (4a–4c) in
70%–82%, respectively. The compounds differ in the length of alkyl groups, CnH2n+1, where n = 10, 12, and 14.

Key words: hexachlorocyclotriphosphazenes, chalcones, alkyloxy, condensation.

Résumé : On a réalisé la synthèse d’une série de mono[(E)-1-(4-alkyloxyphényl)-3-(4-hydroxyphényl)prop-2-én-1-one]cyclo-
triphosphazènes et de hexakis[(E)-1-(4-alkyloxyphényl)-3-(4-hydroxyphényl)prop-2-én-1-one]cyclotriphosphazènes. On a
exécuté une méthode de synthèse appropriée par réaction d’hexachlorocyclotriphosphazènes avec 1 et 6 equiv. de (E)-1-(4-
alkyloxyphényl)-3-(4-hydroxyphényl)prop-2-én-1-one (2a–2c) qui ont conduit respectivement aux produits (3a–3c) avec
des rendements allant de 17 à 19 % et aux produits (4a–4c) avec des rendements allant de 70 à 82 . Les composés diffè-
rent par la longueur des groupes alkyles, CnH2n+1, dans lesquels n = 10, 12 et 14.

Mots-clés : hexachlorocyclotriphosphazènes, chalcones, alkyloxy, condensation.

Introduction

Phosphazenes are compounds containing a framework of
alternating phosphorus and nitrogen atoms, either in cyclic
or linear form.1 Linear, cyclic, and poly phosphazenes have
been widely investigated. These compounds are reported to
possess interesting biomedical properties2 and promising ap-
plication as effective flame retardants for fiber materials.3

Nucleophilic substitution reactions on hexachlorocyclotri-
phosphazenes have been widely reported.4–6 The synthesis
of cyclotriphosphazenes, bearing 4-oxychalcones6 as side
groups, has been studied for photosensitive phosphazenes
that could undergo photo-cross-linking reaction under UV ir-
radiation.

In photochemistry, chalcone derivatives were reported to
possess outstanding nonlinear optic property for optical
communications and optical electronics,7 liquid crystal dis-
plays,8,9 and alignment film.10 Chalcones were also reported
to promote excellent blue-light transmittance and good crys-
tallability,11,12 high photosensitivity, and thermal stability for
various crystalline electro-optical devices.

Recently, we reported a very convenient method for the prep-
aration of trimeric aryloxyphosphazenes directly from [N3P3Cl6]
and (E)-3-(4-(alkyloxy)phenyl)-1-(4-hydroxyphenyl)prop-2-en-1-
one using K2CO3 in acetone.13 This prompted us to try the re-
action of cyclotriphosphazenes with other para-substituted
hydroxy chalcones. We herein describe the synthesis of cy-
clotriphosphazenes incorporated with hydroxylated chalcones
(E)-1-[4-(alkyloxy)phenyl]-3-[4-hydroxyphenyl] prop-2-en-1-one

(2a–2c), which could be used as model reactions for various
crystalline electro-optical devices.

Results and discussion
The series of chalcone derivatives (E)-1-[4-(alkyloxy)-

phenyl]-3-[4-hydroxyphenyl] prop-2-en-1-one (2a–2c) was
prepared via Claisen–Schmidt condensation of 1a–1c and 4-
hydroxybenzaldehyde by the route depicted in Scheme 1.

The structural assignments of compounds 2a–2c were
based on the analytical and spectral data. The IR spectra of
the hydroxylated chalcones 2a–2c showed the presence of
bands at 2921–2852 cm–1, which were attributed to the in-
troduction of the long alkyl chain via etherification of 4-hy-
droxyacetophenone. The presence of a new C=O stretching
frequency at 1651 cm–1 substantiated the formation of the ti-
tle compound. The chemical structures of 2a–2c were found
to be consistent with 1H NMR and 13C NMR spectroscopic
data and showed the peaks corresponding to the structures. In
1H NMR spectra, the coupling constant, Jab = 15.0 –16.0 Hz,
indicated all chalcones obtained were in trans-configuration.

The synthetic route for the preparation of mono-
(N3P3Cl5[OC6H4CH=CHC(O)C6H4OCnH2n+1]) (3a–3c) and
hexa-substituted cyclotriphosphazenes (N3P3[OC6H4CH=CH-
C(O)–C6H4OCnH2n+1]6) (4a–4c) is illustrated in Scheme 2.

Mono-subsubstituted cyclotriphosphazenes 3a–3c were
obtained from the reaction of hexachlorocyclotriphospha-
zenes with 1 equiv. of chalcone derivatives 2a–2c in the
presence of K2CO3 in acetone. The higher polarity of the

Received 29 November 2009. Accepted 21 April 2010. Published on the NRC Research Press Web site at canjchem.nrc.ca on 18 June
2010.
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acetone14 was believed to increase the rate of reaction com-
pared with THF6 and dioxane.15 The IR spectra showed P=N
stretching vibrations at 1183 cm–1, which are characteristic
of cyclotriphosphazenes.16,17 The absorption bands observed
at 871 cm–1 were attributed to the presence of the P–O–C
bond.18 31P NMR spectra showed two resonances as a triplet
and a doublet at 12.74 ppm and 23.27 ppm, respectively,
with a coupling constant, J = 60 Hz, which implied the re-
placement of one chlorine from the cyclotriphosphazenes
ring for the mono-substituted phosphazenes.19 1H and 13C
NMR data also confirmed the substitution of 2a–2c, with
the chemical shifts moving slightly downfield.

The reaction of hexachlorocyclotriphosphazenes with 6
equiv. of 2a–2c under the same conditions afforded 4a–4c
in high yields. The IR spectra showed the characteristic ab-
sorption bands at 1180 cm–1, which were attributed to P=N
stretching vibrations. The absorption bands observed at
881 cm–1 in 4a–4c were attributed to the presence of P–O–
C bond. 31P NMR showed a single resonance at d 8.84 ppm,
which implied complete chlorine replacement.19 The data
obtained from elemental analysis, 1H, and 13C NMR showed
good agreement to the corresponding structures.

Conclusion
In summary, this research has demonstrated the nucleo-

philic substitution of (E)-1-[4-(alkyloxy)phenyl]-3-[4-hydrox-
yphenyl] prop-2-en-1-one (2a–2c) onto cyclotriphosphazenes,
which afforded new mono{(E)-1-[4-(alkylyloxy)phenyl]-3-[4-
hydroxyphenyl]prop-2-en-1-one}cyclotriphosphazenes (3a–3c)

and hexakis{(E)-1-[4-(alkyloxy)phenyl]-3-[4-hydroxyphenyl]-
prop-2-en-1-one}cyclotriphosphazenes (4a–4c). Compounds
3a–3c gave lower melting points, whereas compounds 4a–
4c possessed higher melting points than the hydroxylated
chalcones (2a–2c). These findings could potentially be used
as model reactions for various crystalline electrooptical de-
vices.

Experimental

General
4-Hydroxybenzaldehyde, 4-hydroxyacetophenone, and 1-

bromoalkanes were obtained from Merck Company and
used as received. Hexachlorocyclotriphosphazenes was pro-
vided by Aldrich and were recrystallized from hexane. Ace-
tone was distilled from calcium hydride under nitrogen
before use. All other reagents and solvents were used as re-
ceived. The reactions were performed under dry nitrogen.
Melting points were determined in open capillaries and are
uncorrected. Infrared spectra were recorded on (FTIR) 1605
Shimadzu Spectrometer using KBr pellets. 1H NMR spectra
were recorded on a 500 MHz Jeol Delta 2-NMR, and 13C
NMR was recorded on a 125.77 MHz using TMS as the in-
ternal standard.

Synthesis of alkyloxyphenyl-ethanone (1a–1c)

General procedure
Bromoalkane (72 mmol), 4-hydroxyacetophenone (72 mmol),

K2CO3 (72 mmol), and TBAI (6 mmol) in MEK (200 mL)

Scheme 1.

Scheme 2.
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were heated at reflux for 5 h. The mixture was filtered and
cooled to room temperature. Water (30 mL) was added to
the filtrate, and the layers separated. The aqueous layer was
extracted with dichloromethane (2 � 30 mL). The combined
layers were washed with water (2 � 20 mL), dried
(MgSO4), filtered, and concentrated in vacuo. The crude
was recrystallized from ethanol to give 1a–1c.

1-(4-Decyloxyphenyl)-ethanone (1a)
Compound 1a was obtained as colorless crystals. Yield:

89. FTIR and NMR data were consistent with the reported
literature.20

1-(4-Dodecyloxyphenyl)-ethanone (1b)
Compound 1b was obtained as colorless crystal. Yield:

78%; mp 52–53 8C. FTIR (thin films, cm–1) ymax: 2954,
2918, 2849 (C–H), 1676 (C=O), 1606 (aromatic), 1253
(alkyl aryl ethers). 1H NMR (500 MHz, CDCl3) dH: 0.85
(3H, t, 1 � CH3), 1.24–1.77 (20H, m, 8 � CH2), 2.52 (3H,
s, 1 � CH3), 3.98 (2H, t, OCH2), 6.87 (2H, d, J = 9.2 Hz,
Ar–H), 7.88 (2H, d, J = 9.2 Hz, Ar–H). 13C NMR
(125.77 MHz, CDCl3) dC: 14.06, 22.63, 25.91, 26.24, 29.03,
29.29, 29.50, 29.53, 39.58, 29.60, 29.60, 31.86, 68.19,
114.06, 130.01, 130.50, 163.06, 196.71. Anal. calcd. (%)
C20H32O2: C, 78.90; H, 10.59. Found (%): C, 78.73; H, 10.45.

1-(4-Tetradecyloxyphenyl)-ethanone (1c)
Compound 1c was obtained as colorless crystals. Yield:

94%; mp 58–59 8C. FTIR (thin films, cm–1) ymax: 2954,
2917, 2849 (C–H), 1676 (C=O), 1605 (aromatic), 1253
(alkyl aryl ether). 1H NMR (500 MHz, CDCl3) dH: 0.84
(3H, t, 1 � CH3), 1.23–1.76 (24H, m, 10 � CH2), 2.50 (3H,
s, 1 � CH3), 3.96 (2H, t, OCH2), 6.86 (2H, d, J = 8.0 Hz,
Ar–H), 7.87 (2H, d, J = 8.0 Hz, Ar–H). 13C NMR
(125.77 MHz, CDCl3) dC: 14.02, 22.60, 25.88, 26.16, 29.01,
29.28, 29.28, 29.47, 29.51, 29.57, 29.57, 29.59, 31.83,
68.13, 114.00, 129.97, 130.44, 163.02, 196.55. Anal. calcd.
C22H36O2: C, 79.46; H, 10.91. Found (%): C, 79.23; H, 10.51.

Synthesis of (alkyloxy)phenyl-hydroxyphenyl]prop-2-en-
1-one (2a–2c)

General procedure
A mixture of 4-hydroxybenzaldehyde (12.5 mmol) and 1a

(12.5 mmol) in 35 mL of methanol was added under stirring
to a solution of KOH (2.52 g) in methanol (10 mL). The
mixture was heated at reflux for 10 h. The reaction was
cooled to room temperature and acidified with cold diluted
HCl (2 N). The resulting precipitate was filtered, washed,
and dried. The crude was recrystallized from hexane:ethanol
(7:1) to give 2a–2c.

(E)-1-[4-(Decyloxy)phenyl]-3-[4-hydroxyphenyl]prop-2-en-
1-one (2a)

Compound 2a was obtained as yellow crystals. Yield: 34.
FTIR and NMR data were consistent with the reported liter-
ature.20

(E)-1-[4-(Dodecyloxy)phenyl]-3-[4-hydroxyphenyl]prop-2-
en-1-one (2b)

Compound 2b was obtained as yellow crystals. Yield:
44%; mp 110.6–111.2 8C. FTIR (thin films, cm–1) ymax:

3195 (OH), 2921, 2852 (C–H), 1651 (C=O), 1581 (aro-
matic), 1223 (alkyl aryl ether), 990 (C=C). 1H NMR
(500 MHz, CDCl3) dH: 0.81 (3H, t, 1 � CH3), 1.21–1.87
(20H, m, 10 � CH2), 3.95 (2H, t, OCH2), 6.83 (2H, d, J =
8.6 Hz, Ar–H), 6.86 (2H, d, J = 8.6 Hz, Ar–H), 7.32 (1H, d,
J = 15.45 Hz, 1 � olefinic H), 7.45 (2H, d, J = 8.0 Hz, Ar–
H), 7.67 (1H, d, J = 15.45 Hz, 1 � olefinic H), 7.94 (2H, d,
J = 8.0 Hz, Ar–H). 13C NMR (125.77 MHz, CDCl3) dC:
14.10, 22.67, 25.96, 29.08, 29.33, 29.55, 29.58, 29.61,
30.96, 31.89, 68.29, 114.30, 116.09, 119.03, 127.24, 130.45,
130.84, 144.66, 158.75, 163.12, 189.62. Anal. calcd.
C27H36O3: C, 79.37: H, 8.88. Found (%): C, 79.52; H, 8.90.

(E)-1-[4-(Tetradecyloxy)phenyl]-3-[4-hydroxyphenyl]prop-
2-en-1-one (2c)

Compound 2c was obtained as yellow crystals. Yield:
39%; mp 107–108 8C. FTIR (thin films, cm–1) ymax: 3208
(OH), 2918, 2850 (C–H), 1646 (C=O), 1585 (aromatic),
1223 (alkyl aryl ether), 990 (C=C). 1H NMR (500 MHz,
DMSO-d6) dH: 0.82 (3H, t, 1 � CH3), 1.24–1.71 (24H, m,
12 � CH2), 4.04 (2H, t, OCH2), 6.81 (2H, d, J = 8.6 Hz,
Ar–H), 7.02 (2H, d, J = 9.15 Hz, Ar–H), 7.61 (1H, d, J =
15.45 Hz, 1 � olefinic H), 7.69 (1H, d, J = 15.45 Hz, 1 �
olefinic H), 7.70 (2H, d, J = 9.15 Hz, Ar–H), 8.09 (2H, d, J =
8.60 Hz, Ar–H), 10.04 (1H, s, OH). 13C NMR (125.77 MHz,
DMSO-d6) dC: 13.93, 22.09, 25.42, 28.54, 28.72, 28.97,
28.97, 29.02, 29.02, 29.05, 30.67, 31.29, 67.81, 114.28,
115.76, 118.36, 125.90, 130.60, 130.65, 130.81, 143.52,
159.92, 162.44, 187.12. Anal. calcd. (%) C29H40O3: C,
79.77; H, 9.23. Found (%): C, 78.83; H, 9.04.

Synthesis of mono-substituted cyclotriphosphazene (3a–3c)

General procedure
A mixture of hexachlorocyclotriphosphazenes (2.01 mmol),

2a (2.01 mmol), and K2CO3 (4.02 g) in acetone (60 mL)
was heated at reflux for 1 h. The mixture was allowed to
cool to room temperature and filtered. The filtrate was dried,
filtered, and concentrated in vacuo. The crude solid was re-
crystallized from acetone to afford 3a–3c.

Preparation of N3P3Cl5[OC6H4CH=CHC(O)C6H4OC10H21]
(3a)

Compound 3a was obtained as pale yellow solid. Yield:
17%; mp 74–75 8C. FTIR (thin films, cm–1) ymax: 1183
(P=N), 871 (P–O–C). 1H NMR (500 MHz, CDCl3) dH: 0.81
(3H, t, 1 � CH3), 1.21–1.75 (16H, m, 8 � CH2), 3.97 (2H, t,
OCH2), 6.89 (2H, d, J = 9.15 Hz, Ar–H), 7.24 (2H, d, J =
8.0 Hz, Ar–H), 7.44 (1H, d, J = 16.05, 1 � olefinic H),
7.60 (2H, d, J = 8.55 Hz, Ar–H), 7.68 (1H, d, J = 15.50
Hz, 1 � olefinic H), 7.95 (2H, d, J = 8.60 Hz, Ar–H). 13C
NMR (125.77 MHz, CDCl3) dC: 14.09, 22.65, 25.96, 29.08,
29.29, 29.33, 29.52, 31.86, 31.91, 68.30, 114.34, 121.86,
122.71, 129.85, 130.55, 130.82, 133.78, 141.98, 150.31,
163.23, 188.25. 31P NMR (200 MHz, CDCl3) dP: 12.74 (t, J =
60.0 Hz, Pa–P), 23.27 (d, J = 60.0 Hz, Pb–P). Anal. calcd.
(%) N3P3Cl5C25H31O3: C, 43.41; H, 4.52; N, 6.07. Found
(%): C, 43.06; H, 4.44; N, 6.03.

Preparation of N3P3Cl5[OC6H4CH=CHC(O)C6H4OC12H25]
(3b)

Compound 3b was obtained as pale yellow solid. Yield:
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19%; mp 60–62 8C. FTIR (thin films, cm–1) ymax: 1183
(P=N), 871 (P–O–C). 1H NMR (500 MHz, CDCl3) dH: 0.86
(3H, t, 1 � CH3), 1.26–1.80 (20H, m, 10 � CH2), 4.02 (2H,
t, OCH2), 6.94 (2H, d, J = 8.60 Hz, Ar–H), 7.29 (2H, d, J =
8.60 Hz, Ar–H), 7.48 (1H, d, J = 15.45 Hz, 1 � olefinic H),
7.65 (2H, d, J = 8.0 Hz, Ar–H), 7.74 (1H, d, J = 15.45 Hz, 1 �
olefinic H), 8.01 (2H, d, J = 8.0 Hz, Ar–H). 13C NMR
(125.77 MHz, CDCl3) dC: 14.12, 22.68, 25.97, 29.00, 29.09,
29.25, 29.34, 29.42, 29.49, 29.58, 31.90, 68.32, 114.36,
121.87, 122.70, 129.86, 130.58, 130.83, 133.80, 141.95,
151.24, 163.25, 188.27. 31P NMR (200 MHz, CDCl3) dP:
12.74 (t, J = 60.0 Hz, Pa–P), 23.27 (d, J = 60.0 Hz, Pb–P).
Anal. calcd. (%) N3P3Cl5C27H35O3: C, 45.06; H, 4.90; N,
5.84. Found (%): C, 45.03; H, 4.83; N, 5.76.

Preparation of N3P3Cl5[OC6H4CH=CHC(O)C6H4OC14H29]
(3c)

Compound 3c was obtained as pale yellow solid. Yield:
18%; mp 68–71 8C. FTIR (thin films, cm–1) ymax: 1184
(P=N), 871 (P–O–C). 1H NMR (500 MHz, CDCl3) dH: 0.87
(3H, t, 1 � CH3), 1.25–1.80 (24H, m, 12 � CH2), 4.03 (2H,
t, OCH2), 6.95 (2H, d, J = 8.60 Hz, Ar–H), 7.29 (2H, d, J =
8.60 Hz, Ar–H), 7.49 (1H, d, J = 16.00 Hz, 1 � olefinic H),
7.66 (2H, d, J = 8.60 Hz, Ar–H), 7.73 (1H, d, J = 15.45 Hz,
1 � olefinic H), 8.00 (2H, d, J = 8.05 Hz, Ar–H). 13C NMR
(125.77 MHz, CDCl3) dC: 14.09, 22.66, 25.95, 29.08, 29.33,
29.33, 29.53, 29.50, 29.62, 29.62, 29.63, 29.66, 31.89,
68.31, 114.34, 121.89, 122.71, 129.85, 130.56. 130.81,
133.78, 141.97, 150.32, 163.23, 188.26. 31P NMR
(200 MHz, CDCl3) dP: 12.74 (t, J = 60.0 Hz, Pa–P), 23.27
(d, J = 60.0 Hz, Pb–P). Anal. calcd. (%) N3P3Cl5C29H39O3:
C, 46.58; H, 5.26; N, 5.62. Found (%): C, 46.43; H, 5.14;
N, 5.59.

Synthesis of hexasubstituted cyclotriphosphazene (4a–4c)

General procedure
A mixture of hexachlorocyclotriphosphazenes (2.01 mmol),

2a (12.06 mmol), and K2CO3 (24.12 g) in acetone (60 mL)
was heated at reflux for 1 h. The mixture was allowed to
cool to room temperature and filtered. The filtrate was dried,
filtered, and concentrated in vacuo. The crude solid was re-
crystallized from acetone to afford 4a–4c.

Preparation of N3P3[OC6H4CH=CHC(O)–C6H4OC10H21]6
(4a)

Compound 4a was obtained as pale yellow solid. Yield:
82%; mp 143–145 8C. FTIR (thin films, cm–1) ymax: 3067
(CH in aromatic), 1180 (P=N), 881 (P–O–C). 1H NMR
(500 MHz, CDCl3) dH: 0.81 (3H, t, 1 � CH3), 1.22–1.71
(16H, m, 8 � CH2), 3.97 (2H, t, OCH2), 6.89 (2H, d, J =
9.15 Hz, Ar–H), 7.20 (2H, d, J = 8.60 Hz, Ar–H), 7.25 (1H,
d, J = 15.45 Hz, 1 � olefinic H), 7.41 (2H, d, J = 8.60 Hz,
Ar–H), 7.62 (1H, d, J = 15.45 Hz, 1 � olefinic H), 7.95
(2H, d, J = 9.15 Hz, Ar–H). 13C NMR (125.77 MHz,
CDCl3) dC: 14.09, 22.66, 25.99, 29.12, 29.31, 29.38, 29.55,
30.92, 31.87, 68.25, 114.29, 121.37, 121.88, 129.58, 130.47,
130.73, 132.35, 142.18, 151.65, 163.12, 188.01. 31P NMR
(200 MHz, CDCl3) dP: 8.86 (s, 3P, N3P3 ring). Anal. calcd.
(%) N3P3C150H186O18: C, 74.69; H, 7.77; N, 1.74. Found
(%): C, 73.86; H, 7.60; N, 1.83.

Preparation of N3P3[OC6H4CH=CHC(O)–C6H4OC12H25]6
(4b)

Compound 4b was obtained as pale yellow solid. Yield:
72%; mp 141–143 8C. FTIR (thin films, cm–1) ymax: 3064
(C–H in aromatic), 1180 (P=N), 883 (P–O–C). 1H NMR
(500 MHz, CDCl3) dH: 0.86 (3H, t, 1 � CH3), 1.25–1.78
(20H, m, 10 � CH2), 3.97 (2H, t, OCH2), 6.87 (2H, d, J =
7.45 Hz, Ar–H), 7.00 (2H, d, J = 8.00 Hz, Ar–H), 7.41 (1H,
d, J = 16.00 Hz, 1 � olefinic H), 7.46 (2H, d, J = 8.00 Hz,
Ar–H), 7.71 (1H, d, J = 16.00 Hz, 1 � olefinic H), 7.91
(2H, d, J = 7.45 Hz, Ar–H). 13C NMR (125.77 MHz,
CDCl3) dC: 14.09, 22.66, 25.99, 29.12, 29.33, 29.38, 29.56,
29.59, 29.61, 29.64, 31.89, 68.25, 114.29, 121.36, 121.88,
129.58, 130.47, 130.73, 132.34, 142.19, 120.64, 163.13,
188.03. 31P NMR (200 MHz, CDCl3) dP: 8.84 (s, 3P, N3P3
ring). Anal. calcd. (%) N3P3C162H210O18: C, 75.41; H, 8.20;
N, 1.63. Found (%): C, 74.87; H, 8.17; N, 2.16.

Preparation of N3P3[OC6H4CH=CHC(O)–C6H4OC14H29]6
(4c)

Compound 4c was obtained as pale yellow solid. Yield:
70%; mp 137–138 8C. FTIR (thin films, cm–1) ymax: 3068
(C–H in aromatic), 1177 (P=N), 880 (P–O–C). 1H NMR
(500 MHz, CDCl3) dH: 0.87 (3H, t, 1 � CH3), 1.25–1.80
(24H, m, 12 � CH2), 4.03 (2H, t, OCH2), 6.95 (2H, d, J =
8.60 Hz, Ar–H), 7.29 (2H, d, J = 8.60 Hz, Ar–H), 7.49 (1H,
d, J = 16.00 Hz, 1 � olefinic H), 7.66 (2H, d, J = 8.60 Hz,
Ar–H), 7.73 (1H, d, J = 15.45 Hz, 1 � olefinic H), 8.00
(2H, d, J = 8.05 Hz, Ar–H). 13C NMR (125.77 MHz,
CDCl3) dC: 14.09, 22.66, 25.95, 29.08, 29.33, 29.33, 29.53,
29.50, 29.62, 29.62, 29.63, 29.66, 31.89, 68.31, 114.34,
121.89, 122.71, 129.85, 130.56. 130.81, 133.78, 141.97,
150.32, 163.23, 188.26. 31P NMR (200 MHz, CDCl3) dP:
8.86 (s, 3P, N3P3 ring). Anal. calcd. (%) N3P3C174H234O18:
C, 76.03; H, 8.58; N, 1.53. Found (%): C, 75.90; H, 8.31;
N, 1.70.
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TiO2/biscyanine and CdS//biscyanine
heterostructures —— Influence of the structural
composition on the photocatalytic activity

I. Kobasa, I. Kondratyeva, and L. Odosiy

Abstract: This paper deals with investigation of a character of the light reflection and absorption of some newly synthe-
sized heterostructural materials based on TiO2 or CdS semiconductors and bisquinocyanine dyes (carbocyanine and styrile).
Changes in spectral parameters of the heterostructures caused by adding the dye to the semiconducting material have also
been investigated. The changes in the spectra can be caused by different chromophores disposition induced by influence of
the semiconductor on the electron configuration in the dye molecules. A well-known test reaction of methylene blue reduc-
tion has been used to detect the photocatalytic activity of the materials, which was found directly depending on the effi-
ciency of the mutual influence of the components of the heterostructures. The heterostructures containing a dye, which
causes more significant spectral changes, ensure higher photocatalytic activity.

Key words: titanium dioxide, cadmium sulfide, biscyanine dyes, photocatalytic activity, mutual influence of components.

Résumé : Dans ce travail, on a étudié un caractère de la réflexion et de l’absorption de nouveaux matériaux de synthèse
hétérostructuraux à base de TiO2, de semiconducteurs CdS et de colorants de la bisquinocyanine (carbocyanine et styrile).
On a aussi étudié les changements dans les paramètres spectraux des hétérostructures provoqués par l’addition du colorant
au matériel semiconducteur. Les changements dans les spectres peuvent être provoqués par diverses dispositions de chro-
mophores induites par l’influence du semiconducteur sur la configuration électronique dans les molécules de colorant. On
a utilisé une réaction bien connue de réduction du bleu de méthylène comme test pour détecter l’activité photocatalytique
des matériaux et on a trouvé qu’elle dépend directement sur l’efficacité de l’influence mutuelle des composants des hété-
rostructures. Les hétérostructures contenant un colorant, qui cause les changements spectraux les plus significatifs, assurent
une plus grande activité photocatalytique.

Mots-clés : dioxyde de titane, sulfure de cadmium, colorants de la biscyanine, activité photocatalytique, influence mutuelle
des composants.

[Traduit par la Rédaction]

Introduction
Electrochemical and electrophysical parameters of any

photocatalytic material should mutually agree to keep need-
ful electron-transfer processes thermodynamically allowed
and ensure high driving force of the process. This condition
should be observed for the effective designing of photocata-
lytic systems or their components.1,2 This is a necessary, yet
not sufficient condition for designing the highly effective
photocatalysts, since photocatalytic activity (PA) also de-
pends on kinetic, adsorption, and other factors.1The initial
raise in PA caused by better light absorption is followed by
depression of the photocatalyst’s efficiency that has been re-
ported in refs. 3–5 for a number of heterostructures (HS)
containing cyanine dyes sensitizers. Such dependence of a
material activity on its composition can be caused by
changes in the dye’s association level. Spectral data prove
that mutual influence of the dye and the semiconductor is
gradually weakening with raise in the dye content. This ef-
fect can cause depression of the PA for the HS with higher

dye concentration as reported in ref.6. Detailed investigation
of the dependence of PA on various physical and physico-
chemical parameters is a topical task, since this information
is necessary for the development of new complex photoac-
tive materials with pre-assigned properties.

This paper reports the results of the comparative investi-
gation of the spectral and photochemical characteristics of
heterostructures consisting of titanium dioxide or cadmium
sulfide with biscyanine/cyanine dye-sensitizer with two con-
jugated chromophores. Any electronic or steric factors can
change the conformation of the HS molecules and result in
significant spectral changes in the light absorption pattern.
That is why such materials can be suitable objects for
investigation of the structural changes in the semiconductors
occurring at the formation of HS. Two biscyanine com-
pounds (styrile and monocarbocyanine) were used as HS
components because they have different auxochromes and
substitutes in the polymethine chains. Our electrochemical
measurements proved similarity of redox potentials of both
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biscyanines. As reported in refs. 1 and 2, such similarity en-
sures that close values of thermodynamic advantage are
gained when electrons are injected to the conductivity band
and, consequently, similar values of PA.

An ‘‘energetic agreement’’ contribution into PA can be
eliminated using the above-mentioned principle of the com-
ponents selection for HS. Therefore, any difference in PA
for the HS with the similar content of the two dyes can be
caused only by different types of interaction between the
dyes and semiconductor.

Experimental
All heterostructural materials have been synthesized using

the following method:3,6 a dye-sensitizer has been deposited
upon a particle of some semiconducting dispersion. Then,
the HS was covered with the polyepoxypropylcarbazole
(PEPC) film to prevent its dissolution. This method ensures
synthesis of heterogeneous structures, which consist of a
semiconductor nucleus covered with separate molecules, or
the uniformal layer of the dye, and a protecting polymer
film (Fig. 1). Such structural composition can be obtained
because positive dye particles do not dissolve in benzene
solution of the polymer used in this method.

The polymer film can slightly influence the electron-
transfer processes and photocatalytic activity. As reported in
ref. 6, the PEPC film (PEPC content: 0.02–0.2 mg/g) com-
pletely stops the dissolution of the dye; however, it does
not thwart any electron-transfer processes at the interface
boundary. PA drops to 20% if the PEPC content reaches
1.8 mg/g.

The following dyes have been used as sensitizers: N-(benzoyl-
diethylaminostyrile-4-n-diethylaminostyrilquinolynium perchloride
(Dye I) and (N–[a-coumarine-3-il)carbo(1,3,3-trimethyl-2-in-
dolynilydene)propenyl](4-quinolyne)1,3,3-trimethyl-2-indolyni-
lyden) trimethyncyanine bromide (Dye II). Synthesis of Dye
I has been carried out according to ref. 7, and Dye II was
synthesized according to ref. 8. Details of the dye synthesis,
yields, and characteristics of the dyes are reported in refs. 7
and 8.

Both dyes were applied to the following semiconductors:

(i) Titanium dioxide with specific surface area Ssp =
50.0 m2/g has been synthesized by the original
method9 through TiCl4 vapour hydrolysis in the air-

hydrogen flame at 1170–1370 K. TiO2 particles size
ranged from 20 to 40 nm;
(ii) Ultrapure cadmium sulfide with Ssp = 4.0 m2/g
(particle size was 100 mm).

All particle sizes were measured using Scanning Electronic
Microscope ZEISSEVO50XVP.

Cyclic voltammetry10 of the dye ethanolic solution (C =
1.25 � 10–4 mol/L) was used to determine values of E�D=D�þ
and E�D=D�� . A LOMO-made spectrophotometer SF-46 has
been used to record the optical spectra of the dyes. Diffusive
reflection spectra of the oxide semiconductors and the HS of
TiO2 and CdS with the dyes have been recorded using
PerkinElmer Lambda Bio-40 spectrophotometer equipped
with integrating sphere and then transformed into absorption
spectra using Kubelka–Munk method.11 A value (1 – R2)/2R,
which is proportional to optical density, where R (%) (diffu-
sive reflection at the given wavelength) was calculated to
apply this method of transformation.

The PA of the heterostructures has been determined
through acceleration of methylene blue (MB) photodegrada-
tion running in an oxygen-free aqueous solution with formal-
dehyde as a reducing agent.5,6 A regular 500 W incandescent
lamp and the mercury lamp DRT-1000 were used as light
sources for the photodegradation. The following color filters:
UFS-2 (l = 310–400 nm), ZhS-11 (l > 400 nm), FS-1 (l <
520 nm), or OS-13 (l > 560 nm) were used to filter the
needed light bands. A value of PA has been calculated as
PA = (C0 � 1000)/(t1/2Sm),5 where PA means a value of PA
(mg/(mL min m2), C0: initial concentration of MB (mg/mL),
t1/2: half-discoloration time (min), S: specific surface area of
a sample (m2/g), and m: weight of a sample (g).

Results

Dye I (D I) and the heterostructure TiO2/D I/PEPC
There are two light absorption bands in the visible light

spectrum of the Dye I, which is common for all biscyanines.
Peaks of these bands are located for the ethanolic solution at
lmax = 432 nm (log 3 = 4.75) and lmax = 603 nm (log 3 =
4.97) (Fig. 2). The width of the shortwave band at 2/3 of its
height is D = 56 nm, and D = 80 nm for the longwave band.
The ratio between the intensities of the bands is Isw/Ilw = 0.76.

Fig. 1. TiO2/D/PEPC and CdS/D/PEPC heterostructures: 1, semi-
conductor particle; 2, dye-sensitizer; and 3, protective polymer film
(l: thickness of the polymer layer).
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All the above-mentioned parameters undergo significant
changes for a spectrum of the dye deposit on the surface of
the HS (see Fig. 3a and Table 1). Table 1 also represents po-
tentials of oxidation E�D=Dþ and reduction E�D=D� of the excited
molecule of the dye after absorbing a longwave quantum with
energy E*. The potentials were calculated according to the
equations:12 E�D=D�þ ¼ ED=D�þ � E� and E�D=D�� ¼ ED=D�� þ E�.
Dark redox potentials were obtained using a cyclic voltamme-
try:10 E�D=D�þ = +0.86 V, E�D=D�� = +0.008 V.

Dye II (D II) and the heterostructure TiO2/D II/PEPC
A spectrum of the Dye II also shows two visible light ab-

sorption bands. Peaks of these bands are located at lmax =
446 nm (log 3 = 4.52) and lmax = 632 nm (log 3 = 5.03).
Width of the shortwave band at 2/3 of its height (D) is
53 nm, and D = 42 nm for the longwave band. The ratio
between the intensities of the bands is Isw/Ilw = 0.33. All pa-
rameters of the absorption spectrum also change at the for-
mation of a heterostructure from Dye II and TiO2.
However, Fig. 3b and Table 2 prove that the width of both
bands (D) increases similarly to the previous material while
increase of lmax and Isw/Ilw here is much less than the D I

material. Values of ED=D�þ = +0.89 V, ED=D�� = +0.012 V,
and E* for the longwave band calculated from the experi-
mental data are represented in Table 2.

Heterostructures D I and D II with CdS
Absorption spectra of such materials are less informative

because the shortwave band is completely hidden behind
the wide absorption band of CdS (see Fig. 4). Electrochemi-
cal parameters of this material ED=D�þ and ED=D�� have been
determined similarly to TiO2-based materials.

Photocatalytic activity of the heterostructures
Photocatalytic activities of various heterostructures are

shown in Tables 3 and 4, and the dependence of PA on
some spectral parameters is represented in Fig. 5.

Energy transformation diagrams for various
photocatalytic systems based on heterostructures

Energy transformation diagrams have been built for vari-
ous HS to identify the thermodynamically allowed electron-
transfer processes, which can occur at exposure to light from
various spectral ranges. The diagrams were composed based

Fig. 2. Light absorption spectra for the ethanolic solutions of the
dyes-sensitizers: (a) Dye I, (b) Dye II (C = 10–5 mol/L). Optical
density (D) vs. light wavelength (l).

Fig. 3. Light absorption spectra for TiO2-based heterostructures:
(a) TiO2/D I/PEPC, (b) TiO2/D II/PEPC. Dye content in the
HS (mg/g): 1, 0.019; 2, 0.094; 3, 0.188; 4, 0.94; and 5, 1.88.
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upon the redox potentials (Tables 1 and 2), potentials of
conductivity bands of TiO2 (ECB = –0.54 V13,14) and CdS
(ECB = –0.80 V2,14), reduction potential of methylene blue

(EMB=MB�� = +0.11 V15), oxidation potential of formaldehyde
(EF=F�þ = –0.5 V16), and PEPC (EP=P�þ = 1.28 V1). The dia-
grams are represented in Figs. 6–8.

Table 1. Spectral and electrochemical parameters of the heterostructures TiO2/D I/PEPC, sw and lw: shortwave and longwave
absorption bands, respectively, Isw/Ilw: the ratio between the intensities of the bands, D (nm): width of the band at 2/3 of its
height, ED=D�þ (lw) and ED=D�� (lw): potentials of oxidation E�D=D�þ and reduction E�D=D�� of the excited molecule of the dye after
absorbing a longwave quantum with energy E* (eV).

Sample Dye content in the HS, mg/ga l1max, nm (D, nm) l2max, nm (D, nm) Isw/Ilw E�D=D�þ (lw), eV E�D=D�� (lw), eV
3 0.188 456 630 1.87 –1.11 +2.06
4 0.94 452 626 1.38 –1.12 +2.06
5 1.88 451 (68) 624 (117) 1.02 –1.19 +2.07
Solution 1�10–5 mol/L 432 (56) 603 (80) 0.76 –1.20 +2.14

amg/g means weight of the dye (mg) per 1 g of the HS.

Table 2. Spectral and electrochemical parameters of the heterostructures TiO2/D II/PEPC, sw and lw: shortwave and long-
wave absorption bands, respectively, Isw/Ilw: the ratio between the intensities of the bands, D (nm): width of the band at 2/3 of
its height, E�D=D�þ (lw) and E�D=D(lw): potentials of oxidation E�D=D�þ and reduction E�D=D�� of the excited molecule of the dye
after absorbing a longwave quantum with energy E* (eV).

Sample Dye content in the HS, mg/g l1max, nm (D, nm) l2max, nm (D, nm) Isw/Ilw E�D=D�þ (lw), eV E�D=D�� (lw), eV
3 0.88 465 642 0.44 –1.04 +1.94
4 0.94 463 639 0.40 –1.05 +1.95
5 1.88 461 (81) 637 (63) 0.39 –1.06 +1.96
Solution 1�10–5 mol/L 446 (53) 632 (48) 0.33 –1.07 +1.97

Table 3. Photocatalytic activity (PA, mg/mL min m2) of heterostructures TiO2/D I/PEPC and TiO2/D II/PEPC for various
contents of the dyes and exposition to light from different spectral bands.

PA: light absorbed by a semiconductor,
l = 310–400 nm

PA: light absorbed by the dyes,
l > 400 nm

No. Dye content in the HS, mg/g TiO2/D I/PEPC TiO2/D II/PEPC TiO2/D I/PEPC TiO2/D II/PEPC
0 without dye 1.6�10–1 1.6�10–1 0 0
1 0.019 8.4�10–2 8.5�10–2 6.9�10–2 1.8�10–2

2 0.094 4.7�10–2 2.7�10–2 5.4�10–1 1.4�10–1

3 0.188 2.3�10–2 1.0�10–2 8.7�10–1 2.6�10–1

4 0.94 6.3�10–3 6.4�10–3 4.3�10–1 1.1�10–1

5 1.88 3.2�10–3 4.1�10–3 9.8�10–3 4.6�10–3

Note: PA of pure TiO2 (without any dye and PEPC) was similar to the values in line 0: 1.6 � 10–1 and 0 for irradiation with the light with
l = 310–400 nm and l > 400 nm, respectively.

Table 4. Photocatalytic activity (PA, mg/mL min m2) of heterostructures CdS/D I/PEPC and CdS/D II/PEPC for various
contents of the dyes and exposition to the light from different spectral bands.

PA: light absorbed by a semiconductor,
l = 310–400 nm

PA: light absorbed by the dyes,
l > 400 nm

No. Dye content in the HS, mg/g CdS/D I/PEPC CdS/D II/PEPC CdS/D I/PEPC CdS/D II/PEPC
0 without dye 1.1 1.1 0 0
1 0.019 7.1�10–1 7.5�10–1 4.0�10–2 1.1�10–2

2 0.094 2.1�10–1 4.9�10–1 9.1�10–2 6.9�10–2

3 0.188 8.4�10–2 7.0�10–2 6.7�10–1 3.2�10–1

4 0.94 1.3�10–2 5.8�10–2 3.3�10–1 1.9�10–1

5 1.88 9.1�10–3 8.1�10–3 7.2�10–3 1.6�10–3

Note: PA of pure CdS (without any dye and PEPC) was similar to the values in line 0: 1.1 and 0 for irradiation with the light with l =
310–400 nm and l > 400 nm, respectively.
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Discussion

Energy characteristics of photocatalytic systems and
photocatalytic activity of the heterostructures in the
reduction of methylene blue

Effect of the light absorption in the range 310–400 nm:
Light is absorbed mainly by a semiconductor

As seen from the energy transformation diagrams (Fig. 6),
the following processes can be thermodynamically allowed
in the HS after generating an electron-hole pair in TiO2 or
CdS: (process 1) an electron can be transferred from the
conductivity band to the reducing agent; (process 2) a hole
in the valence band can be filled with an electron from the
reducing agent, either directly (process 3) or through the
PEPC molecule (processes 4 and 5). Energy gaps DE be-
tween potentials of all reactants in the above processes are
wide enough, and all the processes should run efficiently
and ensure high PA of the HS. However, the energy dia-
grams prove that there is another electron-transfer option

available for each HS: an electron can be transferred from
the conductivity band to the dye molecule (process 6). This
process and the process 7 together can be considered as an
indirect electron-hole recombination. Reduction potentials
for MB, D I, and D II are very close, and these agents can
effectively intercept electrons from the conductivity band.
Therefore, the rise in the dye-sensitizer content should result
in lowering the PA of a material and slowing down the MB
reduction on the interface boundary. Experimental data from
Tables 3 and 4 confirm this assumption: adding 0.019 mg/g
of D I or D II results in a 50% decrease of the PA of TiO2
followed by further lowering after adding next portions of
the sensitizer. A CdS-based material exhibits the same effect
(see Table 4).

Effect of the light absorption at l > 400 nm, where the
light is absorbed mainly by the dyes — HS: TiO2/D I/PEPC
and TiO2/D II/PEPC

It is known1,17 that injection of electrons from excited
molecules of a dye into the conductivity band is a basic
process, which governs sensitizing semiconductors by the
dyes. An energy gap DE ¼ ECB � ED=D�þ determines the
thermodynamic efficiency of this process. As seen from the
energetic diagrams of the photocatalytic systems with a dye
content of 0.188 mg/g (Fig. 6), such gaps are wide enough
even for photoexcitation by the visible light from the long-
wave dye absorption bands. Comparison to the data from
Table 1 proves that efficiency of the electron injection into
the conductivity band cannot be significantly influenced by
the shifting effect of changes in the HS composition on the
positions of such bands. This shifting only leads to small
changes of some hundredth parts in the value of ED=D�þ .

Therefore, the ‘‘longwave’’ photoexcitation (Fig. 7, proc-
ess 1) should induce the injection of electrons into the con-
ductivity band (process 2) at any composition of the HSs
TiO2/D I/PEPC and TiO2/D II/PEPC. The following proc-
esses are thermodynamically allowed and can have needful
driving force: interface electron transfer (i) from the conduc-
tivity band (process 3) to MB molecules and (ii) from form-
aldehyde (process 4) to cation-radicals D�þ (formed in
process 2 from D*; see the broken lines in Fig. 7). The pho-
toactive form of the photocatalyst is regenerated in the latter
process. Similar analysis of the energy transformation diagrams

Fig. 4. Light absorption spectra for CdS-based heterostructures: (a)
CdS/D I/PEPC, (b) CdS/D II/PEPC. Dye content in the HSs (mg/g):
1, 0.019; 2, 0.094; 3, 0.188; 4, 0.94; and 5, 1.88.

Fig. 5. Dependence of PA and spectral parameters Ilw and DIsw/Ilw

on the content of Dye I in the heterostructure TiO2/D I/PEPC.
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proves that the above electron-transfer processes 1–4 are
also thermodynamically allowed for HSs CdS/D I/PEPC
and CdS/D II/PEPC (see Fig. 8).

Hence, both dyes D I and D II should exhibit close sensi-
tizing efficiency (if there are no other side effects influencing
their sensitizing) resulting in a very close photocatalytic ac-
tivity of HSs TiO2/D I/PEPC and TiO2/D II/PEPC as well as
CdS/D I/PEPC and CdS/D II/PEPC. The value of the HS
photocatalytic activity should increase if the content of D I
or D II raises and then remains stable at further raise in the

dye’s content. However, this conclusion does not agree with
the experimental data. D I-based HS exhibits significantly
higher photocatalytic activity compared with the D II-based
materials (see Tables 3 and 4) even though both dyes have
very close values of ED=D�þ and should provide very close ef-
ficiency of the electron injection, resulting in similar PA val-
ues. Moreover, initial raise in PA tends to decrease as the
concentration of the dye increases. This unexpected deviation
from thermodynamically predicted characteristics can be ex-
plained by the following analysis of the HS spectra.

Fig. 6. Energy transformation diagrams for photocatalytic systems with TiO2- and CdS-based heterostructures comprising D I and schemes
of electronic processes induced by the light absorption on semiconducting compounds.

Fig. 7. Energy transformation diagrams for the photocatalytic systems with TiO2/D I/PEPC and TiO2/D II/PEPC heterostructures. Schemes
of the electronic processes induced after the light absorption by a dye-sensitizer (l > 400 nm, calculations were made for a sample with C =
0.188 mg/g).

Fig. 8. Energy transformation diagrams for photocatalytic systems with CdS/D I/PEPC and CdS/D II/PEPC heterostructures. Schemes of the
electronic processes induced after the light absorption by a dye-sensitizer (l > 400 nm, calculations were made for a sample with C =
0.188 mg/g).
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Spectral changes resulting from the deposition of the dyes
on semiconducting particles — Dependence on
photocatalytic activity of the heterostructure

As we mentioned above, the location of the light absorp-
tion bands, their width, and intensity ratio can change as a
result of deposition of both dyes on the surface of TiO2 par-
ticles. Similar changes probably occur at the formation of
CdS-based HS, but they are mostly hidden behind overlap-
ping light absorption bands of CdS. Therefore, we shall con-
fine further consideration to TiO2-based materials only.

As seen from Table 1, deposition of D I on the surface of
the HS causes shifting of both shortwave and longwave light
absorption peaks. This shifting reaches 24 and 27 nm, re-
spectively, for sample 3 (C = 0.188 mg/g). The shifting
values decrease to 19 and 21 nm, respectively, if a dye con-
tent is larger by one order of magnitude (sample 5, C =
1.88 mg/g). Similarly,6 such spectral changes can be ex-
plained as a result of the strong influence of titanium diox-
ide on the electron system of the dye molecules on the
surface of TiO2. The more dye molecules deposited on the
surface, the larger would be the distance between the newly
deposited molecules and the surface. This effect causes
weakening of further spectral changes at the deposition of
new portions of the dye. Such weakening can be proved by
changes in ratio between the intensities of the shortwave and
longwave light absorption bands Isw/Ilw (see Table 1). Ac-
cording to the theory by A. I. Kiprianov,18,19 this parameter
characterizes the spatial orientation of the biscyanine’s chro-
mophores. This orientation can be changed by steric and
electronic factors.

The value of Isw/Ilw for the D I solution is 0.76. According
to ref. 18, this value evidences the obtuse angle between the
chromophores (calculations from ref. 7 gave the value of
this angle q = 1138). For a remote-from-surface molecule of
D I (sample 5), this value is q & 908 (Isw/Ilw & 1) while for
a surface and, probably, near-to-surface molecule of the dye,
this angle is acute and Isw/Ilw = 1.38 and 1.87, respectively
(see samples 4 and 3).

The parameter DIsw/Ilw is calculated as the difference be-
tween Isw/Ilw values for the dye deposited on TiO2 and the
dissolved dye molecules, and it represents a character of the
given semiconductor influence on the dye molecules in the
ground state. This parameter can also characterize processes,
which occur at the photoexcitation of the HS after a mole-
cule of the dye absorbs the light quantum. This characteriza-
tion grounds on unavoidable deterioration of conditions of
injectiing the electrons into the conductivity band and con-
siderable lowering of PA due to weakening of the mutual in-
fluence of the dye and semiconductor. As seen in Fig. 5,
values of DIsw/Ilw and PA show similar changes for all the
samples with CD I > 0.188 mg/g. Moreover, the photocata-
lytic activity shows significant decrease even though a value
of Ilw raises, which causes quantitative rise of the light ab-
sorption.

Bathochromic shifting of the dye absorption bands also
occurs at the formation of a HS from TiO2 and D II. How-
ever, the value of such shifting is significantly lower than
the value for TiO2/D I heterostructure (see Tables 1 and 2).
For example, such values are 10 and 27 nm, respectively,
for sample 3. Only the angle between the chromophores dif-
fers significantly for these HSs. The ratio between the val-

ues of intensities of the absorption bands shows that this
angle decreases though remaining obtuse at the deposition
of D II on TiO2.

We use the parameter DIsw/Ilw as a characteristic of the dye–
semiconductor interaction. The maximal value of DIsw/Ilw =
1.11 is reached for sample 3 with CD I = 0.188 mg/g while
this parameter is only 0.11 for TiO2/D II/PEPC. Data from
Table 3 prove that PA values of these samples differ more
than three times. We consider this difference as an evidence
of more intense interaction between TiO2 and D I compared
with TiO2 and D II.

A joint analysis of the spectral bands shifting and PA
values for the HS with CdS, D I, and D II also proves strong
dependence of the dyes sensitizing activity on the influence
of a semiconductor on their electronic structure and light
absorption spectra. For example, more active material
(sample 3, CD I = 0.188 mg/g) ensures shifting of the HS
light absorption band for 24 nm from its position for the
dye solution (from 603 to 627 nm, see Fig. 4a) and shows
high PA = 6.7 � 10–1 mg/mL min m2 (see Table 4). A het-
erostructure with D II has weaker interaction with CdS and
shows lower band shifting of 8 nm (from 632 to 640 nm, see
Fig. 4b) and lower PA = 3.2 � 10–1 mg/mL min m2 (see
Table 4). The width of the light absorption bands is mainly
determined by intermolecular interaction.20 Therefore, wid-
ening of the HS bands compared with the bands of the dye
solution can be caused by much stronger interaction between
the surface dye molecules compared with the interaction in
the solutions.

Both electron-donating and electron-accepting organic
molecules can be adsorbed on the semiconductors (for ex-
ample, TiO2 or CdS) with partial or complete transfer of the
biscyanine electron. Taking into account the presence of
both donors (like –NR2 groups) and accepting (like quater-
nary nitrogen or a carbonyl group) active centres in a dye
molecule, we can assume that they can react with the semi-
conductor substrate either by donating or accepting mecha-
nisms. Detailed clarification of such processes requires
more specialized investigation.

Conclusions
A series of the heterostructures based on TiO2 and CdS

and sensitized with bisquinocyanine dyes have been synthe-
sized. We have determined the photocatalytic activity of
these materials and found a character of its dependence on
quantitative composition, spectral, and energetic parameters.

It was found that the sensitizing activity of the dyes with
similar spectral and oxidation–reduction properties may dif-
fer depending on their bonding force with a semiconductor
in the HS.
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Ortho-phenylene-bridged aryloxy phosphine
ligands and their coordination chemistry with
tantalum(V)

Christopher D. Carmichael and Michael D. Fryzuk

Abstract: The lithium complexes RP(3,5-tBu2C6H2OLi)2(THF)4, where R = Ph or iPr, (R[OPO]Li2)2(THF)4, can be
converted quantitatively into the protonated forms, R[OPO]H2, by reaction with Et3NHCl. Reaction of the protonated
compounds with KH yields the potassium complexes (Ph[OPO]K2)2(THF)6 and (iPr[OPO]K2)3(THF)3. The reaction of
R[OPO]H2 with TaCl5 yields the sparingly soluble tantalum trichloride complexes R[OPO]TaCl3 via elimination of HCl.
Reaction of Ph[OPO]H2 with TaMe3Cl2 leads to the monomethyl complex Ph[OPO]TaMeCl2, or the dimethyl halide com-
plex, Ph[OPO]TaMe2Cl, via protonolysis, and the potassium complex (Ph[OPO]K2)2(THF)6 yields the trimethyl complex,
Ph[OPO]TaMe3 by a metathesis process.

Key words: tantalum, phosphine, potassium, aryloxy, tridentate ligand, alkyl.

Résumé : Les complexes du lithium RP(3,5-tBu2C6H2OLi)2(THF)4 dans lesquels R = Ph ou iPr, (R[OPO]Li2)2(THF)4 peu-
vent être transformés quantitativement en formes protonées, R[OPO]H2 par réaction avec le Et3NHCl. La réaction des com-
posés protonés avec le KH conduit à la formation des complexes de potassium (Ph[OPO]K2)2(THF)6 et (iPr[OPO]K2)3(THF)3.
La réaction du R[OPO]H2 avec du TaCl5 conduit à la formation de complexes du trichlorure de tantale, R[OPO]TaCl3, qui
sont très peu solubles et qui résultent d’une élimination de HCl. La réaction du Ph[OPO]H2 avec du TaMe3Cl2 conduit, par
le biais d’une protonolyse, à la formation de complexes monométhylés, Ph[OPO]TaMeCl2, ou biméthylés, Ph[OPO]TaMe2Cl
alors que celle du complexe potassique (Ph[OPO]K2)2(THF)6 conduit, par un processus de métathèse, à la formation du
complexe triméthylé, Ph[OPO]TaMe3.

Mots-clés : tantale, phosphine, potassium, aryloxy, ligand tridentate, alkyle.

[Traduit par la Rédaction]

Introduction
For some time, we have been interested in examining the

coordination chemistry of mixed-donor multidentate ligands.1,2

By combining hard donors, such as amido (NR2
–), with soft

phosphines (PR3)3–7 or arsines (AsR3)8,9 into chelating arrays,
we have been able to prepare transition-metal complexes that
can activate molecular nitrogen in certain cases.2,10–13 We have
extended this mixed-donor ligand approach to include the hard
aryloxy (ArO–) moiety with phosphines to generate OPO
ligand sets with o-phenylene linkers.14 The general family
of OPO ligand precursors A is shown below with the vari-
ous substitution patterns that have been examined.

Rhenium and technetium complexes supported by the parent
ligand, bis(o-phenoxy)phenylphosphine (A with R1 = R2 = H),
have drawn interest for their potential use as radiopharma-
ceutical agents.15,16 With group 4, the heptacyclic, tetranuclear
titanium complex, {(iPrO)2Ti(m3-O)TiCl(iPrO)[(OC6H4)2PPh]}2,
was obtained,17 likely a result of the lack of steric bulk
around the OPO donor set.

Bis(3-tert-butyl-5-methyl-2-phenoxy)phenylphosphine (A,
R1 = tBu, R2 = Me), which has a sterically bulky tert-butyl
group ortho to the phenoxy group, has been complexed to
titanium18 and chromium.19 These complexes were found to
be highly active for the polymerization of ethylene.

Bis(3,5-tert-butyl-2-phenoxy)phenylphosphine was first
reported in 2000;20 in this report, we abbreviate it as
Ph[OPO]H2 (A, R1 = R2 = tBu), where the Ph superscript re-
fers to the substituent at phosphorus that is not a substituted
phenol. Despite the presence of two bulky tert-butyl sub-
stituents on the phenolic units, the donor set readily forms
bis(ligand) complexes with several transition metals, includ-
ing cobalt and nickel, although in these complexes one phe-
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nol arm of the ligand remains protonated.20 Vanadium(IV)
complexes supported by Ph[OPO] can be synthesized by re-
action of the protonated phenol with VCl3(THF)3;21 a short
exposure to oxygen is necessary to oxidize V(III) to V(IV).
Lithium and potassium salts, supported by the chelating do-
nor solvent DME (1,2-dimethoxyethane) have been recently
reported.22

Several group-4 metal complexes have been prepared using
Ph[OPO]H2, including Ph[OPO]TiCl2(THF), and the bis(ligand)
derivatives Ph[OPO]2M(OH2) (M = Zr, Hf) and Ph[OPO]2Ti.23

The bis(ligand) complex is so readily formed in the titanium
system that a conproportionation reaction between Ph[OPO]2Ti
and TiCl4(THF)2 was found to be the best method for the
preparation of Ph[OPO]TiCl2(THF). Similar reactions with
SnCl4 did not produce the bis(ligand) complex, instead lead-
ing to the clean formation of Ph[OPO]SnCl2.24

A very recent report details the synthesis and structures of
a series of bis(ligand) complexes of Ta(V) having the for-
mula Ph[OPO]2TaX, where X = Cl, H, Me, Et, and OH.25

Of relevance to this work was the observation that the
monoligand complexes Ph[OPO]TaX3 were not accessible
despite a number of different synthetic strategies attempted.

We have recently reported the structural variety of lithium
aryloxide complexes based on the R[OPO] donor set14 utiliz-
ing phenyl and iso-propyl substituents on phosphorus. We
present herein an extension of this bis(aryloxy)phosphine
chemistry by reporting an improved synthesis of the proto-
nated compounds (R[OPO]H2) from the lithium salts, the syn-
thesis of THF-supported potassium salts, (Ph[OPO]K2)2(THF)6
and (iPr[OPO]K2)3(THF)3, and their reactions with the
tantalum precursors TaCl5 and TaMe3Cl2. We also describe
the preparation of the elusive monoligand complexes
R[OPO]TaCl3 (R = Ph, iPr).

Results and discussion
Reaction of the lithium complexes, RP(3,5-tBu2C6H2OLi)2-

(THF)4, where R = Ph or iPr, (R[OPO]Li2)2(THF)4, with 4
equiv. of Et3NHCl in diethyl ether, eq. [1], gives the desired
products, Ph[OPO]H2 (1) or iPr[OPO]H2 (2), in 97% and 96%
isolated yields, respectively. 1H and 31P{1H} NMR spectra of
1 are consistent with literature values.20 The 31P{1H} NMR
spectrum of 2 displays a singlet at d –61.6, slightly upfield
from that observed for 1, reflecting the more basic nature of
the alkyl phosphine. The 1H NMR spectrum of 2 contains
two singlet resonances for the tert-butyl groups, and a char-
acteristic doublet of septets for the methine proton of the
iso-propyl group coupled to phosphorus and the methyl pro-
tons, which appear as a doublet of doublets.

½1�

X-ray quality crystals of 1 containing 3 equiv. of the co-
crystallized solvent were grown by slow evaporation of a
saturated benzene solution. The solid-state structure is pre-

sented in Fig. 1, and selected bond distances and angles are
collected in Table 1. The unit cell parameters are identical
to those reported for the related phosphine oxide com-
pound.20 This may seem surprising at first; however, Fig. 1
shows how the oxygen of a phosphine oxide would fit easily
into the molecule, while not altering the overall size of the
molecule. In addition, the phenolic hydrogens, which were
located in the diffraction pattern and refined isotropically,
are well-positioned to engage in hydrogen bonding to a
phosphine oxide. Phosphine/phosphine oxide systems with
identical cell parameters are known,26 and solid-state struc-
tures have been reported with partial oxidation of the phos-
phine, and thus fractional occupation in the crystal
lattice.27–29 The phenol rings in 1 are twisted with respect to
each other by 238.

The synthesis of the R[OPO] potassium derivatives is
outlined in eq. [2]. Reaction of the protonated ligands 1
or 2 with an excess of KH in THF affords the products
(Ph[OPO]K2)2(THF)6 (3) and (iPr[OPO]K2)3(THF)x (4) in
92% and 71% yield, respectively. NMR studies indicate that
3 has a symmetric structure in solution as evidenced by two
distinct singlet resonances in the 1H NMR spectra at d 1.64
and d 1.33, which correspond to the two different tert-butyl
protons on each ring; the 31P{1H} NMR spectrum shows a
singlet for the 31P nuclei at –29.6 ppm. Mass spectral analy-
sis indicates that the complex is dimeric in the bulk mate-
rial.

½2�

X-ray quality crystals of 3 containing three molecules of
the co-crystallized solvent were grown by slow evaporation
of a saturated THF solution at – 40 8C. The solid-state struc-
ture is presented in Fig. 2, and selected bond distances and
angles are collected in Table 2. Structurally, 3 is a symmet-
rical dimer, in agreement with the solution and mass spectral
data, with two crystallographically related fragments. The
core of the structure is virtually identical to the DME-
supported complex, Ph[OPO]K2(DME)2, reported recently.22

The only significant differences are a direct consequence of
the difference in coordinating solvent. In both complexes, a
single molecule of solvent is bound to K(2); however, the
bidentate nature of DME results in longer bonds to the sur-
rounding oxygen atoms than are present in 3, where a mono-
dentate THF is coordinated. Two solvent oxygens are
coordinated to K(1) in both complexes, a single DME in
Ph[OPO]K2(DME)2 and both terminal and bridging THF
molecules in 3. Although the observed K–O bond distances
in the structure of 3 vary by almost 0.4 Å, they agree well
with the DME structure22 and other literature values,30–32 as
do the K–P bond distances.33–35 With regard to the phos-
phine to potassium distances in the solid state, it is clear
that these are weak interactions and the connectivities only
indicate close interactions.

Slow diffusion of hexanes into a benzene solution of 4 af-
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forded X-ray quality crystals that have been structurally char-
acterized as the benzene adduct (iPr[OPO]K2)3(THF)3(h6-
C6H6) (4-C6H6) containing four molecules of co-crystallized
benzene and two molecules of co-crystallized hexane per
unit cell. The solid-state structure of 4 is presented in
Fig. 3. The structure is that of an asymmetric trimer, and
one molecule of benzene is p-bonded in a h6 fashion to a
potassium atom, K(5), a motif that has been reported in
other potassium complexes.36–38 Unfortunately, extreme dis-
order in the co-crystallized and coordinated solvent results
in very weak data, insufficient to support a more detailed
discussion of the structure. A cif file is included in the Sup-
plementary data.

The 1H and 31P{1H} NMR spectra of 4 show a symmetri-
cal solution structure, which is at odds with the asymmetri-
cal nature of the solid-state structure. A mass spectrum of 4
could not be obtained, presumably due to the high molecular
weight of the trimer. One likely explanation for the symmet-
rical NMR spectra is that the trimer exists only in the solid

state and it breaks up in solution forming monomeric spe-
cies. However, the 1H NMR spectrum indicates that THF
exists in two different environments, with distinct multiplets
attributable to one THF molecule, and broad singlets attrib-
utable to two THF molecules. The distinct multiplets indi-
cate that one THF molecule is strongly bound and not
undergoing exchange. The broad singlets indicate two THF
molecules are undergoing exchange, which is unusual, given
the apparent lack of donors in the system, as evidenced by
the coordinated benzene in the solid-state structure.

Synthesis of the tantalum chloride complexes Ph[OPO]-
TaCl3 (5) and iPr[OPO]TaCl3 (6) is outlined in eq. [3]. Reac-
tion of 1 with TaCl5 in diethyl ether under reduced pressure
affords a thick mixture of a yellow solid and a yellow solu-
tion. Filtration of the mixture and drying of the solid in va-
cuo affords 5 as a bright yellow powder in 92% isolated
yield. The iso-propyl derivative is prepared in 82% yield by
the analogous reaction of 2 with TaCl5. The complexes were
characterized by 1H and 31P{1H} NMR spectroscopy, mass
spectrometry, and elemental analysis. Both complexes dis-
play a singlet resonance in the 31P{1H} NMR spectrum, 5 at
d 33.5 and 6 at d 31.9. 1H NMR spectra indicate that the
complexes are Cs-symmetric, with two resonances due to
the tert-butyl protons; 6 also displays a diagnostic doublet
of septets for the iso-propyl methine proton and a doublet
of doublets for the iso-propyl methyl protons.

½3�

The synthesis of 5 and 6 is strongly linked to the concen-
tration of the reagents in the reaction mixture. For example,
reaction of 1 with TaCl5 in highly concentrated solution

Fig. 1. Molecular structure (ORTEP) of Ph[OPO]H2, 1. Ellipsoids
are drawn at 50% probability. Co-crystallized solvent was omitted
for clarity. Modeled t-butyl disorder was also omitted for clarity.

Table 1. Selected bond distances (Å), bond angles (8),
and dihedral angles (8) for Ph[OPO]H2 , 1.

Bond distances (Å)
P(1)— C(1) 1.828(2)
P(1)— C(7) 1.826(2)
O(1)— H(1) 0.901(2)
O(2)— H(2) 0.950(2)
O(1)— C(2) 1.375(2)
O(2)— C(8) 1.377(2)
P(1)— C(13) 1.824(2)

Bond angles (8)
C(1)– P(1)– C(7) 102.31(9)
C(7)– P(1)– C(13) 106.01(9)
C(1)– P(1)– C(13) 107.03(10)
C(2)– O(1)– H(1) 107.04(10)
C(8)– O(2)– H(2) 105.46(10)

Fig. 2. Molecular structure (ORTEP) of (Ph[OPO]K2)2(THF)6, 3.
Ellipsoids are drawn at 50% probability. Carbon atoms of the THF
ligands and co-crystallized solvent were removed for clarity. Mod-
eled t-butyl disorder was also omitted for clarity.
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leads to the formation of the known bis(OPO) complex,
Ph[OPO]2TaCl (7),25 which can be easily separated from 5
by filtration, owing to its significantly increased solubility.
Reaction of 2 equiv. of 1 furnishes the highest yield of 7;
however, the reaction does not go to completion.

The synthesis of 5–7 is somewhat unusual in that it pro-
ceeds via direct protonolysis of the Ta–Cl bond producing
reactive HCl as the byproduct. Salt metathesis routes to
early transition-metal coordination complexes are driven to
completion by the formation of simple alkali metal salts
such as lithium chloride. The formation of HCl does not of-
fer the same driving force as the formation of an alkali
metal salt. However, it is likely that the protonolysis reac-
tion is controlled by the oxophilic nature of tantalum and
the formation of strong tantalum–oxygen bonds. Alternative
routes to traditional salt metathesis in tantalum halide chem-

istry are known, particularly in the synthesis of cyclopenta-
dienyl derivatives containing alkyl silane or stannane
functionalities that are then eliminated as silyl chlorides39,40

or stannyl chlorides,41,42 respectively. However, the pathway
utilized in the synthesis of 5–7 is very rare,43,44 presumably
due to the sensitivity of Ta–O bonds to HCl.45

Complexes 5–7 are tantalum halides supported by triden-
tate mixed-donor ligands, something that could not be
achieved with the amidophosphine ligand Ph[NPN],3 where
Ph[NPN] = [PhP(CH2SiMe2NPh)2]. With the tantalum-halide
species reported here, it should be possible to investigate re-
duction of the halide in the presence of dinitrogen, a techni-
que that has proven useful in synthesizing dinitrogen
complexes of group-4 metals supported by amidophosphine
ligands.11–13 However, typical reduction protocols of com-
plexes 5–7 utilizing KC8 or Na/Hg in the presence of one
or four atmospheres of dinitrogen resulted in the formation
of dark brown solids that solution NMR spectral and mass
spectral data indicate are composed of several different ma-
terials, none of which can be positively identified as a dini-
trogen complex. It is possible that the lack of steric bulk
around the metal center in these complexes opens alternative
reactivity pathways for the reduced metal complex, poten-
tially including the formation of metal–metal bonded spe-
cies.46,47

Another route to dinitrogen complexes that has proven
useful with [NPN] tantalum complexes is the hydrogenation
of alkyl derivatives.3,48 Reactions of 5 and 6 with alkylating
agents such as (PhCH2)MgCl and CH3MgCl at – 40 8C
and –78 8C yield only mixtures of products, from which the
desired alkyl could not be cleanly isolated. However, in the
absence of tantalum halide complexes supported by [NPN],
work with that ligand turned to reaction of ligand precursors
with tantalum alkyl halide materials, particularly TaMe3Cl2.

The synthesis of 5 has shown that phenols react with Ta–
Cl bonds, so it was of interest to examine the reaction of 1
with TaMe3Cl2 where either HCl or CH4 could be released.
Addition of an ethereal solution of TaMe3Cl2 to 1 in Et2O
affords a pale yellow solid that solution NMR spectroscopy,

Table 2. Selected bond distances (Å) and bond angles (8) for
(Ph[OPO]K2)2(THF)6, 3.

Bond distances (Å)
K(1)— O(1) 2.690(6)
K(1)— O(2) 2.673(6)
K(1)— O(3) 2.913(7)
K(1)— O(5) 2.748(7)
K(1)— P(1) 3.361(3)
K(1)— P(1*) 3.507(3)
K(2)— O(1) 2.591(6)
K(2)— O(2) 2.551(6)
K(2)— O(3*) 2.909(7)
K(2)— O(4) 2.667(8)
K(2)— P(1*) 3.343(3)

Bond angles (8)
P(1)– K(1)– O(1) 56.57(13)
P(1)– K(1)– O(2) 137.15(15)
P(1)– K(1)– O(3) 88.29(14)
P(1)– K(1)– O(5) 89.41(16)
P(1)– K(1)– P(1*) 106.25(7)
O(1)– K(1)– O(2) 84.49(18)
O(1)– K(1)– O(3) 144.73(19)
O(1)– K(1)– O(5) 98.6(2)
O(1)– K(1)– P(1*) 92.58(14)
O(2)– K(1)– O(3) 127.0(2)
O(2)– K(1)– O(5) 115.8(2)
O(2)– K(1)– P(1*) 53.88(14)
O(3)– K(1)– O(5) 82.5(2)
O(3)– K(1)– P(1*) 94.93(15)
O(1)– K(2)– O(2) 89.04(19)
O(1)– K(2)– O(3*) 77.76(19)
O(1)– K(2)– O(4) 131.4(2)
O(1)– K(2)– P(1*) 98.29(14)
O(2)– K(2)– O(3*) 141.29(19)
O(2)– K(2)– O(4) 106.4(2)
O(2)– K(2)– P(1*) 57.00(14)
O(3*)– K(2)– P(1*) 88.69(15)
K(1)– P(1)– K(1*) 73.75(7)
K(1)– P(1)– K(2*) 76.57(7)
K(1)– O(3)– K(2*) 91.02(18)
K(1)– O(1)– K(2) 88.18(18)
K(1)– O(2)– K(2) 89.38(18)
K(1)– P(1*)– K(2) 64.84(6)

Fig. 3. Molecular structure (ORTEP) of (iPr[OPO]K2)3(THF)3(h6-
C6H6), 4-C6H6. Ellipsoids are drawn at 50% probability. Carbon
atoms of the THF ligands and t-butyl groups were removed for
clarity.
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mass spectrometry, and elemental analysis indicate is the
monomethyl complex Ph[OPO]TaMeCl2 (8), formed via elim-
ination of two equivalents of methane, as shown in eq. [4].
In the 1H NMR spectrum, the methyl ligand appears as a
phosphorus-coupled doublet at d 2.08 (3JPH = 9.8 Hz) inte-
grating to three protons; the 31P{1H} NMR spectrum shows
a singlet at d 38.8. A structure with a trans orientation of the
Ta–Me, and the Ta–P is supported by the rather large three-
bond P–H coupling constant observed in the 1H NMR spec-
trum. For example, the bis(OPO) complex Ph[OPO]2TaMe
displays a singlet for the Ta–Me protons in the 1H NMR
spectrum, indicative of the cis disposition of phosphine
groups compared to the methyl on Ta.25

½4�

Mixed methyl chloride coordination complexes are known
in tantalum chemistry, supported by various ligands, includ-
ing cyclopentadienyl-based ligands,49–51 and a biphenolate
pincer ligand.52 Although most coordination compounds of
this nature are formed via salt metathesis routes, other ex-
amples of alkane elimination routes are known.52,53

Further reactivity of 8 has not produced results to date. At-
tempts to create mixed alkyl species through reaction of 8
with (PhCH2)MgCl result in dark solids that are composed
of several materials. A similar result is observed when 8 is
reduced in the presence of dinitrogen. Much like the reduc-
tion of 7, reductions produce dark brown materials, from
which no dinitrogen complexes could be identified. Hydroge-
nation of 8 under 4 atm (1 atm = 101.325 kPa) of hydrogen
produces a mixture of products, and no resonances attribut-
able to tantalum hydrides can be observed in a 1H NMR
spectrum.

When a substoichiometric amount of 1 is reacted with Ta-
Me3Cl2, an impurity is observed in solution NMR spectra that
can be separated from 8 by crystallization. Slow evaporation
of the reaction solution deposits bright yellow crystals of X-
ray quality. These have been structurally characterized as
Ph[OPO]TaMe2Cl (9). The solid-state molecular structure is
presented in Fig. 4, and selected bond distances and angles
are collected in Table 3. There is a distorted octahedral geom-
etry about the tantalum, with the chloride trans to the phos-
phine and the two aryloxides trans to the methyl carbons.
Ta–O, Ta–P, and Ta–Cl bond distances compare well to those
of similar complexes reported recently.25 The tantalum methyl
bond distances are very similar to those of Ph[NAsN]TaMe3

9

and Ph[NPN]TaMe3.3 In the 1H NMR spectrum, the methyl
hydrogen resonances are superimposed upon one set of
t-butyl resonances, but integrate to six protons when the
t-butyl protons are subtracted. The 31P{1H} NMR spectrum
shows the expected singlet at d 40.6. The origin of 9 is likely
a result of a redistribution reaction between the monomethyl
Ph[OPO]TaMeCl2 (8) and unreacted TaMe3Cl2.

Salt metathesis has proven productive for the synthesis of
Ph[OPO]TaMe3 (10), which is outlined in eq. [5]. Reaction
of TaMe3Cl2 with 3 in Et2O furnishes the product as an off-

white solid in moderate yield (68%). The synthesis can also
be carried out using the lithium salt (Ph[OPO]Li2)2(THF)4;
however, the potassium salt affords a cleaner transformation.
In solution, the 31P{1H} NMR spectrum of 10 displays a sin-
gle resonance at d 13.0, and the t-butyl protons appear as a
pair of singlets in the 1H NMR spectrum at d 1.60 and
d 1.25, and the methyl protons appear as a phosphorus-
coupled doublet (3JPH = 4.4 Hz) at d 1.53. The methyl
carbons appear at d 63.5 in the 13C{1H} NMR spectrum.
The solid-state structure of 10 has not been determined to
date; however, a mass spectrum indicates the complex is
monomeric. Thus, a distorted octahedral structure similar to
9 would be expected. The observation of three equivalent
Ta–Me groups by NMR spectroscopy is likely a result of a
fluxional process, similar to that previously reported for
Ph[NPN]TaMe3.3

½5�

Reaction of 10 with 4 atm of hydrogen results in the for-
mation of a dark orange solid. NMR spectroscopy indicates
the solid is a mixture of different compounds with no reso-
nances attributable to hydrides identifiable.

Conclusions
In this report, an improved synthesis of the bis(aryloxy)-

phosphines Ph[OPO]H2 and iPr[OPO]H2 has been developed by
reaction of precursor lithium salts with Et3NHCl. Conversion
of the protonated compounds to potassium salts was accom-
plished by reaction with KH, furnishing (Ph[OPO]K2)(THF)6
and (iPr[OPO]K2)3(THF)3.

Tantalum complexes supported by [OPO] were synthe-
sized by reaction of [OPO] precursors with TaCl5 and
TaMe3Cl2. Reactions with TaCl5 produce the halide com-
plexes Ph[OPO]TaCl3 and iPr[OPO]TaCl3, and a bis(ligand)
complex, Ph[OPO]2TaCl, was synthesized through manipu-
lation of reaction concentration. Reaction with TaMe3Cl2
furnishing the mixed methyl chloride complexes Ph[OPO]-
TaMeCl2 and Ph[OPO]TaMe2Cl by methane elimination,
and the trimethyl complex Ph[OPO]TaMe3 by salt metathe-
sis with the potassium salt (Ph[OPO]K2)2(THF)6.

Experimental section

General procedures
Unless otherwise stated, all manipulations were performed

under an atmosphere of dry, oxygen-free dinitrogen or argon
by means of standard Schlenk or glovebox techniques
(Vacuum Atmospheres HE-553–2 glovebox equipped with a
MO-40–2H purification system and a –40 8C freezer), un-
less specified. Anhydrous hexanes and toluene were pur-
chased from Aldrich, sparged with dinitrogen, and further
dried by passage through a tower of silica followed by pas-
sage through a tower of Ridox (or Q-5) catalyst prior to
use.54 Anhydrous pentane, benzene, tetrahydrofuran, and di-
ethyl ether were purchased from Aldrich, sparged with dini-
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trogen, and passed through an Innovative Technologies SPS-
PureSolv-400–4 apparatus. Water was distilled and thor-
oughly degassed prior to use. All organic solvents were
tested with addition of sodium benzophenone ketyl prior to
use to ensure absence of oxygen and water. Alternatively,
anhydrous diethyl ether was stored over sieves and distilled
from sodium benzophenone ketyl under argon; tetrahydro-
furan was refluxed over CaH2 prior to distillation from so-
dium benzophenone ketyl under argon, and pentane was
stored over sieves and distilled from sodium benzophenone
ketyl solublized by tetraglyme under dry dinitrogen prior to
storage over a potassium mirror. Nitrogen gas was dried and
deoxygenated by passage through a column containing acti-
vated molecular sieves and MnO.

Deuterated benzene was dried by refluxing with molten

sodium/potassium alloy in a sealed vessel under partial pres-
sure, then trap-to-trap distilled, and freeze–pump–thaw-de-
gassed three times. Deuterated tetrahydrofuran and toluene
were dried by refluxing with molten potassium metal or so-
dium–potassium alloy in a sealed vessel under vacuum, then
trap-to-trap distilled, and freeze–pump–thaw-degassed three
times. 1H, 31P, 1H{31P}, 31P{1H}, 13C{1H}, and 7Li{1H}
NMR spectra were recorded on either a Bruker AMX-500
instrument operating at 500.13 MHz for 1H spectra, a Bruker
AVA-400 instrument operating at 400.13 MHz for 1H spectra,
or a Bruker AVA-300 instrument operating at 300.13 MHz
for 1H spectra. 1H NMR spectra were referenced to residual
protons in deuterated solvent as follows: C6D5H ( d 7.15),
C4D7HO ( d 3.58), and C7D7H ( d 2.09) with respect to tet-
ramethylsilane at d 0.0. 13C NMR spectra were referenced to
1% tetramethylsilane in CDCl3 at d 0.0. 31P NMR spectra
were referenced to either external or internal P(OMe)3 ( d

141.0 with respect to 85% H3PO4 at d 0.0). 7Li NMR spectra
were referenced to external LiCl (0.3 mol/L solution in
MeOH at d 0.0). Elemental analyses were performed by Mr.
P. Borda and Mr. M. Lakha, and mass spectrometry (EI/MS
on a Kratos MS 50 unless otherwise stated) was performed
by Mr. M. Lapawa, all at the Department of Chemistry, the
University of British Columbia.

Materials
The complexes (Ph[OPO]Li2)2(THF)4 and (iPr[OPO]-

Li2)2(THF)4 were prepared by the literature procedure.14

Et3NHCl was prepared by the reaction of triethylamine and
aqueous hydrochloric acid, and recrystallized from ethanol.
Potassium hydride was purchased from Acros Chemicals
and used as received; TaCl5 was purchased from STREM
and sublimed prior to use. TaMe3Cl2 was prepared accord-
ing to published methods.55

Synthesis of Ph[OPO]H2 (1)
To an intimate mixture of (Ph[OPO]Li2)2(THF)4 (5.00 g,

7.41 mmol) and Et3NHCl (2.01g, 14.8 mmol) was added
Et2O (150 mL). The solution was stirred for 12 h, and then
the solvent was removed under vacuum. The residue was
extracted into toluene (50 mL), the solution filtered through
Celite, and then evaporated to dryness. The colourless solid
was washed with minimal pentane and dried under vacuum.
Yield: 3.74 g (97%). X-ray quality crystals of 1 containing
three equivalents of co-crystallized solvent were grown by
slow evaporation of a saturated benzene solution. 1H NMR
(500 MHz, C6D6, 25 8C) d: 7.64 (d, 3JHH = 2.3 Hz, 1H, p-
PPh), 7.35 (m, 4H, o/m-PPh), 7.23 (s, 2H, Ph), 7.02 (m, 2H,
Ph), 6.50 (d, 4JPH = 8.9 Hz, OH), 1.61 (s, 18H, o-
PhC(CH3)3), 1.26 (s, 18H, p-PhC(CH3)3). 31P{1H} NMR
(121.4 MHz, C6D6, 25 8C) d: –50.23 (s). 1H NMR
(300 MHz, C4D8O, 25 8C) d: 7.33 (d, 3JHH = 2.4 Hz, 2H,
Ph–H), 7.27 (m, 7H, Ph–H), 6.84 (dd, 4JHH = 2.4 Hz, 4JPH =
5.5 Hz, 2H, OH), 1.42 (s, 18H, o-PhC(CH3)3), 1.12 (s, 18H,
p-PhC(CH3)3). 31P{1H} NMR (121.4 MHz, C4D8O, 25 8C)
d: –47.18 (s).

Synthesis of iPr[OPO]H2 (2)
Following the procedure for 1, Et2O (150 mL) was added

to an intimate mixture of Et3NHCl (1.95 g, 14.18 mmol) and
(iPr[OPO]Li2)2(THF)4 (4.54 g, 7.09 mmol). Yield: 3.27 g

Fig. 4. Molecular structure (ORTEP) of Ph[OPO]TaMe2Cl, 9. Ellip-
soids are drawn at 50% probability.

Table 3. Selected bond distances (Å), bond angles (8), and di-
hedral angles (8) for Ph[OPO]TaMe2Cl (9).

Bond distances (Å)
Ta(1)— P(1) 2.6331(13)
Ta(1)— C(1) 2.196(6)
Ta(1)— C(2) 2.179(5)
Ta(1)— O(1) 1.939(3)
Ta(1)— O(2) 1.943(4)
Ta(1)— Cl(1) 2.300(2)

Bond angles (8)
P(1)– Ta(1)– Cl(1) 172.35(6)
P(1)– Ta(1)– C(1) 81.72(17)
P(1)– Ta(1)– C(2) 84.05(18)
P(1)– Ta(1)– O(1) 72.30(10)
P(1)– Ta(1)– O(2) 72.58(10)
C(1)– Ta(1)– C(2) 82.8(2)
C(1)– Ta(1)– O(1) 86.82(19)
C(1)– Ta(1)– O(2) 152.5(2)
C(1)– Ta(1)– Cl(1) 99.75(19)
O(1)– Ta(1)– C(2) 155.3(2)
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(96%). 1H NMR (300 MHz, C6D6, 25 8C) d: 7.58 (dd, 3JPH =
4.5 Hz, 4JHH = 2.2 Hz, 2H, o-OPh), 7.50 (d, 4JHH = 2.2 Hz,
2H, p-OPh), 7.00 (d, 4JPH = 11.2 Hz, OH), 2.88 (ds, 2JPH =
12.4 Hz, 3JHH = 6.9 Hz, 1H, P–CH(CH3)2), 1.50 (s, 18H, o-
PhC(CH3)3), 1.29 (s, 18H, p-PhC(CH3)3), 0.92 (dd, 3JPH =
18.2 Hz, 3JHH = 6.9 Hz, 6H, P–CH(CH3)2). 31P{1H} NMR
(121.4 MHz, C6D6, 25 8C) d: –61.65 (s). MS (EI) m/z (%):
484 (100) [M]+. Anal. calcd. for C31H49O2P: C, 76.82; H,
10.19. Found: C, 76.62; H, 9.96.

Synthesis of (Ph[OPO]K2)2(THF)6 (3)
Potassium hydride (1.16 g, 28.9 mmol) was added in por-

tions over 30 min to a solution of Ph[OPO]H2 (5.0 g,
9.6 mmol) in THF (100 mL) with stirring. The solution was
then placed under partial vacuum until the evolution of hy-
drogen ceased, stirred 12 h under static partial vacuum, fil-
tered through Celite, and then evaporated to dryness. The
resulting pale yellow residue was washed with minimal hex-
anes to give 3 as a colourless solid. Yield: 7.13 g (92%). X-
ray quality crystals of 3 containing three equivalents of co-
crystallized solvent were grown from a saturated THF solu-
tion at –40 8C. 1H NMR (300 MHz, C6D6, 25 8C) d: 7.52–
6.96 (m, 18H, Ph), 3.62 (m, 24H, THF–OCH2CH2), 1.64 (s,
36H, o-PhC(CH3)3), 1.48 (m, 24H, THF-OCH2CH2), 1.33 (s,
36H, p-PhC(CH3)3). 31P{1H} NMR (121.4 MHz, C6D6,
25 8C) d: –29.59 (s). MS (EI) m/z (%): 1188 (6) [M –
(THF)6]+, 516 (80) [OPO]+. Anal. calcd. for
C92H138K4O10P2�2C4H8O: C, 67.99; H, 8.79. Found: C,
68.38; H, 8.65.

Synthesis of (iPr[OPO]K2)3(THF)3 (4)
Following the procedure for 3, KH (0.21 g, 5.19 mmol)

was added to a solution of 2 (1.00 g, 2.017 mmol) in THF
(25 mL). Yield: 0.93 g (71%). X-ray quality crystals of the
benzene adduct 4-C6H6 containing one equivalent of co-
crystallized benzene and half a molecule of co-crystallized
hexane were grown from slow diffusion of hexanes into a
benzene solution. Crystals of 4-C6H6 were dried and used
for elemental analysis. 1H NMR (300 MHz, C6D6, 25 8C) d:
7.15 (d, 3JHH = 2.6 Hz, 6H, Ph), 6.94 (d, 3JHH = 2.6 Hz, 6H,
Ph), 3.62 (m, 4H, THF–OCH2CH2), 3.58 (s, 8H, THF–
OCH2CH2), 2.28 (m, 3H, P–CH(CH3)2), 1.78 (m, 4H, THF–
OCH2CH2), 1.73 (s, 8H, THF–OCH2CH2), 1.39 (s, 54H, o-
PhC(CH3)3), 1.21 (s, 54H, p-PhC(CH3)3), 1.00 (dd, 3JPH =
14.4 Hz, 3JHH = 6.6 Hz, 18H, P–CH(CH3)2). 31P{1H} NMR
(121.4 MHz, C6D6, 25 8C) d: –37.41 (s). Anal. calcd. for
C105H165K6O9P3�1/3C6H6: C, 67.43; H, 8.72. Found: C,
67.08; H, 8.61.

Synthesis of Ph[OPO]TaCl3 (5)
To an intimate mixture of 1 (2.86 g, 3.86 mmol) and

TaCl5 (1.38 g, 3.86 mmol) was added diethyl ether
(100 mL) with stirring. The bright yellow solution was
stirred for 12 h under reduced static pressure during which
time a yellow solid was deposited. The solution was filtered
through Celite and evaporated to dryness. The residue was
washed with hexanes and dried under vacuum to yield 5 as
a bright yellow solid. Yield: 2.86 g (92%). 1H NMR
(300 MHz, C6D6, 25 8C) d: 7.60 (m, 6H, Ph), 7.05 (m, 3H,
Ph), 1.57 (s, 18H, o-PhC(CH3)3), 1.16 (s, 18H, p-
PhC(CH3)3). 31P{1H} NMR (121.4 MHz, C6D6, 25 8C) d:

33.46 (s). MS (EI) m/z (%): 802 (100) [M]+. Anal. calcd.
for C34H45Cl3O2PTa: C, 50.79; H, 5.64. Found: C, 50.90; H,
5.76.

Synthesis of iPr[OPO]TaCl3 (6)
With the same procedure described above for 5, 2 (1.00 g,

2.07 mmol) was reacted with TaCl5 (0.743 g, 2.07 mmol),
giving 6 as a bright yellow solid. Yield: 1.31 g (82%). 1H
NMR (300 MHz, C6D6, 25 8C) d: 7.52 (m, 2H, Ph), 7.21
(m, 2H, Ph), 3.03 (dsep, 2JPH = 5.8 Hz, 3JHH = 6.9 Hz, 1H,
P–CH(CH3)2), 1.50 (s, 18H, o-PhC(CH3)3), 1.35 (dd, 3JPH =
19.2 Hz, 3JHH = 6.9 Hz, 6H, P–CH(CH3)2), 1.23 (s, 18H, p-
PhC(CH3)3). 31P{1H} NMR (121.4 MHz, C6D6, 25 8C) d:
31.88 (s). MS (EI) m/z (%): 768 (100) [M]+. Elemental anal-
ysis was not obtained.

Synthesis of Ph[OPO]2TaCl (7)
A solution of 1 (2.00 g, 3.87 mmol) in toluene (10 mL)

was added dropwise to a suspension of TaCl5 (0.693 g,
1.93 mmol) in toluene (10 mL) with stirring. The resulting
yellow solution was stirred for 24 h then evaporated to dry-
ness. The residue was extracted into hexanes (5 mL), filtered
through Celite, and the solvent was removed under vacuum,
furnishing 7 as a bright yellow powder. Yield: 1.09 g (45%).
1H NMR (300 MHz, C6D6, 25 8C) d: 7.70–7.04 (m, 18H,
Ph), 1.49 (s, 36H, o-PhC(CH3)3), 1.14 (s, 36H, p-
PhC(CH3)3). 31P{1H} NMR (121.4 MHz, C6D6, 25 8C) d:
37.85 (s). MS (EI) m/z (%): 1249 (30) [M]+. Anal. calcd.
for C68H90ClO4P2Ta: C, 65.35; H, 7.26. Found: C, 65.56; H,
7.43.

Synthesis of Ph[OPO]TaMeCl2 (8)
A solution of TaMe3Cl2 (0.12 g, 0.39 mmol) in Et2O

(10 mL) was added dropwise to a solution of 1 (0.20 g,
0.39 mmol) in Et2O (50 mL) at –78 8C, and the resulting
pale yellow solution was stirred at –78 8C for 1 h. Removal
of the cold bath, slow warming for 40 min, followed by re-
moval of the solvent under vacuum gave a pale yellow resi-
due that was washed with minimal pentane and dried under
vacuum to give 8 as a pale yellow solid. Yield: 0.21 g
(70%). 1H NMR (300 MHz, C6D6, 25 8C) d: 7.58 (m, 6H,
Ph), 7.09 (m, 3H, Ph), 2.08 (d, 3JPH = 9.8 Hz, 3H, Ta–
CH3), 1.56 (s, 18H, PhC(CH3)3), 1.23 (s, 6H, PhC(CH3)3),
1.19 (s, 12H, PhC(CH3)3). 31P{1H} NMR (121.4 MHz,
C6D6, 25 8C) d: 38.79 (s). MS (EI) m/z (%): 782 (100)
[M]+. Anal. calcd. for C35H48Cl2O2PTa: C, 53.65; H, 6.17.
Found: C, 53.87; H, 6.23.

Synthesis of Ph[OPO]TaMe2Cl (9)
A solution of TaMe3Cl2 (0.056 g, 0.188 mmol) in Et2O

(5 mL) was added dropwise to a solution of 1 (0.076 g,
0.147 mmol) in Et2O (5 mL) at –78 8C. After 1 h, the solu-
tion was warmed to room temperature, concentrated to about
half volume, and allowed to slowly evaporate, affording 9 as
yellow crystals of X-ray quality. Yield: 0.025 g (22% from
1). 1H NMR (300 MHz, C6D6, 25 8C) d: 7.64 (m, 5H, Ph),
7.12 (m, 4H, Ph), 1.56 (br s, 24H, Ta–CH3 and o-
PhC(CH3)3), 1.22 (s, 18H, p-PhC(CH3)3). 31P{1H} NMR
(121.4 MHz, C6D6, 25 8C) d: 40.65 (s). Elemental analysis
was not recorded.
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Synthesis of Ph[OPO]TaMe3 (10)
A solution of TaMe3Cl2 (0.040 g, 0.135 mmol) in Et2O

(10 mL) was added dropwise to a solution of 3 (0.100 g,
0.067 mmol) in Et2O (50 mL) at –78 8C, and the resulting
pale solution was stirred at –78 8C for 1 h. Removal of the
cold bath, slow warming for 40 min, followed by removal of
the solvent under vacuum gave a pale yellow solid. The res-
idue was extracted into toluene (20 mL), the solution filtered
through Celite, and evaporated to dryness yielding a solid
that was washed with minimal pentane and dried under vac-
uum to give 10 as an off-white solid. Yield: 0.068 g (68%).
1H NMR (300 MHz, C6D6, 25 8C) d: 7.82 (m, 1H, p-PPh),
7.65 (dd, 3JHH = 2.2 Hz, 3JPH = 6.1 Hz, 2H, o-PPh), 7.58
(d, 3JHH = 2.2 Hz, 2H, m-PPh), 7.11 (m, 4H, Ph), 1.60 (s,
18H, o-PhC(CH3)3), 1.53 (d, 3JPH = 4.4 Hz, 9H, Ta–CH3),
1.25 (s, 18H, p-PhC(CH3)3). 31P{1H} NMR (121.4 MHz,
C6D6, 25 8C) d: 12.98 (s). 13C{1H} NMR (75.4 MHz, C7D8,
0 8C) d: 166.2 (s, oPh i-C), 145.4 (d, 1JPC = 4.0 Hz, PPh
i-C), 138.3 (d, 1JPC = 5.7 Hz, P–PhC(CH3)3 i-C), 132.2 (s,
PPh o-C), 132.0 (s, PPh o-C), 129.6–123.7 (Ph–C), 63.5 (s,
Ta–(CH3)3), 35.3 (s, o-PhC(CH3)3), 34.7 (s, p-PhC(CH3)3),
31.5 (s, o-PhC(CH3)3), 29.6 (s, p-PhC(CH3)3). MS (EI) m/z
(%): 742 (100) [M]+. Anal. calcd. for C37H54O2PTa: C,
59.83; H, 7.33. Found: C, 59.75; H, 7.45.

Crystallography
In all cases, suitable crystals were selected and mounted

on a glass fibre using Paratone-N oil or an acceptable substi-
tute and frozen to –100 8C.

Measurements for structure 1 were made on a Rigaku/
ADSC CCD area detector with graphite monochromated
Mo Ka radiation. The data were processed using the
d*TREK56 module, part of the CrystalClear software pack-
age, version 1.3.6 SP0,57 and corrected for Lorentz and po-
larization effects and absorption. Neutral atom scattering
factors for all non-hydrogen atoms were taken from Cromer
and Waber.58 Anomalous dispersion effects were included in
Fcalcd..59

Measurements for structures 3, 4, and 9 were made on a
Bruker X8 area detector with monochromated Mo Ka radia-
tion. The data were processed and integrated using the
Bruker SAINT software package60 and corrected for absorp-
tion effects using the multi-scan technique (SADABS).61

All structures were solved by direct methods using the
programs SIR9762 or SIR2002.63 All non-hydrogen atoms
were refined anisotropically by least-squares procedures on
F2 using SHELXL-97.64 Hydrogen atoms were included but
not refined; their positional parameters were calculated with
fixed C–H bond distances of 0.99 Å for sp2 C, 0.98 Å for
sp3 C, and 0.95 Å for aromatic sp C, with Uiso set to
1.2 � Ueq of the attached sp or sp2 C and Uiso set to
1.5 � Ueq values of the attached sp3 C atom. Methyl hydro-
gen torsion angles were determined by electron density.
Structure solution and refinements were conducted using the
WinGX software package, version 1.64.05.65 Structural illus-
trations were created using ORTEP-III for Windows.66

Supplementary data
Supplementary data for this article are available on the

journal Web site (canjchem.nrc.ca). CCDCs 756433–756437

contain the X-ray data in CIF format for this manuscript.
These data can be obtained, free of charge, via www.ccdc.
cam.ac.uk/conts/retrieving.html (Or from the Cambridge
Crystallographic Data Centre, 12 Union Road, Cambridge
CB2 1EZ, UK; fax +44 1223 336033; or deposit@ccdc.
cam.ac.uk).
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Electrochemical reduction of sunset yellow at
a multiwalled carbon nanotube (MWCNT)-modified
glassy carbon electrode and its analytical
application

Yuan-Zhi Song

Abstract: The electrochemical reduction of sunset yellow at a multiwalled carbon nanotube (MWCNT)-modified glassy
carbon electrode is investigated using cyclic voltammetry. A simple, sensitive, and inexpensive method for determination
of sunset yellow in soft drinks is proposed and the accuracy and reproducibility of this determination method are eval-
uated. This method is satisfactorily applied for the determination of sunset yellow in soft drinks in the concentration range
of 1.2–125.0 mg L–1 and 125.0–265.0 mg L–1, with a detection limit of 0.5 mg L–1.

Key words: sunset yellow, multiwalled carbon nanotube (MWCNT), cyclic voltammetry, glassy carbon electrode.

Résumé : Faisant appel à la voltampérométrie cyclique, on a étudié la réduction électrochimique du jaune soleil à une
électrode de carbone vitreux modifiée par un nanotube de carbone à surfaces multiples. On propose une méthode simple,
sensible et peu coûteuse de déterminer le jaune soleil dans les boissons gazeuses et on en a évalué la reproductibilité et
l’exactitude. Cette méthode peut être appliquée d’une façon satisfaisante pour la détermination du jaune soleil dans les
boissons gazeuses à des concentrations allant de 1,2 à 125,0 mg L–1 et de 125,0 à 265,0 mg L–1 avec une limite de détec-
tion de 0,5 mg L–1.

Mots-clés : jaune soleil, nanotube de carbone à surfaces multiples, voltampérométrie cyclique, électrode de carbone vitreuse.

[Traduit par la Rédaction]

Introduction

Sunset yellow is an azo compound that is found in com-
mon food products such as candies, beverages, bakery prod-
ucts, and dairy products. As the genetic toxicity of some azo
dyes has been confirmed,1,2 accurate and reliable methods for
the determination of synthetic dyes in foodstuff are required.
Although spectrophotometry,3–6 thin-layer chromatography,7–9

reversed-phase liquid chromatography (RPLC),10,11 ion-pair
RPLC,12,13 capillary electrophoresis,14–18 and anion-exchange
chromatography19–21 have been used for the determination of
various water-soluble synthetic dyes, many of these methods
are time-consuming.

Since carbon nanotubes (CNTs) were discovered in
1991,22 they have attracted much attention from researchers.
The modification of electrode substrates with multiwalled
carbon nanotubes (MWCNTs) has been shown to result in
high sensitivities, electron-transfer promotion, resistance to
surface fouling, and reduction of overpotentials. It has been
reported that CNT modified electrodes can be successfully
applied in the determination of many organic molecules.23–29

This paper concerns the electrochemical reduction of sun-
set yellow at multiwalled carbon nanotube-modified glassy
carbon electrode (MWCNT/GCE) and the development of a

simple, rapid, and effective method for the determination of
sunset yellow in drinks.

Experimental

Chemicals and reagents
Tartrazine, amaranth, ponceau 4R, sunset yellow, and

brilliant blue FCF were purchased from the National Re-
search Center for Certified Reference Materials (CRMs;
Beijing, China). MWCNTs were purchased from Shenzhen
Nanotechnologies Port Co. Ltd. (China). All other reagents
were analytical grade. Double-distilled water was used
throughout. Phosphate buffer solution (PBS; 0.1 mol/L) was
prepared by dissolving 0.1 mol NaCl and 0.1 mol Na2HPO4
in 1 L of double-distilled water and adjusting the pH using
6 mol/L aq HCl or 1 mol/L NaOH solution.

Instrumentation
For all electrochemical experiments, a CHI660B electro-

chemical analyzer (CH Instruments, Inc., USA) was em-
ployed. The electrochemical cells consisted of a three
electrode, a 3 mm diameter glassy carbon disc electrode,
and a MWCNT composite modified GCE were used as the
working electrode, a platinum wire served as the counter
electrode, and a saturated calomel electrode (SCE) was used

Received 4 November 2009. Accepted 31 March 2010. Published on the NRC Research Press Web site at canjchem.nrc.ca on 24 June
2010.
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as the reference electrode. The MWCNTs were character-
ized by transmission electron microscopy (TEM) (JEM
2100, JEOL Ltd., Japan).

Preparation of MWCNTs and modified GCE
The MWCNTs were purified in boiling concentrated ni-

tric acid for 3 h, followed by rinsing with deionized water,
and drying under ambient atmosphere. Open-end MWCNTs
with hydrophilic surfaces were thus obtained. The TEM im-
age of purified MWCNTs is shown in Fig. 1; many nanocar-
bon tubes with diameters ranging from 20 to 30 nm were
observed. Before modification, the GCE was polished with
0.05 mm alumina slurry on a polishing cloth, rinsed thor-
oughly with double-distilled water, and then sonicated in
ethanol and double-distilled water for 10 min, sequentially.
The modifier suspension was prepared by dispersing the
MWCNTs in 5.0 mL of N,N-dimethylformamide under son-
ication for 30 min. The MWCNT modified GCE was pre-
pared by casting 5 mL of the above-mentioned black
suspension on the GCE surface using a micropipette and
left to dry at room temperature. Before the cyclic voltam-
metric measurements, the modified electrode was cycled be-
tween –1 and 1 V (scan rate 100 mV s–1) in 0.1 mol/L PBS
for several times until acquiring the reproducible responses.

Results and discussion

Electrochemical behavior of sunset yellow at MWCNT/
GCE

The cyclic voltammograms (CVs) of sunset yellow at bare
GCE and MWCNT/GCE in purged N2 0.1 mol/L PBS of
pH 8.3 are shown in Fig. 2. It can be seen that the reduction
peak for sunset yellow at bare GCE and MWCNT/GCE are
observed at –0.780 V and –0.721 V, respectively, the reduc-
tion potential of sunset yellow at MWCNT/GCE shifted to
positive potentials, and the peak current increased.

These results indicate that the MWCNT modified elec-
trode promoted the electrochemical reduction of sunset yel-

low by considerably accelerating the rate of electron
transfer. Purified MWCNTs are functionalized with –OH
and –COOH, which could interact with hydroxyl and sul-
fonyl in sunset yellow to form a hydrogen bond. The p–p
conjugated bonds between MWCNTs and the sunset yellow
probably increase the reduction current. The MWCNT inter-
face has a large surface area, a great deal of active sites, bet-
ter conductivity, and favorable electrocatalytic power; all of
them led to the dissimilar conjugation effect of sunset yel-
low with the bare electrode interface.

Amount of the modifier
The reduction current of sunset yellow at a modified elec-

trode can be affected by the amount of MWCNTs on the
electrode surface. This can be controlled by using the same
volume (5.0 mL) of the suspensions with the different con-
centrations of MWCNTs, casted on the surface of the GCE.
The experiments showed that the reduction peak current for
50.0 mg L–1 sunset yellow increased quickly by increasing
the concentration of MWCNT suspension deposited on the
surface of the GCE up to 1.0 mg mL–1 (Fig. 3). A further
increase caused a gradual decrease in the cathodic peak cur-
rent of sunset yellow with an increase in background cur-
rent. As a result, 5.0 mL of 1.0 mg mL–1 MWCNT
suspension was selected as the optimum volume for prepara-
tion of the modified electrode.

Influence of pH
The influence of pH on the electrochemical behavior of

sunset yellow was investigated at different pH values in the
range of 2.0 to 11.4. Figure 4 shows the CVs of 50.0 mg L–1

sunset yellow on the surface of the modified electrode over
the discussed pH range at the scan rate of 100 mV s–1. It
was found that the peak potential (Ep) shifted negatively
with pH increasing and a good linear relationship was ob-
served between the Ep and pH values in the range of 3.0 to
8.3 with the following equation: Ep (V) = –0.0681pH –
0.0404 (R: correlation coefficient; R2 = 0.988).

Fig. 1. TEM image of the purified MWCNTs. Fig. 2. CVs of 50.0 mg L–1 sunset yellow at (a) MWCNT/GCE and
(b) bare GCE; CVs of (c) MWCNT/GCE and (d) bare GCE. Scan
rate: 100 mV s–1; supporting electrolyte: 0.1 mol/L PBS of pH 8.3;
5 mL accumulation volume of 1.0 mg mL–1 MWCNT suspension.
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A value of about –68.1 mV per pH unit indicates that
equal numbers of electrons and protons are involved in the
electroreduction of sunset yellow on the surface of the modi-
fied electrode. On the other hand, the peak current was
shown to be increased by the pH from 11.4 to 3.0. To avoid
the influence of oxygen on the reduction reaction of sunset
yellow, 0.1 mol/L PBS of pH 8.3 was used as the supporting
electrolyte in all voltammetric determinations.

Effect of the potential scan rate
The information involving electrochemical mechanisms

can usually be obtained from the investigation of CVs in
the different potential sweep rates. Therefore, the CVs in-
vestigations for 50.0 mg L–1 sunset yellow were performed

on the surface of the MWCNT/GCE in a buffer solution of
pH 8.3 at different potential sweep rates. Figure 5 illustrates
the influence of the scan rate on the CVs of 50.0 mg L–1

sunset yellow in the range of 10–400 mV.s–1. The linear re-
lation between the log(I) and the log(n) (Fig. 6, where I =
peak current and n = scan rate) indicates a mixed adsorp-
tion–diffusion controlled process on the surface of the modi-
fied electrode; the regression equation for this relationship
was given as log(I) = 0.5259log(n) + 1.9116 (R2 = 0.999, I:
mA, n: V s–1).

The relationship between the reduction peak potential and
logarithm of the scan rate is shown in Fig. 7. It can be seen
that the reduction peak potential shifts negatively with an in-
creasing scan rate. Such a behavior revealed the irreversible

Fig. 3. Dependence of the reduction peak current of 50.0 mg L–1

sunset yellow on the amount of the modifier.

Fig. 4. Influence of pH on the shape of the cathodic peak of
50.0 mg L–1sunset yellow; pH: (a) 3.0, (b) 5.0, (c) 7.0, (d) 8.3, (e)
9.7, and (f) 11.4. Insert: Plot of the peak potential against pH; Scan
rate: 100 mV s–1.

Fig. 5. CVs of 50.0 mg L–1 sunset yellow at MWCNT/GCE with
different scan rates. (a–n) are 10, 30, 50, 70, 100, 130, 160, 190,
210, 240, 270, 300, 350, and 400mV s–1, respectively. Other condi-
tions are as in Fig. 1.

Fig. 6. Dependence of the logarithm of the peak current on the
logarithm of the scan rates. Insert: plot of the peak current against
the scan rates.
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nature of the electrochemical process for sunset yellow. The
regression equation for this relationship was obtained as
Ep = –0.047log(n) – 0.7687 (R2 = 0.981, Ep: V, n: V s–1).

As for an irreversible electrode process, Ep is given by the
following equation:30,31

½1� Ep ¼ E�0 þ 2:303RT

anF
log

RTk�

anF
� 2:303RT

anF
log v

where a is the transfer coefficient, k8 is the standard hetero-
geneous rate constant of the reaction, n is the number of
electrons transferred, v is the scan rate, and Eo’ is the formal
redox potential. Thus, the value of an can be easily calcu-
lated. The an was calculated to be 1.2583. According to
Bard and Faulkner,32 a can be obtained as

½2� a ¼ 47:7

jEp � Ep=2j
mV

where Ep/2 is the potential where the current is at half the
peak value. The a is calculated to be 0.6446. Furthermore,
the number of electrons transferred (n) in the electroreduc-
tion of sunset yellow was calculated to be 1.95 ± 0.20. The
value of Eo’ could be obtained from the intercept of the Ep
versus v curve by extrapolating to the vertical axis at v = 0.33

The intercept for the Ep versus log n plot was –0.7687 V and
the Eo’ was –0.664 V (Fig. 7, insert), thus, ko is calculated to
be 0.29 s–1.

It is generally admitted that azo molecules are reduced at
the mercury drop in two steps:34step 1: R–N=N–R’ + 2e– +
2H+ = R–NH–NH–R’, step 2: R–NH–NH–R’ + 2e– + 2H+ =
R–NH2 + R’–NH2.

When the pH value is below 3, steps 1 and 2 occur simul-
taneously, while for media close to neutrality, the second
step does not occur. Consequently, reduction potentials and
intensities are strongly influenced by the media pH.

Taking into account that sunset yellow contains a N=N
group, which presents a basic center of electron and proton
acceptors, we may, therefore, assume that the reduction step

of sunset yellow is located on the N=N group. The sunset
yellow accepts two protons and two electrons. The mecha-
nism is shown in Fig. 8.

Linearity range and the detection limit
The relationship between the reduction peak current and

the concentration (c) of sunset yellow was examined by
CVs on the surface of MWCNT/GCE (Fig. 9). Under the
previously mentioned optimum conditions, the reduction
peak currents were proportional to sunset yellow concentra-
tions over two intervals in the range of 1.2–125.0 mg L–1

and 125.0–265.0 mg L–1 in 0.1 mol/L PBS of pH 8.3. Two
linear regression equations were obtained as I (mA) =
0.3348c (mg L–1) + 6.4803 (R2 = 0.997) and I (mA) =
0.2186c (mg L–1) + 21.2890 (R2 = 0.997). The detection
limit (3s/s, where s is the standard deviation of the intercept
and s is the slope of the calibration curve) observed for sun-
set yellow was 0.5 mg L–1.

Repeatability of the modified electrode
The repeatability of the modified electrode was investi-

gated by repetitive recording at a fixed sunset yellow con-
centration of 50.0 mg L–1. The relative standard deviation
(RSD) for the peak currents in CVs based on six replicates
was 1.5%, indicating excellent repeatability of the response
of the modified electrode. Also, on using the MWCNT/
GCE daily and storing under ambient conditions over a pe-
riod of two weeks, the electrode retained 96.3% of its initial
peak current response for a sunset yellow concentration of
50.0 mg L–1. The results indicate that the modified electrode
has an excellent repeatability.

Fig. 7. Dependence of the reduction peak potential of 50.0 mg L–1

sunset yellow on the logarithm of the scan rates. Insert: plot of the
peak potential against scan rates.

Fig. 8. Mechanism for the electrochemical reduction of sunset yellow.

Fig. 9. CVs of different concentrations of sunset yellow. Insert: plot
of the peak current against the concentration. Other conditions are
as in Fig. 1.
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Determinations of sunset yellow in soft drinks
To assess the applicability of the proposed method, the

MWCNT/GCE was used to determine the content of sunset
yellow in soft drinks by applying the CV method.

The CVs of a sample and added standard samples are
shown in Fig. 10. Soft drinks (2.00 mL) were diluted to
5.0 mL with 0.1 mol/L PBS of pH 8.3 and the linear regres-
sion equation was obtained as c (mg L–1) = 3.4459I (mA) –
0.27 (R2 = 0.999). The determination results using the stand-
ard addition method are shown in Table 1. The recoveries
ranged from 96.0% to 104.4% and the content for sunset
yellow in soft drinks was 0.0*50.3 mg L–1 with a RSD of
1.2%*3.0% (n = 6).

Interference
The influence of some organic compounds was tested. If

the presence of an interferent altered the average current sig-
nal of 50.0 mg L–1 sunset yellow concentration by less
than ±5%, we considered that caused no interference. The
results showed a 100-fold of glucose, 50-fold of ascorbic
acid, indigotine, brilliant blue FCF, amaranth, erythrosine,
cane sugar, sorbic acid, and saccharin sodium did not inter-
fere with the determination, while ponceau 4R and tartrazine

interfered severely. This suggests that the modified electrode
had certain resistance to some interferences.

Conclusion

In the present work, it was demonstrated that modification
of GCE with MWCNTs is a simple and effective method for
the determination of sunset yellow in soft drinks. The proce-
dure enables preparation of highly stable and reproducible
uniform modifier films, which leads to a considerable en-
hancement in repeatability and reproducibility in the voltam-
metric measurements. High sensitivity and improved
detection limit of the MWCNT/GCE are promising for the
determination of trace amounts of sunset yellow in soft
drinks.
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A kinetic study of dimethyl sulfoxide reductase
based on density functional theory

Elizabeth Hernandez-Marin and Tom Ziegler

Abstract: We present a density functional theory study on the oxygen atom transfer (OAT) reaction of dimethyl sulfoxide
(DMSO) with model complexes resembling a functional synthetic analogue of the molybdoenzyme DMSO reductase. The
good agreement between our calculated Gibbs free energy profile and data derived from experimental kinetic parameters
supports the reaction mechanisms of the oxygen atom transfer proposed in this study. When the mechanism involves the
formation of a DMSO-bound intermediate, the calculations on the free energy surface provide valuable information that
explains the origin of the apparent contradiction between the experimental findings and previous theoretical calculations
with respect to the rate-limiting step of the reaction mechanism. The enzymatic mechanism of the OAT reaction is more
complex than the mechanism of any synthetic analogue, mainly due to the formation of an enzyme-substrate adduct prior
to the appearance of the substrate-bound intermediate. This study also presents a possible mechanism for the formation of
such an adduct and the subsequent oxygen atom transfer. The mechanism involves a proton transfer to and from the sub-
strate.

Key words: dimethyl sulfoxide (DMSO) reductase, oxygen atom transfer, density functional theory.

Résumé : On présente une étude basée sur la théorie de la fonctionnelle de densité pour la réaction de transfert de l’atome
d’oxygène à partir du diméthylsulfoxyde (DMSO), en utilisant des complexes modèles ressemblant à un analogue de syn-
thèse du molybdoenzyme de la réductase de DMSO. Le bon accord entre le profil d’énergie libre de Gibbs calculé et les
données dérivées de paramètres cinétiques expérimentaux supporte les mécanismes réactionnels proposés dans cette étude
pour le transfert de l’atome d’oxygène. Quand le mécanisme implique la formation d’un intermédiaire lié au DMSO, les
calculs de la surface d’énergie libre fournissent une information utile qui explique l’origine de la contradiction apparente
entre les données expérimentales et les calculs théoriques antérieurs relative à l’étape cinétiquement limitante du méca-
nisme réactionnel. Le mécanisme enzymatique de la réaction de transfert de l’atome d’oxygène est plus complexe que le
mécanisme de tout analogue de synthèse, principalement en raison de la formation d’un adduit enzyme substrat avant l’ap-
parition de l’intermédiaire lié au substrat. Cette étude présente aussi un mécanisme potentiel pour la formation d’un tel ad-
duit et le transfert subséquent de l’atome d’oxygène. Le mécanisme implique un transfert de proton vers, et à partir du
substrat.

Mots-clés : réductase de diméthylsulfoxyde (DMSO), transfert d’atome d’oxygène, théorie de la fonctionnelle de densité.

[Traduit par la Rédaction]

Introduction
Dimethyl sulfide (DMS) in seawater has been proposed to

serve as a seed for cloud condensation over the oceans and
can as such have a possible effect on the climate.1 For this
reason, knowledge of the processes that regulate DMS con-
centrations in seawater is of considerable interest. Among
those processes, the interconversion occurring between
DMS and dimethyl sulfoxide (DMSO) is believed to be im-
portant.2 In this regard, DMSO in seawater has been found
to arise from DMS oxidation via photochemical and bacte-
rial oxidation processes. On the other hand, some bacteria
are able to reduce DMSO to DMS.3 A reductase for DMSO
from Escherichia coli has been isolated and characterized as

an iron–sulfur molybdoenzyme.4 A simpler molydboenzyme
(without other prosthetic groups such as flavin or iron–sulfur
centers) is found in bacteria of the genus Rhodobacter.5,6

The enzymes that posses a molybdenum center as their sole
redox-active center belong to the DMSO reductase
(DMSOR) family.7 DMSOR serves as a terminal reductase
in the bacterial respiratory chain where dimethyl sulfoxide
is used as an electron acceptor,8 undergoing the overall reac-
tion

½1� ðCH3Þ2SOþ 2Hþ þ 2e� ! ðCH3Þ2Sþ H2O

The molybdenum active center participates in an oxygen
(oxo) atom transfer (OAT) reaction
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½2� ½MoIV� þ ðCH3Þ2SO! ½MoVIO� þ ðCH3Þ2S

Multiple spectroscopic studies on DMSOR from bacterial
sources have been carried out to determine its structure.9–13

As a result, there is a considerable body of information about
the coordination geometry of the molybdenum center in
DMSOR. It has been established that the oxidized active site
of DMSOR consists of the metal coordinated by two molyb-
dopterin (metal binding pyranopterin ene-1,2-dithiolate) li-
gands, one oxo group, and one oxygen atom from the side
chain of a serinyl residue.14

Synthetic molybdenum complexes with structural and
functional behavior similar to that of the DMSOR have
been developed15–18 as one approach to understand the enzy-
matic oxo-transfer reaction. Density functional theory (DFT)
methods have been used as well to investigate the OAT re-
action above. Webster and Hall19 employed the complex
[Mo(OMe)(S2C2Me2)2]– as a model for the [MoIV] species.
Thapper et al.20 based their modeling on a [Mo(O-
Me)(S2C2(CN)2)2]– complex, while [Mo(OMe)(S2C2Me2)2]–

was used by Hillier and co-workers.21 In the present DFT
study, we reinvestigate the OAT reaction involving DMSO
and the model complexes [Mo(OR)(S2C2H2)2]– with R =
Me, Ph. Our investigation was prompted by a recent experi-
mental study on the kinetics of DMSOR22 and by the appa-
rent contradiction between the theoretical calculations and
the conclusions drawn from experimental results with re-
spect to the nature of the rate-limiting step in the OAT reac-
tion for synthetic analogues.23 Thus, we shall calculate the
kinetic parameters of the OAT between the model com-
plexes and DMSO and compare them to available experi-
mental data for the actual enzyme and some synthetic
analogues. It is hoped that the current study will give a
more detailed and direct comparison between DFT calcula-
tions and experimental kinetic data on the OAT in synthetic
analogues than has been provided in the past. We shall fi-
nally discuss how synthetic or computational studies on the
OAT in model systems relate to experimental investigations
of the kinetics for OAT in the actual enzyme. In this discus-
sion, we shall elaborate on a possible mechanism for OAT
in the actual enzyme involving a proton transfer to and
from DMSO.

Computational details and methods
All calculations were based on DFT as implemented in

the ADF (Amsterdam density functional) program version
2006.01.24 Use was made of the Becke–Perdew exchange-
correlation (XC) functional (BP86)25–27 and a standard tri-
ple-z STO basis with one set of polarization functions for
all atoms. The 1s electrons of C, N, and O; the 1s2s2p elec-
trons of S; and the 1s2s2p3s3p3d electrons of Mo were
treated as frozen cores. For all the optimizations and linear
transit calculations, the protein matrix was represented by
making use of the dielectric continuum model COSMO
(conductor-like screening model)28 as implemented in ADF,
with a dielectric constant of 3 = 5. The continuum model
was used in accordance with common practice29,30 to simu-
late the polarizable background of the protein matrix.

The crystal structure of the reduced DMSO reductase
from Rhodobacter capsulatus with bound DMSO substrate
is available (PDB code 4DMR).31 This structure represents

a good candidate for an intermediate in the oxygen atom
transfer reaction. The Cartesian coordinates provided by the
crystallographic data were used to construct the starting ge-
ometry for a computationally convenient model complex,
[Mo(OMe)(S2C2H2)2���DMSO]–. The coordinates of the oxy-
gen and carbon of the OMe group, and of the sulfur and car-
bon atoms of the dithiolate groups were taken as those of
Ser 147 and the pterin cofactors, respectively, from the crys-
tal structure. After the starting geometry was fully opti-
mized, two approximate transition states were located by
performing linear transit calculations. One linear transit con-
sidered the increment of the Mo–ODMSO distance. The other
linear transit calculation allowed for the increment of the
distance between S and O from the DMSO ligand. Starting
from those approximate transition state geometries, both sta-
tionary points were then fully optimized32,33 as transition
states. Finally, the reactants, [Mo(OR)(S2C2H2)2]– and
DMSO, as well as the products, [Mo(OR)O(S2C2Me2)2]–

and DMS, were optimized separately. Subsequent gas-phase
harmonic frequency analysis calculations were conducted to
ensure that all optimized structures represented either true
minima or transition states. The reported enthalpies and free
energies were computed using the entropy and internal en-
ergy values calculated via standard statistical mechanics.

Results and discussion

Theoretical modeling of synthetic analogues
Holm and co-workers15–18 have prepared molybdenum

and tungsten functional analogues of the DMSOR active
site. One of those analogues is structurally similar to the en-
zymatic metal center: [M(OPh)(S2C2Me2)2]– (M = Mo, W).17

The crystallographic structure of the desoxo complex had a
square-pyramidal geometry but despite considerable efforts,
Holm and co-workers17 were not able to isolate the oxidized
[MoVI] complex, in contrast to the tungsten oxo complex
[W(OPh)O(S2C2Me2)2]– that was analyzed via X-ray crystal-
lography. However, the in situ formation of [Mo(O-
Ph)O(S2C2Me2)2]– was established by comparing
spectroscopic properties of the reaction mixture with the ab-
sorption spectrum of the tungsten complex.

We have optimized the geometry of [Mo(OR)(S2C2Me2)2]–

for R = Me used in previous theoretical studies to model
DMSOR and for R = Ph used in the synthetic DMSOR ana-
logue by Holm and co-workers.17 Figure 1a shows the opti-
mized geometry of [Mo(OMe)(S2C2Me2)2]–, whereas that of
[Mo(OPh)(S2C2Me2)2]– is displayed in Fig. 2a. The opti-
mized models have a square-pyramidal geometry, and the
S–Mo and Mo–O bond distances are 2.39 Å and 1.92 Å, re-
spectively, for R = Me and 2.38 Å and 1.96 Å, respectively,
for R = Ph. Figures 1 and 2 reveal that the structural parame-
ters of the optimized complexes for R = Me and Ph are in
good agreement with those of the synthetic analogue given
in Table 1.

We shall now discuss our calculated energy profiles for
the OAT reaction starting with R = Me. According to the
oxo transfer hypothesis,8 the substrate (DMSO in our case),
will approach cis to the MoIV(OMe) group. This way of at-
tack is adopted in our calculations. We find one transition
state, TS1, for the formation of an intermediate I. The opti-
mized structure of TS1, Fig. 1b, indicates a weak interaction
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between DMSO and the metal. The Mo–ODMSO distance is
3.11 Å, while the Mo–Sdith distances remain the same (com-
pared with the MoIV complex).

The intermediate I, Fig. 1c, now shows the DMSO bound
to the metal. The Mo–ODMSO distance has decreased to

2.30 Å and the Mo–Sdith distances start to slightly increase.
Additionally, the distance between the sulfur and the oxygen
in DMSO increases to 1.57 Å compared with 1.53 Å in free
DMSO. The intermediate I features a six-coordinated metal
center with a trigonal prismatic geometry. Our geometric pa-

Fig. 1. Optimized geometries for the reaction between [Mo(OMe)(S2C2H2)]– and DMSO. (a) MoIV complex. (b) First transition state.
(c) Intermediate. (d) Second transition state (oxygen transfer). (e) MoVI complex.

Fig. 2. Optimized geometries for the reaction between [Mo(OPh)(S2C2H2)2]– and DMSO. (a) MoIV complex. (b) Oxygen transfer transition
state. (c) MoVI complex.
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rameters of the transition state TS1 are similar to those
found in other theoretical studies,19–21 as can be seen from
Table 2.

After the formation of the intermediate I, a second transi-
tion state, TS2, that maintains a trigonal prismatic geometry,

Fig. 1d, is found. In this species, the oxygen atom has been
almost transferred to the molybdenum center. The bond be-
tween oxygen and sulfur in DMSO is almost broken
(1.89 Å) while the Mo–ODMSO distance has decreased to
2.00 Å. The relatively long Mo–ODMSO distance might indi-

Table 1. Selected bond distances (Å) for DMSO reductase, a synthetic analogue, and optimized model structures.

Complex Mo—S (mean) Mo—O Mo=O Reference
Synthetic analogue [Mo(OPh)(S2C2Me2)2]– 2.32 1.90 NA 17
DMSOR Reduced DMSOR (EXAFS) 2.33 2.16a NA 12

1.92b

Oxidized DMSOR (EXAFS) 2.44 1.92 1.68 12
Oxidized DMSOR (X-ray) 2.43 1.84 1.76 9

Optimized models [MoIV(OMe)(S2C2H2)2]– 2.39 1.92 NA This work
[MoIV(OPh)(S2C2H2)2]– 2.38 1.95 NA This work
[MoIV(OMe)OH(S2C2H2)2]2– 2.44 2.10c NA This work

2.08d

[MoIV(OMe)(H2O)(S2C2H2)2]– 2.41 2.05c NA This work
2.41d

[MoVI(OMe)O(S2C2H2)2]– 2.49e 2.02 1.77 This work
2.57f

[MoVI(OPh)O(S2C2H2)2]– 2.48e 2.03 1.75 This work
2.68f

Note: NA: Not applicable.
aAssigned to a Mo—OSer bond.
bAssigned to a Mo—OH bond.
cFrom the Mo—OMe bond.
dFrom the Mo—OH (OH2) bond.
eMean value from three Mo—S bonds.
fMo—S trans to the Mo=O bond. See Fig. 1d.

Table 2. Calculated distances of the different species along the energy profile of the OAT process from previous and present studies.

Complex Mo—S Mo—O Mo=O Mo—ODMSO (S—O)DMSO Reference
[Mo(OMe)(S2C2Me2)2]– 2.38 2.37 NA NA NA 19
Int — — NA 2.27 1.56 19
TS2 — — NA 1.93 1.88 19
[Mo(OMe)O(S2C2Me2)2]– — — 1.72 NA NA 19

[Mo(OMe)(S2C2(CN)2)2]– 2.32 1.85 NA NA NA 20
TS1 2.33 1.87 NA 2.99 1.53 20
Int 2.35 1.98 NA 2.17 1.57 20
TS2 2.40 2.03 NA 1.85 1.99 20
[Mo(OMe)O(S2C2(CN)2)2]– 2.42 1.92 1.74 NA NA 20

2.54 20

[Mo(OMe)(S2C2H2)2]– 2.39 1.89 NA NA NA 21
TS1 2.40 1.95 NA 2.81 1.52 21
Int 2.42 2.26 NA 2.27 1.65 21
TS2 2.46 2.01 NA 1.93 1.85 21
[Mo(OMe)O(S2C2H2)2]– 2.47 1.95 1.72 NA NA 21

2.66 21

[Mo(OMe)(S2C2H2)2]– 2.39 1.92 NA NA — This work
TS1 2.39 1.94 NA 3.11 1.52 This work
Int 2.42 2.02 NA 2.30 1.57 This work
TS2 2.47 2.03 NA 1.96 1.89 This work
[Mo(OMe)O(S2C2H2)2]– 2.49 2.02 1.77 NA — This work

2.57 This work

Note: All values in Å. NA: Not applicable.
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cate that molybdenum is still in the reduced state because
the EXAFS (extended X-ray absorption fine structure) and
X-ray data show that the typical MoVI–O bond distance is
in the range between 1.68 and 1.76 Å.9,12 The Mo–S bond
distance increases to 2.47 Å.

Finally, Fig. 1e displays the six-coordinated optimized
structure of the oxidized [Mo(OMe)O(S2C2H2)2]– complex
that has adopted a distorted octahedral geometry. The Mo–S
distance of the sulfur trans to the Mo=O bond is 2.57 Å
while the other Mo–S bonds are around 2.50 Å and thus
much shorter. The longer Mo–S distance is in agreement
with an expected value of 2.6 Å attributable to the trans ef-
fect due to Mo=O.34 As it was mentioned earlier, crystallo-
graphic data are not available for the oxidized molybdenum
complex but its formation was well-established by spectro-
scopic comparison with [W(OPh)O(S2C2Me2)2]– for which
X-ray data are available. The tungsten complex had a dis-
torted octahedral geometry and the trans effect from W=O
was also present. In the tungsten complex, the average W–S
bond distance of the sulfur atoms not trans to the oxo ligand
was 2.42 Å, whereas the W–S distance of the sulfur trans to
W=O was 2.49 Å.17

Comparison between experimental and theoretical
kinetic parameters for OAT carried out by synthetic
analogues

The calculated energy profile for the overall reaction of
DMSO with [Mo(OMe)(S2C2H2)2]– is shown in Fig. 3. We
find that the formation of the intermediate I proceeds with
an activation enthalpy of 9 kcal/mol. The formation of the in-
termediate is an endothermic process with DH = 8.1 kcal/mol
and the OAT reaction, I ? MoVI + DMS, has an activation
enthalpy of 8.5 kcal/mol. Further, the overall enthalpy of re-
action from separated reactants to separated products is exo-
thermic with DH = –13 kcal/mol. These results are consistent
with those of previous theoretical calculations19–21 summar-
ized in Table 3.

Our mechanism for the OAT reaction can be written as

½3� ½MoIV� þ DMSOÐ
k2

k1

I!k3 ½MoVIO� þ DMS

By making use of the steady state condition for the inter-
mediate I the rate law for the consumption of [MoIV] is

½4� � d½MoIV�
dt

¼ k1k3

k2 þ k3

� �
½MoIV�½DMSO�

¼ k½MoIV�½DMSO�

where the overall rate constant k is

½5� k ¼ k1k3

k2 þ k3

It is possible to determine the rate constants k1, k2, and k3
by using the calculated thermodynamic data and the transi-
tion state theory as

½6� k ¼ kBT

h
exp

�DG 6¼

RT

� �

where kB, h, and R are the Boltzmann, Planck, and gas con-

stants, respectively; T is the temperature and DG= corre-
sponds to the free energy of activation. The results are
summarized in Table 4. The overall rate constant, k, is ea-
sily found by substituting the calculated values of ki into
eq. [5]. Once k is calculated, the overall free energy of acti-
vation as well as DS= can be determined. For R = Me,
DG= = 28.7 kcal/mol, which is the highest point on the en-
ergy surface and represents the oxygen transfer transition
state, TS2, of Fig. 3. TS1 is only 2.3 kcal/mol lower in free
energy than TS2, but on the potential energy surface TS2 is
7.6 kcal/mol higher in energy than TS1.

The data in Table 5 show that our calculated kinetic pa-
rameters for the model system, [Mo(OR)(S2C2H2)2]–, with
R = Me are in good agreement with those measured for the
synthetic analogue, [M(OPh)(S2C2H2)2]–. The overall en-
thalpy of activation is 16.6 kcal/mol and the overall entropy
of activation is calculated to be –40 eu; the corresponding
experimental values are 14.8 kcal/mol and –36 eu, respec-
tively.

It follows from Fig. 3 and Table 4 that the internal bar-
riers of intermediate formation (DH 6¼1 ) and oxygen transfer
(DH 6¼3 ) differ by only 0.5 kcal/mol. However, the difference
between the two internal barriers on the free energy surface
is substantial. Thus, DG 6¼1 = 26.4 and DG 6¼3 = 4.8 kcal/mol.
As a consequence, the formation of the intermediate I has a
much smaller rate constant, k1, than the oxygen transfer step
(k3), see Table 4. This finding is in line with the conclusions
by Sung and Holm,18 based on a series of synthetic ana-
logues of the form [W(OR’)(S2C2R2)2]– where R’ = p-
C6H4X’ and R = p-C6H4X, and the substituents X and X’
were electron-donating groups (EDG) or electron-withdrawing
groups (EWG). Sung and Holm18 found that the rate con-
stants exhibited the order kEWG > kEDG and their measure-
ment of reversible redox potentials showed that EWGs
increased the oxidation potentials (EEWG > EEDG) i.e., it is
easier to oxidize a complex coordinated by EDGs. Further,
Sung and Holm18 considered that the relationship in the ox-
idation potentials may be extended to the intrinsic ease of
oxidation of the metal center in the transition state such as,
in principle, the rate constant for a complex with EDG sub-
stituents should be larger than for a complex with EWGs.

Fig. 3. Energy profile for the oxygen atom transfer reaction be-
tween model complex [Mo(OMe)(S2C2H2)2]– and DMSO.
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Following that consideration, they proposed that the lack of
correlation between the ease of oxidation and the rate con-
stants indicated that the oxidation of the metal center associ-
ated with the oxygen atom transfer was not the rate-
determining step.18 Previous theoretical studies reported
only barriers on the potential energy surface19–21 where the
oxygen transfer and not the formation of the intermediate

had the highest internal activation barrier. This has lead to
an apparent contradiction between the theoretical calcula-
tions and the experimental conclusions. It is not surprising
that the formation of the intermediate I has a large negative
activation entropy since this step is an associative process.

We have also examined the complex [Mo(OR)(S2C2H2)2]–

with R = Ph, which keeps a close resemblance to one of the

Table 3. Calculated energies of the oxygen atom transfer reaction from the present study and previous
computational studies.

XC functional EI DEreactants – I DETS1 – I DETS2 – I DErxn
a Reference

B3LYP 0b (1.0)c NA NA 8.9 (7.9) –19.9 (–11.9) 20
BP86 0 (9.3)d –10.5b 7.4 15.1 (2.2) –1.2 21

0 –9.6e 5.7 13.9 –12.0 21
B3LYP 0 –11.1b 1.2 8.2 –23.1 22
BP86 0 –10.0b 3.0 6.9 –17.6 This work

0 –8.2f 2.8 8.7 –12.8 This work

Note: Energies in kcal/mol, relative to the intermediate complex with bound DMSO. NA: Not applicable.
aThe difference between separated reactants and separated products.
bGas phase values.
cIn parenthesis, results from a recalculation considering complexes with the sulfur ligands constrained to have the same

orientation as in the transition state (TS2).
dIn parenthesis, results from calculations considering a complex with bound DMSO, where the DMSO was rotated to be in

line with the orientation of the substrate in the X-ray structure of the enzyme in ref. 31.
eValues calculated with COSMO model and 3 = 1.
fValues calculated with COSMO model and 3 = 5.

Table 4. Calculated kinetic parameters for the oxo transfer reaction of the model complex
[Mo(OR)(S2C2H2)2]– with DMSO.

R Reactiona DH= TDS= (kcal/mol) DG= kb (s–1)
Me (1) [MoIV] + DMSO ? I 9.0 –17.4 26.4 2.71 � 10–7 c

(2) I ? [MoIV] + DMSO 0.9 –1.6 2.5 9.11 � 1010 d

(3) I ? [MoVI] + DMS 8.5 3.7 4.8 1.82 � 109 e

Ph [MoIV] + DMSO ? [MoVI] + DMS 15.5 –10.6 26.1 3.80 � 10–7

aThe numbers 1, 2, 3 refer to the reaction depicted in Fig. 3.
bT = 298 K.
cRate constant k1 of Fig. 3.
dRate constant k2 of Fig. 3.
eRate constant k3 of Fig. 3.

Table 5. Calculated and experimental kinetic parameters (at T = 298 K) for the oxo transfer reaction between the MoIV complex (or
actual enzyme) and DMSO.

Complex Process ka ((mol/L)–1s–1) DH= (kcal/mol) DS= (eu)
Calculatedb [Mo(OMe)(S2C2H2)2]– [MoIV]+DMSO ? [MoVI]+ DMS 5.3 � 10–9, c 16.6 –41
Calculatedb [Mo(OPh)(S2C2H2)2]– [MoIV]+DMSO ? [MoVI] + DMS 3.8 � 10–7 15.5 –35
Experimentald [Mo(OPh)(S2C2Me2)2]– [MoIV] + DMSO ? [MoVI] + DMS 1.3 � 10–6 14.8 –36
Experimentale Enzyme E + DMSO , Mf DGF = –4.9g ND ND

M ? ES 1000h ND ND
ES ? E’ + DMS 38 15.6i 6.3i

Note: ND: Not determined.
aAt T = 298 K.
bThis work.
cThis value of k was calculated with eq. [5].
dReference 10.
eReference 22.
fSee eq. [7].
gThe experimental data available was the dissociation constant KD = 155 mmol/L; therefore, the listed value of DG corresponds to the free energy of

formation of the M species.
hT = 278 K.
iExperimental values from the Arrhenius plot.
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synthetic analogues studied by Holm and co-workers.17 As
for the model system with R = Me, we adopted the same ap-
proach with DMSO toward the metal center. In contrast to
R = Me, we find only one transition state (TS). This transition
state has a trigonal prismatic geometry, Fig. 2b, where the
bond between the metal and the oxygen from DMSO is form-
ing with a Mo–O distance of 1.97 Å, while a S–O distance of
1.80 Å indicates the weakening of the S–O bond. The six-
coordinated oxidized product, [Mo(OPh)O(S2C2H2)2]–,
Fig. 2c, has a distorted octahedral geometry where the trans
effect from Mo=O is evident because the Mo–S distance of
the sulfur trans to the O ligand is 2.68 Å, while the remaining
Mo–S bonds average a shorter distance of 2.48 Å.

The energy profile in Fig. 4 shows that the OAT reaction
for R = Ph takes place in one associative step with an acti-
vation enthalpy of 15.5 kcal/mol and a corresponding acti-
vation entropy of –35eu. These parameters are similar to
the respective experimental values of DH= = 14.8 kcal/mol
and DS= = –36 eu. The formation of the products, DMS
and [Mo(OPh)O(S2C2H2)2]–, is exothermic with DH =
–18.0 kcal/mol. Experimentally, Sung and Holm18 found
that kEWG > kEDG.

Because the phenoxy ligand may be considered to be
slightly more electron-withdrawing than the methoxy ligand,
the correlation DG 6¼OPh < DG 6¼OMe is reasonable. In line with
this expectation, the overall activation energy for R = Me
(28.7 kcal/mol) is calculated to be slightly larger than for
R = Ph (26.1 kcal/mol), making kOPh > kOMe.

The rate law for the process depicted in Fig. 4 is similar
to that of eq. [4]:

½7� ½MoIV� þ DMSO!k
0
½MoVIO� þ DMS� d½MoIV�

dt

¼ k0½MoIV�½DMSO�

The kinetic studies on the OAT reaction of the
[M(OPh)(S2C2Me2)2]– complexes conducted by Holm and
co-workers17 were found to follow the second-order rate
law, d[MoIV]/dt = –k[MoIV][DMSO], and the negative en-
tropy of activation is consistent with an associative mecha-
nism.35

The agreement between our results and the measured ex-
perimental kinetic parameters allows us to propose that the
OAT reaction between the synthetic analogue
[M(OPh)(S2C2Me2)2]– and DMSO for R = Ph occurs in a
single step where the [MoIV] species reacts with DMSO as-
sociatively to yield the [MoVI] species and DMS, such as it
was found in posterior kinetic studies on the OAT reaction
of [M(OPh)(S2C2Me2)2]– with SeO4

–2 and (CH2)4SO where
the presence of an intermediate was not detected.23 The tran-
sition state is predicted to involve a species where a bond
between the metal and the oxygen from the substrate is
being created while the S–O bond in the substrate weakens.
Holm and co-workers23 hypothesized that the transition state
should be mainly metal-substrate bond-making in character.
Our calculations indicate that when the reaction proceeds
without the formation of an intermediate, the transition state
resembles mostly TS2 from the two-step reaction involving
R = Me. Further, TS of Fig. 2 exhibits substantial Mo–O
bond formation with a bond distance of 1.97 Å as well as a

considerable S–O bond stretching with a S–O distance of
1.80 Å.

According to the energy profile in Fig. 3, when the axial
ligand OR in [Mo(OR)(S2C2Me2)2]– changes from R = Ph to
R = Me, one intermediate is formed. This intermediate, with
the substrate bound to the reduced metal, will subsequently
decompose to form DMS and the oxidized [MoVI] species.
The isolation of a crystalline structure of the actual enzyme
with the bound substrate31 is a good indication that the OAT
reaction in the actual enzyme proceeds via the formation of
an intermediate. Figure 5 reveals that the orientation of the
coordinated DMSO in our optimized intermediate resembles
that found in the actual enzyme, allowing a possible com-
parison between the results from our investigation and the
kinetic studies on the actual enzyme with respect to the
OAT reaction, i.e., the k3 step in eq. [3].

The comparison of our results to other theoretical studies
of synthetic analogues is as follows: our calculations, as
well as those by Hall and Webster19 and Hillier and co-
workers21 estimated the energy of activation, DETS2 – I, to
be approximately 9 kcal/mol. However, Thapper et al.20 lo-
cated a more stable intermediate with a different orientation
of the DMSO molecule, see Fig. 6. It should be noted that
they used the complex [Mo(OMe)(S2C2(CN)2)2]–. In addi-
tion, we investigated the possibility of finding a more stable
intermediate, I’, for [Mo(OMe)(S2C2H2)2]–, based on the in-
termediate found by Thapper et al.,20 but when the CN
groups are substituted by H, the new intermediate is only
1 kcal/mol more stable. Furthermore, it seems clear from
the X-ray structure of DMSOR with bound DMSO31 that
the alternative orientation of DMSO depicted in Fig. 6b can-
not occur in the actual enzyme due to the presence of the
Trp 116 indole side chain.

Kinetics of the OAT process in the actual enzyme
In spite of the functional similarity between synthetic ana-

logues and the enzyme, kinetics studies on enzymes such as
DMSOR from R. sphaeroides22 have revealed some mecha-

Fig. 4. Energy profile for the oxygen atom transfer reaction be-
tween model complex [Mo(OPh)(S2C2H2)2]– and DMSO.
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nistic features that are not present in the systems studied by
Holm and co-workers.15–17,23 In the case of the enzyme, the
experimental kinetic data were consistent with the fast for-
mation of a prior enzyme-substrate complex (Michaelis
complex, M) before the formation of an intermediate en-
zyme-substrate (ES) complex. This ES complex decays, in
the second phase, to yield the reduced substrate (DMS) and
the oxidized enzyme, E’.22 Thus, the proposed mechanism
for the reduction of DMSO by DMSOR can be described as

½8� Eþ DMSOÐKD

M!k
0
2 ES!k

0
3 E0 þ DMS

This scheme differs from those of the functional analogue
of Holm and co-workers17 and our theoretical model in that
the intermediate I (similar to ES) is formed by direct associ-
ation of DMSO and the molybdenum species. The experi-
mental rate constant for the fast phase (formation of the ES
complex) was determined to be k02 = 1000 s–1, while the
dissociation constant for the pre-equilibrium between M and
E + DMSO was KD = 155 mmol/L. The slow phase (decay
of ES) had a rate constant of k03 = 35 s–1. From an Arrhenius

plot of the second phase, it was found that DH 6¼3 &
15 kcal/mol, and DH 6¼3 = 6.5 eu.22 Results in Table 4 show
that our calculated enthalpy of activation of DH 6¼3 =
8.5 kcal/mol is rather small when compared with the exper-
imental value for the enzyme of DH 6¼3 & 15 kcal/mol. We
found the activation entropy to be small and positive
(DS6¼3 = 12.4 eu), as it was the case for the enzyme (DS 6¼3 =
6.5 eu).

Possible structure of the Michaelis complex (M)
involving the reduced [MoIV] species

According to eq. [1], the enzymatic reduction of DMSO
involves the transfer of two H+ species. In a general reaction
mechanism, it has been proposed that the transfer of a H+,
the departure of a water molecule, and the addition of the
substrate can occur in one step.36 After the OAT reaction
has been completed, the oxidized active site, [MoVIO], is
subjected to a one-electron reduction and another H+ is
transferred to the oxygen atom to form [MoVOH], such spe-
cies have been detected by EPR spectroscopy.13 The forma-
tion of the Michaelis complex (M) in eq. [8] was deduced
experimentally from plots of observed rate constant versus
substrate concentration.22 We have explored the possibility
that the formation of such a Michaelis complex (M) may in-
volve some residues that do not belong to the immediate co-
ordination sphere of the metal.

The full X-ray structures of the oxidized and DMSO-
bound enzymes overlap almost entirely, except for the resi-
dues 385–390. In the case of the DMSO-bound structure, the
Trp 388 is sitting above the DMSO molecule around 8.5 Å
apart from the metal center. In the oxidized enzyme, the
same residues appear oriented toward the surface of the pro-
tein and far away (25 Å) from the molybdenum. Based on
the coordinates of residues 386–388, plus those of the metal
center, Ser 147 and sulfurs from the MPT cofactor, two dif-
ferent models were constructed and optimized. The model in
Fig. 7a will be referred to as the ‘‘open’’ structure and was
created from the oxidized enzyme (PDB code 1DMR).10 We
have assumed that the orientation of the residues 385–390 in
the reduced enzyme should be similar to the open structure.
The second model, or ‘‘closed’’ structure, was constructed
from the bound DMSO enzyme (PDB code 4DMR).9

Further, we propose that the carrier of one of the protons
in eq. [1] will be the DMSO molecule37:

½9� DMSOþ H3Oþ ! DMSOHþ þ H2O

The protonated DMSO will then interact with some resi-
dues of the enzyme. It is known that the 780 polypeptide
chain of the Rhodobacter DMSO reductases is folded to
shape an ellipsoidal molecule with a ‘‘funnel-like’’ depres-
sion on one side. The funnel is lined by aromatic residues
and the molybdenum is located at the bottom of this fun-
nel.14 On the other hand, it has been established that interac-
tions of DMSO with aromatic and hydrophobic amino acid
side chains are favorable;38 these interactions between the
protonated substrate and the residues in the funnel may
cause the enzyme to change from the open to the closed
conformations.

We have investigated a possible pathway for the forma-
tion of the Michaelis complex (M) that involves the loss of

Fig. 5. Superposition of the optimized intermediate I (green) and
the structure from crystallographic data31 of the DMSO-bound
DMSOR (yellow). Hydrogens were removed for clarity.

Fig. 6. Two possible intermediates for the association of [Mo(O-
Me)(S2C2R2)2]– and DMSO. When R = H, the intermediate (b) is
1 kcal/mol more stable than (a); for R = CN the intermediate to the
right is more stable by 9 kcal/mol.20
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a water molecule from the metal center prior to the substrate
association. This model assumes that the loss of a water
molecule is due to the transfer of a proton to the hydroxide
ligand in the initial six-coordinated metal center, Fig. 8a,
leaving a five-coordinated metal center and the enzyme in
the open conformation, Fig. 7a. Subsequently, the DMSOH+

species associates to the enzyme inducing a change in con-
formation and the new structure M, Fig. 7b. The results
from the optimizations of both structures indicate that M
(closed conformation with the associated protonated sub-
strate) is 10.5 kcal/mol more stable with respect to the sepa-
rate open structure and DMSOH+ as indicated in the
potential energy profile in Fig. 7. The dissociation constant
for the pre-equilibrium between M and the separate reduced
enzyme and DMSO was experimentally found to be KD =
155 mmol/L at 5 8C and pH = 6.0.22 Using DGF = –RT
ln(1/KD), the corresponding value of free energy of forma-
tion for M is DGF = –4.9 kcal/mol. We calculate DE for
the formation of M to be –10.5 kcal/mol and the correspond-
ing DG value is likely to be reduced in absolute terms rela-
tive to DE as the entropy change for the association of the
substrate with the enzyme is expected to be negative. In the
suggested structure of M, the substrate is located 8 Å apart
from the active site (Fig. 7b). With such a conformation M
would, in the actual enzyme, prepare the substrate for the
attack on the active site.

Next, we consider such an attack in a linear transit calcula-
tion that involves the model complex [Mo(OMe)(S2C2H2)2]–,
Fig. 1a, and DMSOH+ as the separate reactants. Our calcula-
tion indicates that the proton migrates from the oxygen of
DMSO to a sulfur of one dithiolate ligand prior to the forma-

tion of the intermediate I’. This intermediate (I’) would repre-
sent ES in the actual enzyme. Figure 9a shows the
intermediate I’ with the DMSO bound to the metal at a
Mo–O distance of 2.24 Å. The S–O bond is 1.59 Å and the
H–S distance is 1.37 Å. This S–H bond distance remains con-
stant for the rest of the OAT reaction. One consequence of the
migration of the proton to one of the sulfurs is the elongation
of the Mo–S bond distance to 2.56 Å, while the other three
Mo–S distances stay in the range 2.36–2.41 Å. After the for-
mation of I’ (ES), the final oxygen transfer step takes place
leading to DMS and the oxidized species. The transition state,
TS2’, for the last OAT step maintains the trigonal prismatic
geometry of the intermediate I’, Fig. 9b. In TS2’, the O–S
bond in DMSO is almost broken (1.86 Å) while the
Mo–ODMSO distance has decreased to 1.98 Å. The final prod-
uct, oxidized [Mo(OMe)O(HS2C2H2)2]–, adopts a distorted
octahedral geometry. The Mo–S distance of the sulfur trans
to the Mo=O bond is 2.59 Å. The Mo–S bond distance of the
protonated sulfur is 2.66 Å. This distance is rather long com-
pared with the experimental distances in the crystallographic
data, Table 1. It might be probable that in the actual enzyme
the proton migrates to a different location during the spectro-
scopic measurements; for example, to the basic residue histi-
dine 649 that lies around 3 Å apart from one of the sulfurs of
a molybdopterin cofactor in the X-ray structure. The esti-
mated DE for such process is around –10 kcal/mol.

With the exception of the Mo–SH distances, the geomet-
ric parameters are very similar to those previously discussed
when the substrate was DMSO. The potential energy surface
in Fig. 10 shows similar activation energy for the OAT
(DE= = 5.4 kcal/mol). Recalling that the experimental value
for the enthalpy of activation is 15 kcal/mol, the discrepancy
might suggest that the activation energy in the actual en-
zyme includes not only the interactions at the active site
and the first sphere of coordination. Perhaps a change in
conformation is also involved alongside the oxygen transfer
to the metal. The fact that the enzyme with bound DMSO
was crystallized suggests that such intermediate is somehow
stable. The optimized intermediate I’ is more stable than the
separate products, unlike intermediate I in Fig. 3.

Concluding remarks
According to our calculations, the reaction between

DMSO and the model complex [Mo(OPh)(C2S2H2)2]– pro-
ceeds in one associative step. In the optimized transition
state, the bond between the metal and DMSO is being formed
through the oxygen atom of DMSO, while the S–O bond in
the substrate is weakening. The good agreement between the
experimental kinetic data for the functional synthetic ana-
logue, [Mo(OPh)(C2S2Me2)2]–,17 and our calculated free en-
ergy surface, seems to indicate that our theoretical method is
suitable for the type of OAT process under investigation
here.

When the substituent of the axial ligand (-OR) is changed
from R = Ph to R = Me (a slightly less electron-withdrawing
species, compared with Ph), an intermediate is formed. In
this intermediate, the substrate binds the molybdenum prior
to the oxygen atom transfer step. We have found that on the
Gibbs free energy surface, the rate constant for the forma-
tion of the intermediate is smaller than the rate constant of

Fig. 7. Optimized structures. (a) Molybdenum (IV) in ‘‘open’’ con-
figuration (initial coordinates taken from PDB file code 1DMR).
(b) Possible configuration of the Michaelis intermediate (M)
formed with the addition of a protonated DMSO molecule to the
‘‘closed’’ configuration (initial coordinates for the closed configura-
tion are from the PDB file code 4DMR). The peptidic chain was
constructed using the coordinates of the following residues: Pro
386, Glu 387, and Trp 388.
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the final OAT step. This result is in line with the experimen-
tal findings by Holm and co-workers.17,23 The large negative
entropic contribution in the associative step (formation of
the intermediate) appears to be the key element in the differ-
ence between the rate constants. Previous theoretical studies
considered only the potential energy surface,22 leading to an
apparent contradiction with the experimental findings.

Although the complexes prepared by Holm and co-

workers23 are functional analogues to the enzyme, their
OAT reaction mechanism is different from the enzymatic
one. In the enzymatic mechanism, the formation of a prior
enzyme-substrate complex M occurs before the appearance
of an intermediate ES where the substrate is bound to the
metal center in the active site.22 We propose that in the
initial conformation of the reduced enzyme, the residues
385–390 are far away from the active site and that one
proton might be transferred to the hydroxide ligand in the
active site to promote the loss of one water molecule. The
subsequent formation of the complex M may involve a
protonated DMSO molecule positioned around 5 Å from
the metal center. The substrate molecule might be carried
out to the vicinity of the active site from the surface of
the enzyme by a change in conformation involving mainly
the residues 385–390. The calculations show that such a
complex (M) is more stable than the separate reactants, as
it should according to the experimental kinetic studies.22

Moreover, we propose that before the formation of the in-
termediate ES, the proton from the substrate should mi-
grate to a suitable location in the enzyme. In the case of
our model complex, the proton migrated to a sulfur of one
of the dithiolate ligands.
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Do corresponding coupling constants in
hydrogen-bonded homo- and hetero-chiral dimers
differ?

Janet E. Del Bene, Ibon Alkorta, and José Elguero

Abstract: Ab initio equation-of-motion coupled cluster singles and doubles (EOM–CCSD) calculations have been carried
out to evaluate spin–spin coupling constants in six pairs of homo- and hetero-chiral dimers: (HOOH)2, (H2NNH2)2,
(FOOH)2, (FHNNH2)2, (HOOOH)2, and (FOOOH)2. Corresponding spin–spin coupling constants in these isomeric pairs of
C2 and Ci symmetry may differ, but these differences are small and may not be detectable experimentally. For the com-
plexes with O1–H���O and O1–H���F hydrogen bonds, 1J(O1–H) has a larger absolute value in the C2 isomer. For the same
set of complexes, 1J(O1–O2) has a larger absolute value in the Ci isomer. No distinguishable patterns could be discerned
in the remaining spin–spin coupling constants in the C2 and Ci isomers of these complexes, nor in complexes with
N–H���N hydrogen bonds.

Key words: spin–spin coupling constants, homo- and hetero-chiral dimers, hydrogen bond.

Résumé : Des calculs ab initio EOM–CCSD ont été effectués pour évaluer les constantes de couplage spin–spin dans six
paires de dimères homo- et heterochiral : (HOOH)2, (H2NNH2)2, (FOOH)2, (FHNNH2)2, (HOOOH)2, et (FOOOH)2. Les
correspondantes constantes de couplage spin–spin dans les paires d’isomères sont, en général, différentes mais les différen-
ces sont faibles au point, pour certaines d’entre elles, de ne pas pouvoir être détectées expérimentalement. Pour les com-
plexes avec des liaisons hydrogène O–H���O et O–H���F, 1J(O1–H) a une plus large valeur absolue dans l’isomère C2. Pour
le même ensemble des complexes, 1J(O1–O2) a une plus large valeur absolue dans l’isomère Ci. On ne trouve pas des rè-
gles générales pour les restantes constantes de couplage spin–spin dans les isomères C2 et Ci de ces complexes et non plus
dans les complexes avec des liaisons hydrogène N–H���N.

Mots-clés : constantes de couplage spin–spin, homo- et hetero-chiral dimères, liaisons hydrogène.

Introduction
Chiral distinction or ‘‘chiral recognition’’ has been a topic

of interest to both theorists and experimentalists. In the past,
we have devoted several papers to the topic of chiral distinc-
tion in which we focused primarily on energy differences
between enantiomers.1 Experimental NMR studies of nu-
clear shielding have been reported and used to characterize
and analyze chiral discrimination in complexes formed by a
molecule of known chirality and a mixture of enantiomeric
compounds.2–4 In the present paper, we ask for the first
time whether or not corresponding spin–spin coupling con-
stants for hydrogen-bonded hetero- and homo-chiral dimers
differ, and if so, do patterns exist that would distinguish
one isomer from the other as a tool for chiral distinction.5,6

To answer this question, we have carried out ab initio
equation-of-motion coupled cluster singles and doubles
(EOM–CCSD) calculations to evaluate spin–spin coupling
constants for the C2 (homochiral; optically active) and Ci

(heterochiral; optically inactive) isomers of six hydrogen-
bonded dimers: (HOOH)2, (H2NNH2)2, (FOOH)2, (FHNNH2)2,
(HOOOH)2, and (FOOOH)2. In this paper, we present the
results of these calculations, and our conclusions about rela-
tionships between corresponding spin–spin coupling constants
in the isomeric pairs.

Methods
The structures of the monomers and complexes were opti-

mized at second-order Møller–Plesset perturbation theory
(MP2)7–10 with the 6-311++G(d,p) basis set.11–13 Frequencies
were computed to insure that each isomer corresponds to a
local minimum on its potential surface. The geometries of
some of the systems have been reported by us in a previous
article.14 Coupling constants were evaluated using the
equation-of-motion coupled cluster singles and doubles
(EOM–CCSD) method in the CI (configuration interaction)-like
approximation15,16 with all electrons correlated. For these
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calculations, the Ahlrichs and co-workers17 qzp basis set
was placed on 15N, 17O, and 19F, and the qz2p basis set was
placed on the hydrogen-bonded 1H. All other H atoms were
described using the Dunning18 cc-pVDZ basis set, and no
coupling constants are reported for these hydrogens. The
EOM–CCSD method with the Ahlrichs (qzp,qz2p) basis set
has been shown to yield coupling constants in good agree-
ment with experimental values for molecules.19–22 Its appli-
cation to hydrogen-bonded complexes has provided insight
into experimentally determined coupling constants,23 and
the predicted relationship between 2hJ(N–N) and the N–N
distance for N–H���N hydrogen bonds24 has been verified ex-
perimentally.25 Finally, the computed signs and magnitudes
of 2hJ(X–Y), 1hJ(H–Y), and 1J(X–H) for X–H���Y hydrogen
bonds have been used successfully to characterize hydro-
gen-bond type.26,27

In the Ramsey approximation, the total coupling constant
(J) is a sum of four contributions: the paramagnetic spin-or-
bit (PSO), diamagnetic spin–orbit (DSO), Fermi contact
(FC), and spin–dipole (SD).28 All terms have been computed
for all molecules. The MP2 calculations were carried out us-
ing the Gaussian 03 suite of programs29 on the computers at
the CSIC (Consejo Superior de Investigaciones Cientı́ficas).
EOM–CCSD calculations were done with ACES II30 on the
IBM Cluster 1350 (Glenn) at the Ohio Supercomputer Cen-
ter.

Results and discussion

Structures and binding energies
Table 1 presents the hydrogen-bonding coordinates R(X–Y),

R(X–H), R(H���Y), and the angle H–X–Y for the C2 and Ci
isomers of the six dimers with X–H���Y hydrogen bonds,
and the binding energies of these complexes. The complexes
(HOOH)2 and (HOOOH)2 are stabilized by O–H���O hydro-
gen bonds, with O–O distances varying from 2.814 to 2.841 Å.
The (FOOH)2 and (FOOOH)2 dimers are stabilized by O–H���F
hydrogen bonds. The O–F distances in the C2 and Ci struc-
tures of (FOOH)2 are 2.811 and 2.755 Å, respectively. The
corresponding distances are much longer in (FOOOH)2, at
3.616 and 3.031 Å, respectively. (H2NNH2)2 and
(FHNNH2)2 are stabilized by N–H���N hydrogen bonds, with
N–N distances between 3.084 and 3.146 Å. Except for the
O–F distances in (FOOOH)2, these intermolecular distances
are not unusual. However, the hydrogen bonds in these
dimers are not linear, and in some cases the deviation from
linearity is significant, as evident from Table 1. The dimers
with hydrogen bonds that exhibit the smallest deviation from
linearity are the isomers of (HOOOH)2, for which the H–O–O
angle is approximately 108. It is also interesting to note that
the C2 and Ci isomers of this dimer have the greatest bind-
ing energies of 10.9 and 11.2 kcal mol–1, respectively. The
largest deviation from linearity is 408 in the Ci isomer of
(FOOOH)2. Although this isomer has a shorter O–F distance
than the C2 isomer, it is less stable by 1.2 kcal mol–1. The
large deviation from linearity makes it debatable as to
whether the Ci isomer can even be described as hydrogen
bonded, since it may gain stability from electrostatic interac-
tions, including an antiparallel alignment of O–H bond di-
pole moments, as shown in Fig. 1. It is noteworthy that the

(FOOOH)2 dimer is the only dimer for which the C2 isomer
is more stable than Ci.

The other dimers that have significantly nonlinear hydro-
gen bonds are the isomers of (FHNNH2)2. These dimers
have the F atom bonded to the proton donor N1–H, with
binding energies of 5.8 and 6.6 kcal mol–1 for the C2 and Ci
structures, respectively. These isomers have the weakest hy-
drogen bonds, except for the Ci isomer of (FOOOH)2. It
might have been anticipated that substituting F on the donor
N1–H would make HFNNH2 a stronger proton donor, and
(FHNNH2)2 would be more stable than (H2NNH2)2, but this
is obviously not the case since the (H2NNH2)2 isomers have
binding energies of 7.0 and 7.5 kcal mol–1. The reduced
stabilities of the (FHNNH2)2 dimers may reflect the signifi-
cant nonlinearity of the hydrogen bonds in the C2 and Ci
isomers, which have H–N–N angles of 328 and 358, respec-
tively.

Spin–spin coupling constants
In the Introduction to this paper we asked the question

whether or not corresponding spin–spin coupling constants
for hydrogen-bonded hetero- and homo-chiral dimers are
different, and if so, do patterns exist that would distinguish
one isomer from the other. The one- and two-bond coupling
constants 1J(X–H), 1hJ(H–Y), and 2hJ(X–Y) across the X–H���Y
hydrogen bonds are reported in Table 2. The two-bond cou-
pling constants 2hJ(X–Y) are very small, ranging from
0.42 Hz in the Ci isomer of (HOOH)2 to 3.09 Hz in the C2
isomer of (FOOH)2. However, when comparing coupling
constants involving different atoms, it is the reduced cou-
pling constants that should be used to eliminate the depend-
ence of the coupling constant on the magnetogyric ratios of
the coupled atoms. The reduced coupling constants are
given in Table 3. From Table 3 it can be seen that the reduced
two-bond coupling constants for the dimers with N–H���N
hydrogen bonds are significantly greater than the reduced
two-bond coupling constants across O–H���O and O–H���F
hydrogen bonds. Moreover, although the reduced two-bond
coupling constants for O–H���O and N–H���N hydrogen
bonds are positive, the reduced two-bond coupling constants
across the O–H���F hydrogen bonds are negative, and like
the two-bond F–F coupling constant for (HF)2, are excep-
tions to the generalization that reduced two-bond coupling
constants across hydrogen bonds are positive.31

There is no correlation between the two-bond coupling
constant 2hJ(X–Y) and the corresponding X–Y distance,
most probably due in part to the varying degree of nonli-
nearity of the hydrogen bonds. Although for each dimer
2hJ(X–Y) values are different in the C2 and Ci isomers, there
is no recognizable pattern to these differences. For example,
2hJ(O–O) is greater for the C2 isomer of (HOOH)2, but it is
greater for the Ci isomer of (HOOOH)2. It might be tempt-
ing to suggest that this difference may be related to the
number of bonds between the proton-donor and the proton-
acceptor oxygen atoms (1 vs 2). However, 2hJ(O–F) is also
greater for the C2 isomer of (FOOH)2 and the Ci isomer of
(FOOOH)2, in which case there are two and three bonds, re-
spectively, between the proton-donor and the proton-acceptor
atoms. With such relationships, there are too few cases for
generalization.

From Table 2 it may also be seen that the one-bond X–H
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coupling constant 1J(X–H) always increases in absolute
value upon complexation as the X–H distance also increases.
Such behavior has been observed previously.32,33 Although
this increase may be as great as 6 Hz for 1J(O–H) in
(FOOH)2, the difference between 1J(X–H) in the C2 and Ci

isomers is small. Nevertheless, 1J(O–H) has a greater abso-
lute value in the Ci isomers, with a difference that ranges
from 0.03 Hz for (HOOOH)2 to 0.5 Hz for (FOOOH)2. This
pattern does not hold for dimers with N–H���N hydrogen
bonds since the absolute value of 1J(N–H) is 0.4 Hz greater
for the C2 isomer of (H2NNH2)2 but 0.3 Hz smaller for the
C2 isomer of (FHNNH2)2.

The reduced one-bond coupling constants 1hK(H–Y)
across the hydrogen bonds are always negative, indicating
that such bonds are traditional (normal) hydrogen bonds.34

A pattern would not be anticipated for 1hK(H–Y), since this
coupling constant may have a maximum absolute value be-

fore it asymptotically approaches 0 Hz as the H–Y distance
increases. Thus, it may have the same value at two different
H–Y distances.

While small differences are evident in the coupling con-
stants 1J(X–H) and 2hJ(X–Y) for the C2 and Ci isomers of
these dimers, the lack of systematic differences is really not
surprising. The isomers of the six dimers investigated in this
study can be very different structurally, particularly with re-
spect to the arrangement of the heavy atoms in the complex
and the degree of nonlinearity of the hydrogen bonds. For
example, the hydrogen-bonded O and H atoms in the Ci iso-
mer of (HOOH)2 are essentially coplanar but deviate to
some extent from coplanarity in the C2 isomer. In the Ci iso-
mer of (HOOOH)2, the hydrogen-bonded O and H atoms are
essentially coplanar, but the oxygen that is bonded to both
proton-donor and proton-acceptor oxygens does not lie in
this plane. In contrast, there is no hydrogen-bonding plane
in the C2 isomer. Finally, one might even question whether
hydrogen bonds exist in the Ci isomer of (FOOOH)2, which
is illustrated in Fig. 1, or in the isomers of (FHNNH2)2,
given the nonlinearity of these bonds as indicated by the
values of the H–X–Y angles reported in Table 1. All of
these differences are likely sources of the lack of distin-
guishable patterns for corresponding coupling constants in-
volving hydrogen-bonded atoms in the C2 and Ci isomers.

Are there any other easily identifiable pairs of atoms that
might have distinguishable coupling constants for the two
isomers? Our search for these yielded only one pair, O1–O2,
where O1 is the proton-donor oxygen. Table 4 presents O1–O2
distances and 1J(O1–O2) for the monomers and the C2 and
Ci isomers of dimers with O1–H���O and O1–H���F hydrogen
bonds. 1J(O1–O2) are positive for HOOH and the two iso-
mers of (HOOH)2 but negative for the other monomers and
dimers. It is interesting to note that dimer formation makes

Table 1. Distances (Å), H–X–Y angles (8), and binding energies (kcal mol–1) of hydrogen-
bonded hetero- and homo-chiral dimers.

Complex Symmetry R(X–Y) R(X–H) R(H���Y) <H–X–Y DEe
a

(HOOH)2 C2 2.833 0.972 1.929 18 9.2
O–H���O Ci* 2.841 0.973 1.932 17 9.4
Monomer 0.965
(HOOOH)2 C2 2.814 0.976 1.885 9 10.9
O–H���O Ci* 2.820 0.976 1.866 10 11.2
Monomer 0.969
(FOOH)2 C2 2.811 0.978 1.882 15 9.0
O–H���F Ci* 2.755 0.979 1.847 15 9.4
Monomer 0.971
(FOOOH)2 C2* 3.616 0.972 2.680 13 7.0
O–H���F Ci 3.031 0.973 2.364 40 5.8
Monomer 0.969
(H2NNH2)2 C2 3.142 1.018 2.216 20 7.0
N–H���N Ci* 3.128 1.018 2.207 21 7.5
Monomer 1.012b

(FHNNH2)2
c C2 3.146 1.021 2.339 32 5.8

N–H���N Ci* 3.084 1.021 2.317 35 6.6
Monomer 1.019

Note: The more stable isomer is denoted by *.
aDEe is the negative of the electronic energy for the reaction in which two monomers form a dimer.
bThe N–H that is subsequently hydrogen bonded in the dimers.
cF is bonded to the proton donor N–H.

Fig. 1. The Ci structure of (FOOOH)2 illustrating the nonlinearity
of possible hydrogen bonds and the antiparallel alignment of O–H
bond dipole moments.
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1J(O1–O2) less positive for (HOOH)2 as the O1–O2 distance
remains essentially constant. 1J(O1–O2) for the remaining
dimers becomes more negative, that is, it increases in abso-
lute value as the O1–O2 distance decreases upon dimer for-
mation. The largest change in the O1–O2 distance and in
1J(O1–O2) upon dimer formation is found for (FOOH)2.
The absolute value of 1J(O1–O2) is always greater in the Ci
isomer, with differences varying from 0.6 to 1.4 Hz. Un-
fortunately, the nuclear spin of 5/2 for 17O makes it unlikely
that such small differences could be detected experimentally.

No patterns are observed for the values of 1J(N1–N2) in the
C2 and Ci isomers of dimers with N–H���N hydrogen bonds.

The DJ values reported in Table 2 correspond to what is
termed chiral anisogamy, meaning a difference in corre-
sponding coupling constants in a pair of chiral isomers.35

Could such differences be detected experimentally? To an-
swer this question, it is necessary to first consider the spins
of the nuclei involved. Since couplings between nuclei both
of which have I > 1/2 cannot be measured, all of the O–O
couplings are eliminated. Couplings between one nucleus
that has I = 1/2 and another with I > 1/2 can be measured,
but small differences are not detectable. This is the situation
for O–H and O–F couplings. However, progress is being
made in this area.36 With ultrahigh resolution NMR, cou-
plings between nuclei with I = 1/2 can be measured to a pre-
cision better than 0.1 Hz,37 which means that even small
couplings involving H, N, and F could be detected. How-
ever, experimental studies of the particular dimers investi-
gated in this study would be difficult both in solution where

Table 2. Coupling constants 2hJ(X–Y), 1hJ(H–Y), 1J(X–H), and DJ (Hz) for coupling across X–H���Y hydrogen bonds in
homo- and hetero-chiral dimers.

Complex Symmetry 2hJ(X–Y) D2hJ(X–Y)a 1J(X–H) D1J(X–H)a 1hJ(H–Y) D1hJ(H–Y)a

(HOOH)2 C2 0.65 0.23 (O–O) –61.84 0.13 (O–H) 5.40 0.41 (H–O)
O–H���O Ci* 0.42 –61.94 4.99
Monomer –60.46
(HOOOH)2 C2 1.16 –0.46 (O–O) –63.97 0.03 (O–H) 6.66 –1.00 (H–O)
O–H���O Ci* 1.62 –64.00 7.66
Monomer –59.70
(FOOH)2 C2 3.09 2.09 (O–F) –67.11 0.10 (O–H) –28.32 2.89 (H–F)
O–H���F Ci* 1.00 –67.21 –31.21
Monomer –61.00
(FOOOH)2 C2* 0.61 –0.41 (O–F) –57.82 0.49 (O–H) –1.48 2.26 (H–F)
O–H���F Ci 1.02 –58.31 –3.74
Monomer –56.24
(H2NNH2)2 C2 1.62 –0.65 (N–N) –72.23 –0.39 (N–H) 1.83 –0.05 (H–N)
N–H���N Ci* 2.27 –71.84 1.88
Monomer –69.50
(FHNNH2)2 C2 0.77 –0.84 (N–N) –66.72 0.32 (N–H) 1.17 0.04 (H–N)
N–H���N Ci* 1.61 –67.04 1.13
Monomer –64.40

Note: The more stable isomer is denoted by *.
aDJ = J(C2) – J(Ci).

Table 3. Reduced coupling constants 2hK(X–Y), 1hK(H–Y), and
1K(X–H) (K � 1019 N A–2 m–3) across X–H���Y hydrogen bonds
in homo- and hetero-chiral dimers.

Complex Symmetry 2hK(X–Y) 1K(X–H) 1hK(H–Y)
(HOOH)2 C2 2.94 37.96 –3.32
O–H���O Ci* 1.90 38.02 –3.06
Monomer 37.14
(HOOOH)2 C2 5.25 39.27 –4.09
O–H���O Ci* 7.33 39.29 –4.70
Monomer 36.65
(FOOH)2 C2 –2.02 41.20 –2.50
O–H���F Ci* –0.65 41.26 –2.76
Monomer 37.45
(FOOOH)2 C2* –0.40 35.50
O–H���F Ci –0.67 35.80 –0.33
Monomer 34.50
(H2NNH2)2 C2 13.13 59.32 –1.50
N–H���N Ci* 18.39 59.00 –1.54
Monomer 57.08
(FHNNH2)2 C2 6.24 54.80 –0.96
N–H���N Ci* 13.04 67.04 –0.93
Monomer 52.89

Note: The more stable isomer is denoted by *.

Table 4. O1–O2 distances (Å) and 1J(O1–O2) (Hz) for
monomers and hetero- and homo-chiral dimers with O2–
O1–H���Y hydrogen bonds.

Complex Monomer C2 isomer Ci isomer

R(O1–O2)
(HOOH)2 1.450 1.450 1.451
(HOOOH)2 1.423 1.413 1.411
(FOOH)2 1.361 1.325 1.323
(FOOOH)2 1.439 1.436 1.438

1J(O1–O2)
(HOOH)2 17.42 13.36 14.71
(HOOOH)2 –13.84 –16.97 –17.66
(FOOH)2 –38.59 –57.44 –58.67
(FOOOH)2 –13.38 –15.12 –15.70
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they would need to form and remain stable, and in the solid
state with the very low temperatures required. The most
promising candidate for experimental investigation would
be a strongly-bound complex with a 15N-labeled hydrazine
derivative, which is a solid at room temperature and shows
X-ray crystallographic evidence for the existence of hydro-
gen bonds.

Conclusions
Corresponding spin–spin coupling constants for hydrogen-

bonded atoms in isomeric pairs of homo- and hetero-dimers
of C2 and Ci symmetry may differ, but the differences are
small and would probably be difficult to detect experimen-
tally. For the four complexes with O–H���X hydrogen bonds,
1J(O1–H) has a larger absolute value in the C2 isomer. For
the same set of complexes, 1J(O1–O2) has a larger absolute
value in the Ci isomer. No distinguishable patterns could be
discerned in corresponding spin–spin coupling constants in
the C2 and Ci isomers of complexes with N–H���N hydrogen
bonds.
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Intramolecular hydroamination of unactivated
alkenes with secondary alkylamines catalyzed by
iridium phosphino–phenolate complexes

Kevin D. Hesp, Robert McDonald, and Mark Stradiotto

Abstract: The phosphino–phenolate complex (k2-{2-i-Pr2PC6H4}O)Ir(COD) (COD = h4-1,5-cyclooctadiene; 1) is shown to
be an effective precatalyst for the intramolecular hydroamination of unactivated alkenes with pendant secondary alkyl-
amines, providing either pyrrolidine or piperidine heterocycles in high isolated yields. While monitoring the progress of a
selected test reaction of this type, a significant induction period (~3 h) was observed; variable-temperature 1H and 31P
NMR studies (25–100 8C) under catalytically relevant conditions revealed no new metal-containing species. In an effort to
develop an enantiopure variant of 1, a synthetic route to the chiral (k2-P,O)Ir(COD) complex (7), which features a 1-aryl-
2,5-dialkylphospholane structure derived from (2S,5S)-2,5-hexanediol cyclic sulfate, was developed. The structure of 7 was
confirmed by use of single-crystal X-ray diffraction techniques. While 7 failed to provide enantioselectivity in the intramo-
lecular hydroamination of unactivated alkenes with pendant secondary alkylamines, the activity of 7 was found to be com-
parable to that of 1.

Key words: catalysis, hydroamination, iridium, ligand design.

Résumé : On montre que le complexe phosphino–phénolate, (k2-{2-iPr2PC6H4}O)Ir(COD) (1), est un précatalyseur effi-
cace pour l’hydroamination intramoléculaire d’alcènes non activés portant des chaı̂nes latérales avec des alkylamines se-
condaires qui conduit à la formation d’hétérocycles pyrrolidine ou pipéridine avec des rendements élevés en produits
isolés. En observant le progrès d’une réaction de ce type choisie comme représentative, on a observé une période d’in-
duction significative (environ 3 heures); des études de RMN du 1H et du 31P à température variable (25 à 100 8C), dans
des conditions catalytiquement appropriées ont révélé qu’il n’y a pas de nouvelles espèces contenant un métal. Dans un ef-
fort pour développer une variété énantiomériquement pure du composé 1, on a mis au point une voie de synthèse du com-
plexe chiral (k2-P,O)Ir(COD), 7, qui inclut une structure 1-aryl-2,5-dialkylphospholane obtenue à partir du sulfate cyclique
du (2S,5S)-hexane-2,5-diol. La structure du composé 7 a été confirmée par des techniques de diffraction des rayons X par
un cristal unique. Même si le composé 7 n’a pas permis d’obtenir d’énantiosélectivité dans l’hydroamination intramolécu-
laire d’alcènes non activés portant des chaı̂nes latérales avec des alkylamines secondaires, l’activité de ce produit est com-
parable à celle du produit 1.

Mots-clés : Catalyse, hydroamination, iridium, développement d’un ligand.

Introduction
The prevalence of nitrogen-containing moieties in both

naturally occurring and biologically active molecules has
prompted the development of efficient methods for the for-
mation of C–N bonds, including the use of transition-metal
catalysis.1 Notwithstanding the tremendous success of Buch-
wald–Hartwig amination and related cross-coupling chemis-
try,1b,1c the inherent lack of atom economy associated with
such procedures has prompted the development of hydroa-
mination protocols that enable C–N bond formation via the
direct addition of N–H bonds to unsaturated substrates.1d In
particular, intramolecular hydroamination involving N–H
bond addition to an unactivated alkene offers an attractive

route to nitrogen-containing heterocycles. However, while
catalyst systems employing Brønsted acids,2 rare earth ele-
ments and actinides,3 alkali and alkaline earth metals,4 group
4 metals,5 and groups 8–11 metals6,7 have all proven capable
of mediating the intramolecular hydroamination of such un-
activated aminoalkenes, general methods for promoting the
cyclization of these challenging substrates under mild condi-
tions and with broad substrate scope remain elusive.

We recently reported on the use of [Ir(COD)Cl]2 (COD =
h4-1,5-cyclooctadiene) as a precatalyst for the intramolecu-
lar addition of a variety of secondary alkyl- or aryl-amines
to unactivated alkenes, without the requirement of added li-
gands or cocatalysts7a; notably, this represents one of only a

Received 25 September 2009. Accepted 17 November 2009. Published on the NRC Research Press Web site at canjchem.nrc.ca on
15 April 2010.
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small number of examples in which late metal catalysts have
been shown to promote the cyclization of such substrates.7

As such, we became interested in identifying alternative
neutral Ir complexes that function as catalysts for the intra-
molecular hydroamination of unactivated aminoalkenes,8 es-
pecially those for which chiral variants could be developed.
Encouraged by our previous observation that the phosphino–
phenolate complex (k2-{2-i-Pr2PC6H4}O)Ir(COD) (1) is a
highly active catalyst for the hydrogenation of substituted al-
kenes under mild conditions,9 we viewed 1 as being an at-
tractive candidate for use in hydroamination chemistry. We
report herein that 1 is a competent catalyst at relatively low
catalyst loadings for the intramolecular hydroamination of a
variety of unactivated alkenes that feature pendant alkyl-
amines. Furthermore, we report on the synthesis and crystal-
lographic characterization of a first-generation chiral variant
of 1, and our efforts to apply this new chiral (k2-
P,O)Ir(COD) complex in intramolecular hydroamination cat-
alysis.10

Results and discussion

In a preliminary test experiment, the cyclization of the
aminoalkene 2a to the pyrrolidine 2b proceeded in a 72%

yield (1H NMR) in the presence of 1.0 mol% 1 in 1,4-diox-
ane at 110 8C over the course of 7 h, with the balance cor-
responding to unreacted 2a (eq. [1]). Under similar
experimental conditions employing catalyst mixtures com-
prised of 0.5 mol% [Ir(COD)Cl]2 and 1.0 mol% of a simple
phosphine ligand including triphenylphosphine, tricyclohex-
ylphosphine or 1,4-bis(diphenylphosphino)butane, negligible
conversion to the desired cyclization product 2b was
achieved. While the use of the Rh variant of 1 under similar
experimental conditions resulted in the consumption of 2a,
multiple products were formed in this reaction with the ma-
jor product corresponding to alkene isomerization within the
starting substrate.

The utility of 1 as a precatalyst in the hydroamination of a
range of N-alkyl aminoalkenes was surveyed (Table 1). The
cyclization of the parent N-benzyl substrate 2a (Table 1,

Table 1. Intramolecular hydroamination of unactivated alkenes by secondary alkylamines employ-
ing 1 as a precatalyst.
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entry 1) as well as para-substituted derivatives featuring
chloride (Table 1, entry 2), methyl ester (Table 1, entry 3),
or methoxy (Table 1, entry 4) substituents, was in each case
achieved in high isolated yield (85%–92%) despite the use
of relatively low catalyst loading (1.0 mol% 1). The steri-
cally hindered N-methylcyclohexyl aminoalkene was also
cyclized (Table 1, entry 5), as were substrates that feature
alternative formulations of mono- and di-substitution on the
linker chain of the aminoalkene substrate (Table 1, entries
6–8). Notably, the results featured in Table 1, entries 6–8,
clearly underscore the importance of the Thorpe–Ingold ef-
fect in promoting these transformations, whereby increased
steric elaboration at the b-carbon enables more facile cyclo-
hydroamination at lower catalyst loadings. The hydroamina-
tion of the hexenylamine substrate featured in Table 1, entry
9, was also achieved in the presence of 1 to afford the cor-
responding piperidine. In surveying more challenging sub-
strates, we turned our attention to the intramolecular
hydroamination of unactivated disubstituted alkenes.
Whereas the efficient cyclization of a 1,1-disubstituted sub-
strate was achieved by use of 1 (Table 1, entry 10), under
our standard catalytic conditions, this catalyst proved un-
reactive toward aminoalkenes featuring unstrained 1,2-sub-
stituted olefins or those lacking substituents on the tethering
chain that facilitate the cyclization process, as well as pri-
mary amine substrates. In comparison to the catalytic per-
formance of [Ir(COD)Cl]2,7a longer reaction times were
needed when using 1 to achieve similar levels of conversion
for the substrates featured in Table 1, entries 1–6; for 2a, as
well as the N-methylcyclohexyl aminoalkene substrate
(Table 1, entry 5), significantly higher Ir loadings were also
required when using 1. Otherwise, the catalytic performance
of 1 in the cyclization of N-alkyl aminoalkenes was found to
be competitive with that of [Ir(COD)Cl]2, and in the case of
the more challenging substrates featured in Table 1, entries
8–10, 1 proved to be superior to [Ir(COD)Cl]2 on the basis
of Ir loading, reaction time, and isolated yield.

Having observed that longer reaction times and higher

catalyst loadings were needed for 1 relative to [Ir(COD)Cl]2
to achieve similarly high levels of conversion in the cycliza-
tion of 2a to 2b, we examined the conversion versus time
profile for this transformation employing 1 (2.5 mol% Ir,
1,4-dioxane, 110 8C; Fig. 1). Notably, a pronounced induc-
tion period (~3 h) was observed under these conditions; by
comparison, high conversion to 2b was achieved after 3 h
by using only 0.5 mol% [Ir(COD)Cl]2 under similar condi-
tions in the absence of an induction period.7a Variable-
temperature 1H and 31P NMR studies (25–100 8C) of an
equimolar mixture of 1 and 2a, either without precondition-
ing or following preconditioning for 3 h at 110 8C, revealed
the presence of only 1 and 2a, as well as small quantities of
2b at elevated temperatures. While we are presently unable
to comment definitively regarding the mechanism of hydro-
amination mediated by 1, these spectroscopic observations
appear to preclude a mechanism in which dissociation of
the P,O ligand from Ir is responsible for the observed induc-
tion period. Mechanistic investigations regarding the cycli-
zation of 2a and related substrates by each of 1 and
[Ir(COD)Cl]2 are ongoing in our laboratory.

The late metal catalyzed enantioselective intramolecular
hydroamination of unactivated alkenes featuring pendant al-
kylamines has yet to be reported in the literature.10 Given
the desirable catalytic performance of 1, and encouraged by
reports documenting the Ir-mediated enantioselective inter-
molecular hydroamination of activated alkenes,11 we sought
to construct a chiral variant of 1. In consideration of the dii-
sopropylphosphino present in 1, we elected to employ a
structurally similar k2-P,O phenylene ligand featuring the 1-
aryl-2,5-dialkylphospholane scaffold.12 Preparation of the
target ligand precursor 6 was carried out by adapting previ-
ously published methods.12a,13 As outlined in Scheme 1, the
installation of the chiral phospholane fragment required ini-
tial treatment of the methoxymethyl (MOM) protected phe-
nol 3 with n-BuLi and P(NMe2)2Cl, followed by in situ
methanolysis and reduction with LiAlH4 to afford the pri-
mary phosphine 4. Using the procedure established by Burk

Fig. 1. A plot of the conversion of 2a to 2b vs time employing 2.5 mol% 1 (1,4-dioxane, 110 8C).
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et al.12b for the construction of phospholane moieties, suc-
cessive treatment of 4 with 1 equiv. n-BuLi, followed by
1 equiv. (2S,5S)-2,5-hexanediol cyclic sulfate, and then an
additional 1 equiv. of n-BuLi provided the protected inter-
mediate 5, which was converted to the phosphinoenolate 6
upon exposure to aqueous HCl followed by workup with
aqueous NH4OH. Treatment of 6 with 0.5 equiv. [Ir(COD)Cl]2
and NEt3 afforded 7 as an analytically pure, isolable orange
solid (68% from 6; 12% from 3). The connectivity in 7 was
established by use of NMR spectroscopic and X-ray crystal-
lographic techniques (Fig. 2, Table 2). The structural fea-
tures in 7 compare well with those found in 1,9 including
the observed Ir–P and Ir–O distances (2.2797(7) and
2.0163(18) Å, respectively; cf. 2.289(1) and 2.028(3) Å in
1, respectively), as well as the observation that in 7 the
Ir–alkene distances trans to P (2.167(3) and 2.193(3) Å) are
statistically longer than the Ir–alkene distances trans to O
(2.114(3) and 2.131(3) Å), which is in keeping with the
greater trans influence anticipated for a phosphine fragment
relative to an alkoxy donor on Ir. Unfortunately, despite
maintaining a catalytic activity profile similar to 1 in the hy-
droamination of 2a and related substrates, the chiral com-
plex 7 was incapable of inducing any enantioselectivity in
the resulting cyclization product (e.g., 2b) over a range of
reaction conditions (1–5 mol% 7, 80–110 8C).

Summary and conclusion

In summary, (k2-{2-i-Pr2PC6H4}O)Ir(COD) (1) is an ef-
fective precatalyst for the intramolecular hydroamination of
unactivated alkenes with pendant secondary alkylamines,
providing either pyrrolidine or piperidine heterocycles in
the absence of competing alkene isomerization. We have
also succeeded in establishing a synthetic pathway to 7: a
chiral relative of 1 that features a 1-aryl-2,5-dialkylphospho-
lane structure derived from (2S,5S)-2,5-hexanediol cyclic

sulfate. While 7 failed to provide enantioselectivity in this
hydroamination chemistry, the activity of 7 was found to be
comparable to that of 1. Future studies will focus both on
preparing alternative chiral variants of 1, as well as on ex-
ploring the mechanism of hydroamination processes medi-
ated by (k2-P,O)Ir(COD) species to guide the design of
increasingly effective catalysts.

Scheme 1. Synthesis of the new chiral (k2-P,O)Ir(COD) complex 7.
Reagents and conditions: (a) n-BuLi, Et2O, –78 8C ? 25 8C, 16 h;
P(NMe2)2Cl, Et2O, –78 8C ? 25 8C, 3 h; MeOH, 50 8C, 3 h;
LiAlH4, Et2O, 25 8C, 48 h (36% from 3). (b) n-BuLi, THF, 25 8C,
1.5 h; (2S,5S)-2,5-hexanediol cyclic sulfate, THF, 25 8C, 2 h;
n-BuLi, THF, 25 8C, 2 h, (68% from 4). (c) 5 mol/L HCl (aq.),
THF, 50 8C, 16 h; 7 mol/L NH4OH (aq.), Et2O, 25 8C, 5 h, (73%
from 5). (d) [Ir(COD)Cl]2, NEt3, THF, 25 8C, 2 h, 68%.

Fig. 2. ORTEP diagram for 7 is shown with 50% displacement el-
lipsoids; selected hydrogen atoms have been removed for clarity.
Selected interatomic distances (Å): Ir—P 2.2797(7), Ir—O
2.0163(18), Ir—C21 2.114(3), Ir—C22 2.131(3), Ir—C25 2.167(3),
Ir—C26 2.193(3), P—C2 1.824(3), O—C1 1.343(3).

Table 2. Crystallographic data for 7.

Empirical formula C28H44IrOP
Formula weight 619.80
Crystal dimensions (mm3) 0.42 � 0.29 � 0.24
Color, habit Orange, prism
Crystal system Orthorhombic
Space group P212121

a (Å) 10.5353 (10)
b (Å) 12.8694 (12)
c (Å) 19.3425 (18)
V (Å3) 2622.5 (4)
Z 4
Range of transmission 0.3701–0.2201
2q limit (8) 54.96
Collection ranges –13 £ h £ 13

–16 £ k £ 16
–24 £ l £ 25

Total data collected 22846
Independent reflections 5986
Rint 0.0240
Observed reflections 5652
Data / restraints / parameters 5986 / 0 / 280
Absolute structure parameter 0.000 (5)
Goodness-of-fit 1.063
R1 [Fo

2 ‡ 2s(Fo
2)] 0.0190

wR2 [Fo
2 ‡ –3s(Fo

2)] 0.0453
Largest peak, hole (e Å-3) 1.534, –0.262
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Experimental

General considerations
All manipulations were conducted in the absence of oxy-

gen and water under an atmosphere of dinitrogen, either by
use of standard Schlenk methods or within an MBraun glo-
vebox apparatus, utilizing glassware that was oven-dried
(130 8C) and evacuated while hot prior to use. The nondeu-
terated solvents, tetrahydrofuran, diethyl ether, dichlorome-
thane, benzene, hexanes, and pentane, were deoxygenated
and dried by sparging with dinitrogen gas, followed by pas-
sage through a double-column solvent purification system
purchased from MBraun Inc. Tetrahydrofuran, diethyl ether,
and dichloromethane were purified over two alumina-packed
columns, while benzene, hexanes, and pentane were purified
over one alumina-packed column and one column packed
with copper-Q5 reactant. 1,4-Dioxane (Sigma-Aldrich) was
dried over Na/benzophenone followed by distillation under
an atmosphere of dinitrogen; anhydrous 1,4-dioxane used as
received from Sigma-Aldrich provided inferior results.
Chloroform-d1 (Cambridge Isotopes) was used as received.
C6D6 (Cambridge Isotopes Laboratories) was degassed by
using three freeze-pump-thaw cycles and then dried over 3
Å molecular sieves. All solvents used within the glovebox
were stored over activated 4 Å molecular sieves. Purification
of NEt3 was achieved by stirring over KOH for 7 d, fol-
lowed by distillation; the distilled NEt3 was then refluxed
over CaH2 for 3 d under dinitrogen, followed by distillation.
Complex 1,9 P(NMe2)2Cl,14 (2S,5S)-2,5-hexanediol cyclic
sulfate,12b N-benzyl-2,2-diphenylpent-4-en-1-amine,7f N-
(4-chlorobenzyl)-2,2-diphenylpent-4-en-1-amine,2a methyl
4-[(2,2-diphenylpent-4-enylamino)methyl]benzoate,7f N-(4-me-
thoxybenzyl)-2,2-diphenylpent-4-en-1-amine,2a N-(cyclohex-
ylmethyl)-2,2-diphenylpent-4-en-1-amine,7d (1-allylcyclohexyl)-
N-benzylmethanamine,7f N-benzyl-2,2-dimethylpent-4-en-1-
amine,7f N-benzyl-2-isopropylpent-4-en-1-amine,7f N-benzyl-
2,2-diphenylhex-5-en-1-amine,7d and N-benzyl-4-methyl-2,2-
diphenylpent-4-en-1-amine15 were synthesized according to
literature procedures. The synthetic route to 6 starting from
3 was carried out in accordance with previously published
methods.13 [Ir(COD)Cl]2 (Strem) was dried in vacuo for
~24 h prior to use. All other reagents were used as received.
1H, 13C, and 31P NMR characterization data were collected
at 300 K on a Bruker AV-500 spectrometer operating at
500.1, 125.8, and 202.5 MHz (respectively) with chemical
shifts reported in parts per million downfield of SiMe4. Ele-
mental analyses were performed by Canadian Microanalyti-
cal Service Ltd., Delta, BC, Canada.

Preparation of 4
To a magnetically stirred solution of 3 (3.96 g,

12.0 mmol) in diethyl ether (10 mL) at –78 8C was added
4.1 mL of a 2.9 mol/L solution of n-BuLi in hexanes, which
effected the precipitation of a white solid. The resulting
mixture was magnetically stirred for 16 h followed by cool-
ing to –78 8C and the dropwise addition of ClP(NMe2)2
(1.9 mL, 12.0 mmol). The reaction mixture was warmed to
ambient temperature and was magnetically stirred for 3 h.
The resulting white solid was removed by filtration through
a filter stick and from the remaining solution the diethyl
ether was removed, which afforded a colorless oil that was

dissolved in anhydrous methanol and was heated in an oil
bath at 50 8C for 3 h. Subsequent removal of the solvent af-
forded a colorless oil that was dissolved in diethyl ether
(10 mL). The ethereal solution was added dropwise to a
Schlenk tube containing LiAlH4 (0.60 g, 15.6 mmol) in di-
ethyl ether (7 mL). The resulting green solution was mag-
netically stirred at ambient temperature for 48 h. The
reaction mixture was quenched with degassed distilled H2O
followed by filtration through a filter stick to remove the
solids. The diethyl ether layer was dried over Na2SO4. Sub-
sequent filtration and removal of the solvent afforded 4 as a
light brown oil, which when purified by vacuum distillation
at 80–90 8C (10–3 Torr) was obtained as a colorless oil that
was used without further purification (1.21 g, 4.28 mmol,
36%). 1H NMR (C6D6) d: 7.46 (d, 4JHH = 2.5 Hz, 1H, Ar-
H), 7.41 (d of d, 3JPH = 7.0 Hz, 4JHH = 2.5 Hz, 1H, Ar-H),
4.96 (s, 2H, CH2 (MOM)), 3.97 (d, 1JPH = 202.1 Hz, 2H,
–PH2), 3.40 (s, 3H, CH3 (MOM)), 1.48 (s, 9H, C(CH3)3),
1.23 (s, 9H, C(CH3)3). 13C{1H} NMR (C6D6) d: 155.7 (d,
JPC = 10.9 Hz, Ar-quaternary), 145.4 (d, JPC = 3.0 Hz, Ar-
quaternary), 141.9 (d, JPC = 1.5 Hz, Ar-quaternary), 130.7
(d, 2JPC = 7.4 Hz, Ar-CH), 124.5 (Ar-CH), 123.0 (d, JPC =
11.4 Hz, Ar-quaternary), 98.8 (d, 4JPC = 7.9 Hz, CH2
(MOM)), 56.2 (d, JPC = 1.5 Hz, CH3 (MOM)), 34.6 (d,
2JPC = 0.75 Hz, C(CH3)3)), 33.5 (C(CH3)3), 30.5 (C(CH3)3),
30.3 (C(CH3)3). 31P{1H} NMR (C6D6) d: –128.6.

Preparation of 5
To a magnetically stirred solution of 4 (0.244 g,

0.860 mmol) in THF (5 mL) was added a 1.45 mol/L solu-
tion of n-BuLi in hexanes (0.600 mL, 0.860 mmol). The re-
action mixture went from colorless to yellow in appearance
and was magnetically stirred at ambient temperature for
1.5 h, followed by the addition of a THF (2 mL) solution of
(2S,5S)-2,5-hexanediol cyclic sulfate (0.156 g, 0.860 mmol).
The reaction went colorless and was magnetically stirred at
ambient temperature for 2 h followed by the addition of a
1.45 mol/L solution of n-BuLi in hexanes (0.60 mL,
0.860 mmol). The mixture went yellow and remained that
color for the subsequent 2 h of magnetic stirring. The sol-
vent and other volatiles were removed in vacuo affording
an off-white solid that was washed with pentane (2 �
3 mL) to effect the precipitation of a gelatinous white solid,
which was separated by filtration through Celite. The re-
maining solvent was removed in vacuo affording 5 as a yel-
low oil that was used without further purification (0.215 g,
0.59 mmol, 68%). 1H NMR (C6D6) d: 7.53 (d, 4JHH =
2.0 Hz, 1H, Ar-H), 7.39 (m, 1H, Ar-H), 5.81 (t, 5JPH =
4.0 Hz, 1H, CH2 (MOM)), 5.11 (d, 1H, 5JPH = 3.5 Hz, 1H,
CH2 (MOM)), 3.56 (s, 3H, CH3 (MOM)), 2.62 (m, 1H, CH
(phospholane)), 2.27 (m, 1H, CH (phospholane)), 2.13 (m,
1H, CH2 (phospholane)), 1.84 (m, 1H, CH2 (phospholane)),
1.57 (s, 9H, C(CH3)3), 1.41 (m, 1H, CH2 (phospholane)),
1.33 (d of d, 3JPH = 19.0 Hz, 3JHH = 6.0 Hz, 3H, CH3 (phos-
pholane)), 1.31 (s, 9H, C(CH3)3), 1.25 (m, 1H, CH2 (phos-
pholane)), 0.93 (d of d, 3JPH = 9.5 Hz, 3JHH = 7.0 Hz, 3H,
CH3 (phospholane)). 13C{1H} NMR (C6D6) d: 156.6 (d,
2JPC = 18.5 Hz, Ar-quaternary), 144.4 (Ar-quaternary),
141.6 (d, JPC = 0.9 Hz, Ar-quaternary), 130.0 (d, JPC =
31.6 Hz, Ar-quaternary), 127.3 (d, 2JPC = 2.3 Hz, Ar-CH),
124.4 (Ar-CH), 98.7 (d, 3JPC = 21.0 Hz, CH2 (MOM)), 56.2
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(d, JPC = 1.9 Hz, CH3 (MOM)), 35.9 (d, 2JPC = 2.4 Hz, CH2
(phospholane)), 35.3 (d, 2JPC = 2.3 Hz, CH2 (phospholane)),
34.6 (d, JPC = 1.1 Hz, C(CH3)3), 34.1 (d, 2JPC = 14.7 Hz, CH
(phospholane)), 33.7 (C(CH3)3), 33.6 (d, 2JPC = 10.9 Hz, CH
(phospholane)), 30.7 (C(CH3)3), 30.2 (C(CH3)3), 20.4 (d,
3JPC = 35.5 Hz, CH3 (phospholane)), 15.0 (d, 3JPC = 0.9 Hz,
CH3 (phospholane)). 31P{1H} NMR (C6D6) d: 2.3.

Preparation of 6
To a magnetically stirred solution of 5 (0.382 g,

1.05 mmol) in THF (10 mL) was added 5 mol/L HCl (aq.)
(5 mL) followed by heating at 50 8C in an oil bath for
16 h. Subsequent removal of the solvent afforded a white
solid that was suspended in diethyl ether (10 mL) followed
by the addition of 7 mol/L NH4OH (aq.) (5 mL), which
caused the solution to become homogeneous. The solution
was magnetically stirred for 5 h at ambient temperature fol-
lowed by removal of the solvent and extraction of the resi-
due into pentane (3 � 3 mL). Upon removal of the pentane
in vacuo, 6 was obtained as a colorless oil that was used
without further purification (0.246 g, 0.767 mmol, 73%). 1H
NMR (C6D6) d: 7.72 (d, 4JPH = 13.5 Hz, 1H, OH), 7.52 (d,
4JHH = 2.0 Hz, 1H, Ar-H), 7.27 (m, 1H, Ar-H), 2.53 (m, 1H,
CH (phospholane)), 2.05 (m, 2H, CH and CH2 (phospho-
lane)), 1.78 (m, 1H, CH2 (phospholane)), 1.60 (s, 9H,
C(CH3)3), 1.53 (m, 1H, CH2 (phospholane)), 1.32 (s, 9H,
C(CH3)3), 1.15 (d of d, 3JPH = 19.5 Hz, 3JHH = 7.0 Hz, 3H,
CH3 (phospholane)), 1.12 (m, 1H, CH2 (phospholane)), 0.79
(d of d, 3JPH = 11.5 Hz, 3JHH = 7.0 Hz, 3H, CH3 (phospho-
lane)). 13C{1H} NMR (C6D6) d: 156.8 (d, JPC = 19.4 Hz, Ar-
quaternary), 140.4 (Ar-quaternary), 134.4 (Ar-quaternary),
134.3 (d, JPC = 15.8 Hz, Ar-quaternary), 126.9 (d, 2JPC =
2.1 Hz, Ar-CH), 124.9 (Ar-CH), 36.5 (d, 2JPC = 4.2 Hz,
CH2 (phospholane)), 36.4 (CH2 (phospholane)), 35.8 (d,
1JPC = 4.8 Hz, CH (phospholane)), 34.4 (C(CH3)3), 33.5
(C(CH3)3), 33.2 (d, 1JPC = 5.7 Hz, CH (phospholane)), 30.8
(C(CH3)3), 28.8 (C(CH3)3), 19.6 (d, 2JPC = 31.7 Hz, CH3
(phospholane)), 13.8 (CH3 (phospholane)). 31P{1H} NMR
(C6D6) d: –25.6.

Preparation of 7
To a magnetically stirred solution of [Ir(COD)Cl]2

(0.14 g, 0.20 mmol) in THF (2 mL) was added a THF
(2 mL) solution of 6 (0.13 g, 0.41 mmol). After 3 h of mag-
netic stirring, NEt3 (57 mL, 0.41 mmol) was added, which
resulted in an immediate color change from yellow-orange
to bright orange. After 2 h of magnetic stirring at ambient
temperature, 31P NMR analysis of the reaction mixture con-
firmed the consumption of 6 and the quantitative formation
of a new product (7). The solvent and other volatiles were
removed in vacuo and the residual solid was extracted into
pentane (3 � 2 mL). Subsequent removal of the solvent af-
forded 7 as an analytically pure orange solid (0.17 g,
0.28 mmol, 68%). 1H NMR (C6D6) d: 7.57 (d, 4JHH =
2.0 Hz, 1H, Ar-H), 7.05 (d of d, 3JPH = 8.5 Hz, 3JHH =
2.5 Hz, 1H, Ar-H), 5.36 (m, 2H, 2 x CH (COD)), 3.56 (m,
1H, CH (COD)), 3.13 (m, 1H, CH (COD)), 2.54 (m, 1H, CH
(phospholane)), 2.27 (m, 3H, CH2 (COD) and CH (phospho-
lane)), 2.13 (m, 2H, CH2 (COD)), 1.88 (m, 2H, CH2
(COD)), 1.83 (m, 1H, CH2 (phospholane)), 1.78 (m, 1H,
CH2 (phospholane)), 1.72 (m, 2H, CH2 (COD)), 1.70 (s, 9H,

C(CH3)3), 1.39 (s, 9H, C(CH3)3), 1.35 (m, 1H, CH2 (phos-
pholane)), 1.12 (d of d, 3JPH = 17.5 Hz, 3JHH = 7.5 Hz, 3H,
CH3 (phospholane)), 1.03 (m, 1H, CH2 (phospholane)), 0.93
(d of d, 3JPH = 14.5 Hz, 3JHH = 7.0 Hz, 3H, CH3 (phospho-
lane)). 13C{1H} NMR (C6D6) d: 176.6 (d, JPC = 18.7 Hz, Ar-
quaternary), 137.1 (d, JPC = 6.7 Hz, Ar-quaternary), 136.7
(d, JPC = 8.8 Hz, Ar-quaternary), 126.6 (d, JPC = 2.0 Hz,
Ar-CH), 125.0 (Ar-CH), 116.8 (d, JPC = 45.1 (Ar-quater-
nary), 92.5 (d, 2JPC = 12.7 Hz, CH (COD)), 91.5 (d, 2JPC =
5.4 Hz, CH (COD)), 51.4 (CH (COD)), 45.9 (CH (COD)),
39.1 (d, 1JPC = 43.4 Hz, CH (phospholane)), 35.7 (CH2
(phospholane)), 35.3 (d, 2JPC = 4.9 Hz, CH2 (phospholane)),
34.0 (d, 3JPC = 2.9 Hz, CH2 (COD)), 33.5 (d, 3JPC = 2.8 Hz,
CH2 (COD)), 33.1 (C(CH3)3), 33.0 (d, 1JPC = 30.3 Hz, CH
(phospholane)), 31.1 (C(CH3)3), 29.0 (C(CH3)3), 28.2 (d,
3JPC = 2.3 Hz, CH2 (COD)), 28.1 (d, 3JPC = 2.0 Hz, CH2
(COD)), 21.7 (C(CH3)3), 16.4 (d, 2JPC = 8.2 Hz, CH3 (phos-
pholane)), 13.9 (d, 2JPC = 1.6 Hz, CH3 (phospholane)).
31P{1H} NMR (C6D6) d: 40.1. Anal. calcd. for C28H44IrOP:
C 54.23, H 7.16, N 0.00; found: C 54.44, H 7.52, N < 0.3.
Crystals suitable for X-ray crystallographic analysis were
grown from a concentrated solution of 7 in pentane at –
35 8C.

Representative procedure for the intramolecular
hydroamination of unactivated alkenes by secondary
alkylamines catalyzed by 1

To a screw-capped vial containing 2a (82 mg, 0.25 mmol)
and a stir-bar was added 0.220 mL of a stock solution of 1
(5.8 mg in 1.000 mL of 1,4-dioxane) and 0.280 mL of 1,4-
dioxane (total reaction volume = 0. 5 mL). The vial was
sealed under N2 with a cap containing a PTFE septum and,
once all the material had dissolved, was removed from the
glovebox and was placed in a temperature-controlled alumi-
num heating block set at 110 8C. After 16 h of magnetic stir-
ring, the vial was removed from the temperature-controlled
aluminum heating block, cooled to ambient temperature,
diluted with CH2Cl2 (2 mL), and was washed with brine
(2 � 2 mL). The organic extracts were combined, dried
over Na2SO4, and concentrated. The resulting residue
was purified by flash column chromatography on silica gel
(hexanes/EtOAc = 20:1) to yield 2b as a white solid
(74 mg, 0.23 mmol, 92%) that afforded analytical data in
agreement with data reported in the literature.7f

1-Benzyl-2-methyl-4,4-diphenylpyrrolidine (Table 1,
entry 1)

The indicated compound was purified by flash chromato-
graphy on silica gel (EtOAc/hexanes = 20:1) in a 92% yield
(74 mg) as a white solid.7f 1H NMR (CDCl3) d: 7.53–7.19
(m, 15H), 4.21 (d, J = 13.5 Hz, 1H), 3.77 (d, J = 9.5 Hz,
1H), 3.38 (d, J = 13.5 Hz, 1H), 3.07–2.89 (m, 3H), 2.34 (d
of d, J = 13.0, 8.0 Hz, 1H), 1.29 (d, J = 6.5 Hz, 3H).
13C{1H} NMR (CDCl3) d: 150.6, 148.7, 140.1, 128.6, 128.2,
128.1, 127.8, 127.4, 127.2, 126.7, 125.8, 125.4, 66.4, 59.6,
58.0, 52.5, 48.0, 19.5.

1-(4-Chlorobenzyl)-2-methyl-4,4-diphenylpyrrolidine
(Table 1, entry 2)

The indicated compound was purified by flash chroma-
tography on silica gel (n-pentane/Et2O = 30:1) in an 86%
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yield (78 mg) as a white solid.2a 1H NMR (CDCl3) d: 7.43–7.17
(m, 14H), 4.12 (d, J = 13.5 Hz, 1H), 3.71 (d, J = 10.0 Hz,
1H), 3.33 (d, J = 13.5 Hz, 1H), 3.05–2.89 (m, 2H), 2.87 (d,
J = 9.5 Hz, 1H), 2.33 (d of d, J = 12.5, 7.9 Hz, 1H), 1.26 (d,
J = 6.5 Hz, 3H). 13C{1H} NMR (CDCl3) d: 150.4, 148.6,
138.6, 132.4, 129.8, 128.3, 128.1, 127.8, 127.3, 127.1,
125.8, 125.5, 66.3, 59.6, 57.2, 52.5, 47.8, 19.5.

Methyl 4-(2-methyl-4,4-diphenylpyrrolidin-1-ylmethyl)-
benzoate (Table 1, entry 3)

The indicated compound was purified by flash chroma-
tography on silica gel (n-pentane/Et2O = 8:1) in a 85% yield
(82 mg) as a colorless oil.7f 1H NMR (CDCl3) d: 8.07 (d, J =
8.0 Hz, 2H), 7.50 (d, J = 8.5 Hz, 2H), 7.35–7.15 (m, 10H),
4.16 (d, J = 14.0 Hz, 1H), 3.98 (s, 3H), 3.68 (d, J = 10.0 Hz,
1H), 3.39 (d, J = 13.5 Hz, 1H), 3.02–2.88 (m, 2H), 2.86 (d,
J = 10.0 Hz, 1H), 2.31 (d of d, J = 13.0, 7.5 Hz, 1H), 1.23
(d, J = 5.5 Hz, 3H). 13C{1H} NMR (CDCl3) d: 167.1, 150.3,
148.5, 145.7, 129.6, 128.7, 128.4, 128.1, 127.8, 127.3,
127.1, 125.8, 125.5, 66.4, 59.7, 57.7, 52.6, 51.9, 47.8, 19.5.

1-(4-Methoxybenzyl)-2-methyl-4,4-diphenylpyrrolidine
(Table 1, entry 4)

The indicated compound was purified by flash chroma-
tography on silica gel (n-pentane/Et2O = 15:1) in a 87%
yield (77 mg) as a colorless oil.2a 1H NMR (CDCl3) d: 7.29
(m, 1H), 7.00–6.95 (m, 2H), 4.13 (d, J = 13.0 Hz, 1H), 3.90
(s, 3H), 3.74 (d, J = 10.0 Hz, 1H), 3.30 (d, J = 13.0 Hz,
1H), 3.02 (d of d, J = 13.0, 7.5 Hz, 1H), 2.96–2.85 (m,
2H), 2.30 (d of d, J = 13.0, 7.5 Hz, 1H), 1.27 (d, J =
6.0 Hz, 3H). 13C{1H} NMR (CDCl3) d: 158.5, 150.6, 148.7,
132.0, 129.6, 128.1, 127.8, 127.4, 127.2, 125.7, 125.3,
113.5, 66.3, 59.5, 57.2, 55.2, 52.4, 48.0, 19.5.

1-Cyclohexylmethyl-2-methyl-4,4-diphenylpyrrolidine
(Table 1, entry 5)

The indicated compound was purified by flash chroma-
tography on silica gel (hexanes/EtOAc = 8:1) in a 89% yield
(75 mg) as a white solid.7d 1H NMR (CDCl3) d: 7.38–7.21
(m, 9H), 7.16 (m, 1H), 3.87 (d, J = 9.5 Hz, 1H), 2.87 (d of
d, J = 13.0, 7.5 Hz, 1H), 2.82 (d, J = 10.0 Hz, 1H), 2.66 (m,
1H), 2.56 (m, 1H), 2.18–2.03 (m, 3H), 1.82–1.63 (m, 4H),
1.53 (m, 1H), 1.36–1.15 (m, 3H), 1.10 (d, J = 6.0 Hz, 3H),
1.02–0.87 (m, 2H). 13C{1H} NMR (CDCl3) d: 151.3, 148.9,
128.1, 127.8, 127.6, 127.3, 125.7, 125.4, 67.6, 61.4, 60.3,
52.8, 48.1, 37.3, 32.2, 31.9, 26.9, 26.3, 26.1, 19.6.

2-Benzyl-3-methyl-2-aza-spiro[4,5]decane (Table 1,
entry 6)

The indicated compound was purified by flash chroma-
tography on silica gel (hexanes/EtOAc = 20:1) in a 85%
yield (52 mg) as a colorless oil.7f 1H NMR (CDCl3) d:
7.40–7.24 (m, 5H), 4.06 (d, J = 13.0 Hz, 1H), 3.14 (d, J =
13.5 Hz, 1H), 2.82 (d, J = 9.5 Hz, 1H), 2.54 (m, 1H), 1.91
(d, J = 9.5 Hz, 1H), 1.80 (d of d, J = 12.0, 7.0 Hz, 1H),
1.56–1.27 (m, 11H), 1.19 (d, J = 6.0 Hz, 3H). 13C{1H}
NMR (CDCl3) d: 140.0, 128.6, 128.0, 126.5, 66.6, 59.0,
58.0, 47.0, 39.3, 39.2, 38.5, 26.1, 23.6, 23.5, 19.3.

1-Benzyl-2,4,4-trimethylpyrrolidine (Table 1, entry 7)
The indicated compound was purified by flash chroma-

tography on silica gel (hexanes/EtOAc = 20:1) in a 86%
yield (44 mg) as a colorless oil.7f 1H NMR (CDCl3) d:
7.39–7.23 (m, 5H), 4.05 (d, J = 14.5 Hz, 1H), 3.15 (d, J =
13.5 Hz, 1H), 2.67 (d, J = 9.0 Hz, 1H), 2.59 (m, 1H), 1.98
(d, J = 9.0 Hz, 1H), 1.76 (d of d, J = 12.0, 7.5 Hz, 1H), 1.35
(d of d, J = 12.5, 9.0 Hz, 1H), 1.19 (d, J = 6.0 Hz, 3H), 1.11
(s, 3H), 1.01 (s, 3H). 13C{1H} NMR (CDCl3) d: 140.1,
128.7, 128.0, 126.5, 68.4, 59.7, 58.0, 49.1, 35.4, 30.9, 29.2,
19.4.

1-Benzyl-2-methyl-4-isopropylpyrrolidine (Table 1,
entry 8)

The indicated compound was obtained in 87% yield with
a diastereomeric ratio of 1.3:1 on the basis of 1H NMR us-
ing 1,4-bis(trifluoromethyl)benzene as an internal standard.7f

1-Benzyl-2-methyl-5,5-diphenylpiperidine (Table 1,
entry 9)

The indicated compound was purified by flash chroma-
tography on silica gel (hexanes/EtOAc = 20:1) in a 85%
yield (73 mg) as a colorless oil.7d 1H NMR (CDCl3) d:
7.46–7.14 (m, 15H), 4.13 (d, J = 13.5 Hz, 1H), 3.43 (d, J =
12.5 Hz, 1H), 3.21 (d, J = 13.5 Hz, 1H), 3.60–2.50 (m, 3H),
2.25 (m, 1H), 1.70 (m, 1H), 1.45 (m, 1H), 1.21 (d, J =
6.0 Hz, 3H). 13C{1H} NMR (CDCl3) d: 148.6, 146.7, 139.4,
129.5, 128.4, 128.0, 127.9, 127.6, 127.0, 126.9, 125.6,
125.3, 61.0, 58.9, 56.1, 46.5, 34.2, 31.0, 18.6.

1-Benzyl-2–2-dimethyl-4,4-diphenylpyrrolidine (Table 1,
entry 10)

The indicated compound was purified by flash chroma-
tography on silica gel (EtOAc/hexanes = 20:1) in a 92%
yield (78 mg) as a white solid.15 1H NMR (CDCl3) d: 7.52–
7.20 (m, 15H), 3.73 (s, 2H), 3.41 (s, 2H), 2.74 (s, 2H), 1.26
(s, 6H). 13C{1H} NMR (CDCl3) d: 149.7, 140.9, 128.5,
128.1, 127.8, 127.2, 126.7, 125.4, 6.1, 60.4, 54.4, 52.4,
51.6, 25.1.

Crystallographic characterization of 7
Crystallographic data were obtained at 193 (±2) K on a

Bruker PLATFORM/SMART 1000 CCD diffractometer us-
ing a graphite-monochromated Mo Ka (l = 0.71073 Å) radi-
ation, employing a sample that was mounted in inert oil and
transferred to a cold gas stream on the diffractometer. Pro-
grams for diffractometer operation, data collection, and data
reduction were supplied by Bruker. SADABS was employed
as the absorption correction method. The structure was
solved by use of a Patterson search/structure expansion and
refinement was carried out by use of full-matrix least-
squares procedures (on F2) with R1 based on Fo

2 ‡ 2s(Fo
2)

and wR2 based on Fo
2 ‡ –3s(Fo

2). All hydrogen atoms were
added at calculated positions and refined by use of a riding
model employing isotropic displacement parameters based
on the isotropic displacement parameter of the attached
atom. The near-zero final refined value of the absolute struc-
ture parameter (0.000(5)) supported that the correct absolute
structure had been chosen.16 See the Supplementary data
section for information on obtaining the complete supple-
mentary crystallographic data for this paper. The thermal el-
lipsoid plot of 7 was generated by use of ORTEP-3 for
Windows.17
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Supplementary data
Supplementary data for this article are available on the

journal Web site (canjchem.nrc.ca). CCDC 744698 contains
the X-ray data in CIF format for this manuscript. These data
can be obtained, free of charge, via www.ccdc.cam.ac.uk/
conts/retrieving.html (Or from the Cambridge Crystallo-
graphic Data Centre, 12 Union Road, Cambridge CB2 1EZ,
UK; fax +44 1223 336033; or deposit@ccdc.cam.ac.uk).
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An ab initio study of model triazene-based
anticancer agents

Katherine G. Doucet, Julie F. Glister, and Cory C. Pye

Abstract: A computational study of a series of model triazene-based anticancer agents based on methyl- and amidyl-
substituted 5-(1-triazenyl)imidazoles has been carried out, including the drugs Dacarbazine, Temozolomide, and Mitozolo-
mide. A number of different conformers are analyzed. The transition states for the gas-phase and water-mediated triazene
tautomerization reaction are found and the barriers are determined.

Key words: ab initio, triazene, Dacarbazine, Temozolomide, conformational analysis.

Résumé : On a effectué des calculs théoriques sur une série d’agents anticancéreux modèles dérivés du triazène et à base
de 5-(1-triazényl)imidazoles substitués par des groupes méthyles et amidyles, dont les médicaments dacarbazine, témozolo-
mide et mitozolomide. On en a analysé un certain nombre de conformères. On a pu trouver les états de transition des réac-
tions de tautomérisation du triazène en phase gazeuse ainsi que sous la catalyse par l’eau et on en a déterminé les
barrières.

Mots-clés : ab initio, triazène, dacarbazine, témozolomide, mitozolomide, analyse conformationnelle.

[Traduit par la Rédaction]

Introduction
Dacarbazine, 5-(3,3-dimethyl-1-triazenyl)imidazole-4-car-

boxamide (Fig. 1), is the single most-reactive agent known
for the treatment of malignant melanoma.1–3 Dacarbazine
and the closely related drug Temozolomide contain the tria-
zene moiety, which could potentially act as an excellent
leaving group if a methyltriazene is attacked by a nucleo-
philic part of DNA.4,5

Our group has previously studied triazene and its mono-,
di-, and tri-methyl analogues.6 In addition, we have exam-
ined the SN2 reaction of mono-,7 di-,8 and tri-methyltria-
zene9 with the halide ions F–, Cl–, Br –, and I–. This work10

extends the results of ref. 6 to more realistic models of this
class of anticancer drugs and shall provide a basis for addi-
tional study of their SN2 reactions.

Method
Gaussian 9811 or Gaussian 0312 were used to carry out all

calculations for this computational study. Geometry optimi-
zations were performed at the HF/STO-3G, HF/3–21G, HF/
6–31G(d), HF/6–31+G(d), MP2/6–31G(d), MP2/6–31+G(d),
B3LYP/6–31G(d), B3LYP/6–31+G(d), and B3LYP/6–31G(d,p)
levels of theory. The role of polarization functions on hydro-
gen was found to be minor (footnote 2 of ref. 6). For MP2
calculations, the frozen core approximation was utilized.
Harmonic vibrational frequencies and zero-point vibrational
energy (ZPVE) corrections were performed at the previously
mentioned levels of theory. Harmonic vibrational frequency
calculations characterized the geometry optimizations. A
previously determined scaling factor was used to correct the
ZPVE.13 Only the results at MP2/6–31+G(d) and B3LYP/
6–31+G(d) will be presented, the rest are given in the Sup-
plementary material. To allow direct comparison with our
previous work,6–9 we do not invoke temperature, free en-
ergy, and solvation corrections, which might affect the val-
ues given by a few kJ/mol. In addition, we do not consider
the effect of intramolecular basis set superposition error14

because of the difficulty of assigning interacting fragments.

Results and discussion

5-(1-Triazenyl)imidazole
5-(1-Triazenyl)imidazole, henceforth abbreviated TI, like

triazene itself, can exist as either an (E) or (Z) isomer. For

Fig. 1. The chemical structure of 5-(3,3-dimethyl-1-triazenyl)imi-
dazole-4-carboxamide (Dacarbazine, DTIC1).
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each isomer, two conformations can exist, syn-periplanar
(s-cis) or anti-periplanar (s-trans), which describe the rela-
tionship of the N=N and C=C double bonds about the C–N
single bond between the triazene and imidazole moieties.
There are thus four possibilities (Fig. 2).

The (E) s-trans form was found to be the most stable of
the four minimum-energy structures (Table 1). The (E) s-cis
form was slightly higher in energy. The (Z) forms, as ex-
pected, were significantly higher in energy, with the (Z)
s-cis form being lower in energy than the (Z) s-trans form.

For the (E) forms, the triazene unit was found to be co-
planar with the planar imidazole ring; however, for the (Z)
forms, significant deviation from planarity (108–308) is
noted (Supplementary material, Table S4). This suggests a
significant steric interaction between the terminal amine of
the triazene and the imidazole ring hydrogens, and concom-
itant partial breaking of conjugation between the double
bonds.

5-(3-Methyl-1-triazenyl)imidazole
5-(3-Methyl-1-triazenyl)imidazole (MTI), in addition to

having the conformational degrees of freedom present for
TI, can also have the methyl group in either an s-cis or
s-trans relationship with respect to the N=N double bond, to
give eight possible conformations (Fig. 3).

The (E) form with an s-trans imidazole and an s-cis
methyl group ((E) s-trans Me s-cis) was found to be the
most stable of the eight configurations (see Table 2). For
the (E) isomers, the Me s-cis conformers are more stable
than the Me s-trans, whereas for the (Z) isomers, the Me
s-cis conformers are less stable than the Me s-trans conform-
ers. These trends are the same as those of dimethyltriazene

and can be explained similarly through a combination of hy-
perconjugation and steric interaction arguments.6 In particu-
lar, the strong steric interaction between the methyl group
and the imidazole ring in the two (Z) Me s-cis conformers
causes the triazene unit to significantly distort by rotation
about the N–N bond. This reduces the steric interaction in
such a way that the imidazole and triazene units of the (Z)
Me s-cis forms actually are more coplanar than the (Z)
s-trans (i.e., the steric interaction is reduced by rotating
about the N7–N8 bond instead of the C5–N6 bond).

5-(3,3-Dimethyl-1-triazenyl)imidazole
5-(3,3-Dimethyl-1-triazenyl)imidazole (DTI), like the pa-

rent TI, would be expected to have four configurations, as
shown in Fig. 4.

The (E) s-trans form is the most stable configuration (see
Table 3). The (E) isomers are more stable than the (Z) iso-
mers, and the s-trans conformers are more stable than the
s-cis conformers. Relative to TI, the (Z) forms are much
more destabilized. An interesting observation is that the imi-
dazole ring is nearly planar with the triazene moiety, even
for the (Z) forms, in which the amine group has rotated to
avoid steric congestion (Supplementary material, Table
S12).

5-(1-Triazenyl)imidazole-4-carboxamide
5-(1-Triazenyl)imidazole-4-carboxamide (TIC), possesses

the degrees of freedom of TI, and also contains a carboxa-
mide group in which the C=O moiety may exist in either an
s-cis or s-trans relation to the C=C of the imidazole ring.
Eight configurations are expected (Fig. 5).

The (E) s-trans, CO s-cis conformation was the most sta-
ble configuration (Table 4). The (E) isomers are more stable

Table 1. Energies of TI (kJ/mol) relative to (E) s-trans.

MP2/6–31+G(d) B3LYP/6–31+G(d)
(E) s-cis 7.4 6.5
(Z) s-trans 43.5 47.5
(Z) s-cis 29.0 33.1

Fig. 3. The eight forms of 5-(3-methyl-1-triazenyl)imidazole.

Table 2. Energies of MTI (kJ/mol) relative to (E)
s-trans, Me s-cis, ((E) (t,c)).

MP2/6–31+G(d) B3LYP/6–31+G(d)
(E) (t,t) 4.2 1.5
(E) (c,c) 7.2 5.9
(E) (c,t) 11.4 7.3
(Z) (t,c) 57.9 65.2
(Z) (t,t) 45.4 52.4
(Z) (c,c) 62.4 67.4
(Z) (c,t) 28.9 34.9

Fig. 4. The four forms of 5-(3–3-dimethyl-1-triazenyl)imidazole.

Table 3. Energies of DTI (kJ/mol) relative to (E)
s-trans.

MP2/6–31+G(d) B3LYP/6–31+G(d)
(E) s-cis 7.3 5.7
(Z) s-trans 54.7 65.3
(Z) s-cis 59.1 68.8

Fig. 2. The four forms of 5-(1-triazenyl)imidazole.
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than the (Z) isomers (with one exception), and the s-trans
conformers are more stable than the corresponding s-cis
conformers. The CO s-cis forms are more stable than the
corresponding CO s-trans forms. The (Z) s-cis, CO s-cis
conformer is unusually stable because of the internal NH���O
hydrogen bond that can be formed. A short contact is also
found in (Z) s-cis, CO s-trans (CONH���NH2N=N) for those
levels with diffuse basis sets (see Supplementary material,
Table S20), and the carbonyl group twists out of the plane
somewhat at all levels (Supplementary material, Table S19).

5-(3-Methyl-1-triazenyl)imidazole-4-carboxamide
5-(3-Methyl-1-triazenyl)imidazole-4-carboxamide (MTIC)

has 16 possible configurations (Fig. 6). The (E) s-trans (Me
s-cis, CO s-cis) conformer was the most stable (Table 5). All
of the (Z) isomers were higher in energy than the (E) iso-
mers, with one exception, (Z) s-cis, Me s-trans, CO s-cis in
which an internal hydrogen bond is formed between the
amine hydrogen of the triazene and the carboxyl oxygen
(Supplementary material, Table S32). The presence of the
methyl group does not affect much the conformational an-
gles. A stable (Z) s-trans, Me s-trans, CO s-cis structure
could not be found, reverting instead to the Me s-cis form.

5-(3,3-Dimethyl-1-triazenyl)imidazole-4-carboxamide
5-(3,3-Dimethyl-1-triazenyl)imidazole-4-carboxamide

(DTIC), also known as Dacarbazine, has eight possible con-
figurations (Fig. 7).

The (E) s-trans, CO s-cis conformation was the lowest in
energy (Table 6), just as for TIC itself. An interesting obser-
vation is that the (Z) s-cis, CO s-cis conformer is more sta-

ble than the other (Z) forms, as is the case for TIC and
MTIC. This was attributed solely to hydrogen bonding in
TIC and MTIC, but this is not possible for this isomer.
Comparison of this result to MTIC and TIC suggests that
approximately 30–50 kJ/mol of the anomalous stabilization
can be attributed to internal hydrogen bonding. The reason

Fig. 6. The sixteen forms of 5-(3-methyl-1-triazenyl)imidazole-4-
carboxamide.

Table 5. Energies of MTIC (kJ/mol) relative to (E)
s-trans, Me s-cis, CO s-cis.

MP2/6–31+G(d) B3LYP/6–31+G(d)
(E) (t,c,t) 13.1 13.0
(E) (t,t,c) 7.3 4.3
(E) (t,t,t) 19.5 16.0
(E) (c,t,c) 9.0 11.3
(E) (c,t,t) 34.8 32.0
(E) (c,c,c) 14.3 12.3
(E) (c,c,t) 30.3 30.2
(Z) (t,c,c) 62.3 79.5
(Z) (t,c,t) 71.1 82.0
(Z) (t,t,c) (t,c,c) (t,c,c)
(Z) (t,t,t) 60.0 65.5
(Z) (c,c,c) 53.8 63.9
(Z) (c,c,t) 74.9 92.4
(Z) (c,t,c) 19.9 19.5
(Z) (c,t,t) 55.0 65.9

Fig. 5. The eight forms of 5-(1-triazenyl)imidazole-4-carboxamide.
The (Z) (t,c) form reverts to the (c,c) form at the HF/6–31G*, HF/
6–31+G*, MP2/6–31+G*, and B3LYP/6–31+G* levels.

Table 4. Energies of TIC (kJ/mol) relative to (E)
s-trans, CO s-cis.

MP2/6–31+G(d) B3LYP/6–31+G(d)
(E) (t,t) 13.0 12.0
(E) (c,c) 11.8 9.4
(E) (c,t) 28.4 27.4
(Z) (t,c) (c,c) (c,c)
(Z) (t,t) 52.7 58.3
(Z) (c,c) 15.6 15.2
(Z) (c,t) 62.4 72.7
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for the other 20 kJ/mol of stabilization, although elusive,
also exists for MTIC (Z) s-cis, Me s-cis, CO s-cis.

Temozolomide and Mitozolomide
Temozolomide (3,4-dihydro-3-methyl-4-oxoimidazo-[5,1,d]-

1,2,3,5-tetrazine-8-carboxamide, Temodal1, Fig. 8), which
has demonstrated activity against recurrent brain cancer, is
spontaneously hydrolyzed to MTIC under physiological con-
ditions. This contrasts with the behavior of DTIC, which is
poorly metabolized by the human body and is believed to
require oxidative metabolism by hepatic cytochrome P450
enzymes to form MTIC.4 The s-cis conformation is more
stable than the s-trans form (MP2/6–31+G*: 6.0; B3LYP/6–
31+G*, 6.2 kJ/mol). These numbers are comparable to the
difference in energy between (Z) TIC s-trans, CO s-cis and
(Z) TIC s-trans, CO s-trans.

Mitozolomide, which differs from Temozolomide in that a

methyl group is replaced with a chloroethyl group, showed
some initial promise in animal testing,15 but has not proven
effective against human cancer and possesses some serious
toxic effects. In addition to the orientation of the carboxa-
mide group, the chloroethyl group can be either anti-peripla-
nar (app), or in a gauche arrangement either syn to (sg) or
anti to (ag) the triazene moiety, to give six configurations
(Fig. 8). The CO s-cis, Cl app was the most stable con-
former (Table 7). There is little difference (<2.1 kJ/mol) be-
tween the energy of the chloroethyl rotamers, but the s-trans
conformers are at least 6 kJ/mol higher in energy than the
s-cis conformers (cf. Temozolomide).

Tautomerization reactions
TI can undergo tautomerization by a 1,3-hydrogen shift to

form 5-(3-triazenyl)imidazole (TI_T). In the tautomer, the
N=N and C=C double bonds are no longer conjugated, so
we use the designation s-cis and s-trans to refer to the ar-
rangement of the N=N bond with the N–C single bond, or
the C=C bond with the N–N bond. In most cases, the C=C
s-cis arrangement is unstable and reverts to either the s-trans
form or to a form in which the imidazole ring is perpendic-
ular to the triazene moiety (Fig. 9). The TI (E) (t) would in-

Table 6. Energies of DTIC (kJ/mol) relative to (E)
s-trans, CO s-cis.

MP2/6–31+G(d) B3LYP/6–31+G(d)
(E) (t,t) 12.8 13.4
(E) (c,c) 7.7 9.8
(E) (c,t) 29.8 31.1
(Z) (t,c) 68.6 81.5
(Z) (t,t) 68.5 83.2
(Z) (c,c) 49.3 62.9
(Z) (c,t) 83.2 95.0

Fig. 8. The two forms of Temozolomide (TEMO) and six forms of
Mitozolomide (MITO).

Table 7. Energies of MITO (kJ/mol) relative to CO
s-cis, Cl app.

MP2/6–31+G(d) B3LYP/6–31+G(d)
(c,ag) –0.6 1.9
(c,sg) 0.1 2.1
(t,a) 6.5 6.9
(t,ag) 6.9 9.0
(t,sg) 6.2 7.8

Fig. 9. The five forms of 5-(3-triazenyl)imidazole (TI_T) and tran-
sition states for tautomerization.

Fig. 7. The eight forms of 5-(3,3-dimethyl-1-triazenyl)imidazole-4-
carboxamide.

Table 8. Energies of TI_T (kJ/mol) relative to (E) N=N
s-cis, C=C s-trans. TI_T (t,t) and TS are relative to TI (E)
(t), others are relative to TI_T (t,t).

MP2/6–31+G(d) B3LYP/6–31+G(d)
TI_T (E) (t,t) 28.9 26.5
TI_T (E) (c,c) (t,c) 17.4
TI_T (E) (t,c) –5.0 –4.1
TI_T (Z) (t,c) 19.0 27.5
TI_T (Z) (t,t) 28.5 26.6
TS t 172.5 175.2
TS c 175.0 178.7
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terconvert with TI_T (E) (t,t) via the TI_TS t transition
structure. As the TI_T (E) (c,t) form is nonexistent, the TI
(E) (c) could interconvert also with TI_T (E) (t,t) via the
TI_TS c transition structure, although conversion to TI (E)
(t) is believed to be more likely.

The (scaled) zero-point corrected MP2/6–31+G* activa-
tion energy of 172.5 kJ/mol (Table 8) may be compared to
the unscaled activation energy of triazene (173.1 kJ/mol)
and methyltriazene (165.5 kJ/mol).6 The effect of the imida-
zole substituent is small.

MTI, like TI, can undergo tautomerization to form 5-(1-

methyl-3-triazenyl)imidazole (MTI_T, Fig. 10). Only the
(E) forms can interconvert. The MTI and MTI_T (E) (t,t)
forms interconvert via the (E) (t,t) transition state, whereas
the MTI (E) (c,t) form might interconvert via the (E) (c,t)
transition state to the MTI_T (E) (t,t).

The MP2/6–31+G* gas-phase tautomerization barrier of
MTI (157.8 kJ/mol, Table 9) is lower than that of TI (172.5
kJ/mol) and is intermediate6 between that of methyltriazene
(165.5 kJ/mol) and dimethyltriazene (151.8 kJ/mol). A water
molecule can mediate the proton shift and lower the effec-
tive barrier by two simultaneously acting mechanisms: by
hydrating the species involved, lowering their energy, and
by acting as a proton shuffle. The hydration effect lowers
the barrier by approximately 30 kJ/mol by stabilizing both
the reactant (RC) and product complexes (PC) (and, presum-
ably, the TS). The barriers from RC to TS are 79.2 (t,t) and
74.6 (c,t) kJ/mol, which is about half of the barrier of the
uncatalyzed reaction. These are quite comparable to the
hydration energies and barriers of the water-catalyzed tauto-
merization of methyltriazene (–28.4, 78.0 kJ/mol) and dime-
thyltriazene (–30.3, 69.3 kJ/mol).6

MTIC can also undergo tautomerization to form 5-(1-methyl-
3-triazenyl)imidazole-4-carboxamide (MTIC_T, Fig. 11). The

Fig. 10. 5-(1-Methyl-3-triazenyl)imidazole (MTI_T), transition
states to tautomerization, and species involved in water-mediated
tautomerization.

Table 9. Energies of MTI_T (kJ/mol) relative to (E)
C=C s-trans, N=N s-trans. The fourth and fifth rows
are relative to MTI (E) (t,t), the sixth relative to
MTI (E) (c,t). The water-mediated reactions are re-
lative to the separated reactants ((E) MTI (t,t) or
(c,t) + H2O).

MP2/6–31+G(d) B3LYP/6–31+G(d)
(E) (t,c) 2.7 1.7
(Z) (c,c) 34.5 33.1
(Z) (t,t) 48.8 61.9

Gas-phase tautomerization
TS (t) 157.8 166.3
(E) (t,t) 15.8 16.5
TS (c) 151.9 162.5

Water mediated tautomerization
RC (t,t) –32.3 –26.6
TS (t,t) 46.9 42.9
PC (t,t) –16.2 –11.8
SP (t,t) 15.8 16.5
RC (c,t) –28.1 –23.2
TS (c,t) 46.5 43.9
PC (c,t) –21.8 –17.6

Fig. 11. 5-(1-Methyl-3-triazenyl)imidazole-4-carboxamide tauto-
mers (MTIC_T), transition states to tautomerization, and species
involved in water-mediated tautomerization.
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MTIC and MTIC_T (E) (t,t,t) forms interconvert via the
MTIC (t,t,t) transition state, and the MTIC and MTIC_T(E)
(t,t,c) forms interconvert via the MTIC (t,t,c) transition state.
The MTIC (c,t,c) can interconvert with MTIC_T (t,t,c) via
the MTIC (c,t,c) transition state, and the MTIC (c,t,t) can in-
terconvert with MTIC_T (t,t,t) via the MTIC (c,t,t) transition
state.

The MP2/6–31+G* gas-phase tautomerization barrier of
MTIC (147.0 kJ/mol, Table 10 (t,t,c)) is lower than that of
MTI (157.8 kJ/mol), which suggests that the presence of the
amide group stabilizes somewhat the transition state. The
product complexes are stabilized by between 30–35 kJ/mol,
whereas some of the reactant complexes are stabilized by as
much as –60 kJ/mol. This is attributable to the existence of
additional hydrogen bonds in these species. Like the hy-
drated MTI, the barriers from RC to TS are typically 80–85
kJ/mol.

Conclusions

For substituted 4-(1-triazenyl)imidazoles, the (E) forms

are generally more stable than the (Z) forms. For the (E)
forms, the s-trans imidazole conformers are more stable
than the s-cis conformers. The carbonyl of a carboxamide
group at the 5-position on the imidazole ring prefers to be
in an s-cis arrangement. Steric interactions and hydrogen
bonding modify the relative energies of the various con-
formers. A water molecule can catalyze the 1,3-hydrogen
shift in the tautomerization reaction of the triazene moiety.

Supplementary data

Supplementary data for this article are available on the
journal Web site (canjchem.nrc.ca).
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Ab initio studies of the vibrational spectra of some
hydrogen-bonded complexes of fluoroacetylene

Ponnadurai Ramasami and Thomas A. Ford

Abstract: Ab initio molecular orbital theory has been used to compute the properties of a number of hydrogen-bonded
complexes between fluoroacetylene as proton donor and ammonia, water, hydrogen fluoride, phosphine, hydrogen sulfide,
and hydrogen chloride as proton acceptors. The properties considered were the vibrational spectra, the molecular struc-
tures, the hydrogen-bond energies, and the electron densities, and one of the aims of the study was to ascertain whether
there was any evidence of blue-shifting hydrogen-bond character in the complexes formed. The adducts with NH3, H2O,
PH3, and H2S were of the conventional CH���X kind (X = N, O, P, S), with hydrogen-bond energies decreasing in the order
NH3 > H2O > PH3 & H2S. Those formed with HF and HCl showed the presence of three alternative structures; in addition
to the CH���F(Cl) complexes, adducts of the F(Cl)H���F and F(Cl)H���p type were also found to be stationary points on the
potential energy surfaces, with stabilities in the order F(Cl)H���p > CH���F(Cl) > F(Cl)H���F. The hydrogen-bond energies
of the CH���X series correlated with the gas-phase basicities of the proton acceptors; moreover, the CH bond-length
changes, the wavenumber shifts, the complex–monomer infrared intensity ratios of the CH stretching modes, and the
amounts of charge transferred on complex formation were all found to track with the hydrogen-bond energies. All those
properties considered here are consistent with the formation of red-shifting hydrogen bonds, to the exclusion of the blue-
shifting alternatives.

Key words: ab initio, molecular complexes, hydrogen bonding, molecular structures, interaction energies, vibrational spec-
tra, fluoroacetylene.

Résumé : On a fait appel à la théorie des orbitales moléculaires ab initio pour calculer les propriétés d’un certain nombre
de complexes entre le fluoroacétylène, un donneur de proton, et l’ammoniac, l’eau, le fluorure d’hydrogène, le sulfure
d’hydrogène et le chlorure d’hydrogène, des accepteurs de proton. Les propriétés considérées ont été les spectres vibration-
nels, les structures moléculaires, les énergies des liaisons hydrogènes et les densités électroniques et l’un des buts de
l’étude était de déterminer s’il était possible de détecter des données susceptibles de suggérer l’existence d’un déplacement
vers le bleu du caractère de la liaison hydrogène dans les complexes formés. Les adduits avec les NH3, H2O, PH3 et H2S
sont du type CH���X (X = N, O, P, S) et les énergies des liaisons hydrogènes diminuent dans l’ordre NH3 > H2O > PH3 &
H2S. Ceux qui se forment avec HF et HCl montrent la présence de trois types de structures alternatives, en plus des com-
plexes CH���F(Cl); on a aussi observé que les adduits de types F(Cl)H. . .F et F(Cl)H���p sont des points stationnaires sur
les surfaces d’énergie potentielle, avec des stabilités dans l’ordre F(Cl)H���p > CH���F(Cl) > F(Cl)H���F. Les énergies des
liaisons hydrogènes de la série CH���X donnent une bonne corrélation avec les basicités en phase gazeuse des accepteurs
de proton et on a aussi trouvé que les changements dans les longueurs des liaisons CH, les déplacements dans les nombres
d’onde, le rapport des intensités infrarouges complexe/monomère des modes d’élongation CH ainsi que les quantités de
charge transférées lors de la formation du complexe suivent les énergies des liaisons hydrogènes. Toutes les propriétés exa-
minées dans ce travail sont en accord avec la formation de liaisons hydrogènes avec de déplacement vers le rouge, à l’ex-
clusion des déplacements alternatifs vers le bleu.

Mots-clés : ab initio, complexes moléculaires, liaison hydrogène, structures moléculaires, énergies d’interaction, spectres
vibrationnels, fluoroacétylène.

[Traduit par la Rédaction]

Introduction

The intriguing phenomenon of the blue-shifting hydrogen
bond has received a great deal of attention in recent years,

and a number of theories have been put forward to explain
its characteristic properties.1–18 In contrast to the conven-
tional AH���B hydrogen bond, which is manifested by a
lengthening of the AH proton donor bond, a red shift of the
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AH stretching wavenumber, and an enhancement of the in-
frared intensity of the AH stretching vibration,19 the blue-
shifting hydrogen bond exhibits a decrease of the AH bond
length, a shift of the AH stretching mode wavenumber to the
blue, and a diminution of the AH stretching intensity.1 For
conventional hydrogen bonds, A is commonly N, O, F, or
Cl and B is usually N, O, P, or S. For blue-shifting hydro-
gen bonds on the other hand, A can frequently be C or Si.
Whereas the interpretation of the mechanism of the forma-
tion of a conventional hydrogen bond involves the overlap
of a lone-pair orbital associated with the B atom (or of a p-
orbital system) of the proton acceptor and the s* orbital of
the AH bond of the proton donor, that of the blue-shifting
hydrogen bond proposes donation from the lone pair or p

orbital to a s* orbital or a lone pair of the proton donor
more remote from the immediate site of interaction. Many
of the early studies of this phenomenon included complexes
with CHF3 or CHCl3 as the proton donor;1–13 atoms-in-mol-
ecules (AIM)20 calculations,10,11,15 or those employing natu-
ral bond orbital (NBO)21 theory1,10–12,15 to characterize the
electron-density changes revealed that charge typically accu-
mulated in the s*(CF) or s*(CCl) orbitals and (or) in the F
or Cl lone pair orbitals. Two schools of thought have
emerged regarding the interpretation of these electron-den-
sity shifts: one school3,5,11,16 asserts that there is no funda-
mental difference between blue-shifting and red-shifting
hydrogen bonds, whereas the other1,2,6 proposes that a two-
step process is involved with blue-shifting bonds, in which
electron density is first transferred from the proton acceptor
lone pairs to the fluorine lone pairs, leading to an increase in
the CF bond lengths, and then redistributed into the s(CH)
orbital, resulting in a shortening of the CH bond. It was
also observed that, for blue-shifting hydrogen bonding to oc-
cur, the AH stretching vibration of the proton-donor AH
bond should have a negative dipole moment derivative,
qm0/qr(AH),5 and that a subtle balance exists between the
effects of n(B) ? s*(AH) hyperconjugation which favours
AH bond lengthening, and increasing s orbital character and
polarization of the AH bond (rehybridization) which have
the reverse effect.7

It seems that the probability of observing the presence of
a blue-shifting hydrogen bond would be enhanced in com-
plexes in which the proton donor possessed a region of high
electron density, e.g., a fluorine atom or a p orbital system,
slightly remote from the primary site of interaction, to ac-
commodate the electron density redistribution regarded as
an essential component of the interaction. Such a proton do-
nor is fluoroacetylene, which features a CF bond, three F
lone pairs, and a C:C triple bond. We have therefore
studied a series of hydrogen-bonded complexes of HCCF
with NH3, H2O, HF, PH3, H2S, and HCl, to explore the na-
ture of the CH���B hydrogen bonds in this series, and to de-
termine the effect on the hydrogen bond properties of the
position of the proton acceptor atom in the periodic table
(group 15, 16, or 17, and first or second row). Complexes
of HCCF with some of these proton acceptors have been
studied before by other groups, e.g., NH3,22,23 H2O,3,7,23,24

and HF,23,25,26 but this is apparently the first attempt to carry
out a systematic study on the whole range of partner mole-
cules.

Computational methodology
The calculations were carried out using the Gaussian 03

program,27 at the second-order level of Møller–Plesset per-
turbation theory (MP2),28 and with Dunning’s aug-cc-pVTZ
basis set.29–33 The TIGHT convergence criterion was em-
ployed, and the vibrational properties were obtained using
analytical derivatives, except for the heavier complexes,
when numerical derivatives were used.27 The interaction en-
ergies were corrected for basis set superposition error
(BSSE)34 by the Boys–Bernardi procedure,35 using the
COUNTERPOISE option of the program,27 and for zero-
point energy differences. The NBO analysis21 was per-
formed using the POP=NBO keyword.27

Results and discussion

Molecular structures
The optimized structures of the complexes of HCCF with

NH3 and PH3 are of C3v symmetry, with the CH���N(P) an-
gles fixed at 180.08. The H2O and H2S complexes have Cs
symmetry, with the angles between the H���O(S) axis and
the HOH or HSH angle bisectors being close to 1608 and
908, respectively. The HF and HCl complexes are also of
Cs symmetry with H���FH and H���ClH angles of approxi-
mately 1378 and 1078, respectively. The values of the geo-
metrical parameters, and their changes on complexation, are
presented in Table 1, and the equilibrium structures are il-
lustrated in Fig. 1. Tables of the optimized Cartesian coordi-
nates of the complexes are available in the Supplementary
data (Table S1).

Significantly, the signs of all six Dr(CH) are positive, in-
dicating a lengthening of the CH bonds on hydrogen-bond
formation. The increase in CH-bond length falls off in the
order NH3 > H2O > H2S > PH3 > HF > HCl. The increases
in the CC and CF bond lengths follow the same trend for the
first row proton acceptors, but the second row acceptors are
much less sensitive to complexation. The fact that the CH,
CC, and CF bond lengths all increase on complexation indi-
cates a consistent weakening of all three bonds in the HCCF
sub-molecule. The HCCF fragment linearity is preserved,
within 18, in all six complexes. The changes in the XH
bond lengths in the proton acceptor molecules are minimal
and, apart from FCCH���NH3 and FCCH���PH3, the HXH
bond angles change by less than 18. Agreement with previ-
ously reported structures3,7,22–24 is variable.

In the case of the complexes with HF and HCl, two alter-
native equilibrium structures are possible, the ‘‘reversed’’
F(Cl)H���F and the p-bonded F(Cl)H���p species, which are
also minima on the potential energy surfaces. The geometri-
cal data for these four complexes are given in Table 2, and
the plots of their structures in Fig. 2. There are significant
differences between the structures of the reversed and the
p-bonded species. The CH bond length increases are larger
for the XH���p than for the XH���F, the CC bond lengths in-
crease for XH���p and decrease for XH���F, and the reverse
behaviour is observed for the CF bond lengths, whereas the
HF and HCl bond-length changes are substantially larger for
XH���p than for XH���F. Only for the HF bond of the
FH���HCCF p-bonded complex is a literature value available
for comparison.26 The agreement is good.
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Hydrogen-bond energies
The hydrogen-bond energies, corrected for BSSE34 and

for zero-point energy differences, are listed in Table 3.
Some other values have been reported,7,22–26 but again
agreement with our results is tentative, partly owing to the
use of different basis sets. The absolute energies indicate
that, among the complexes with HF and HCl, the p-bonded
complex is the most stable, and is probably the global mini-
mum, followed by the CH���F(Cl) and lastly the F(Cl)H���F,
which are local minima.

The hydrogen-bond energies correlate fairly well with the
gas phase basicities36 of the proton acceptors, with separate

relationships for the NH3–H2O–HF and the PH3–H2S–HCl
series (see Fig. 3), although there is a suggestion that the da-
tum for FCCH�SH2 may indicate some overestimation of the
strength of interaction. Chan et al.37 have correlated the
binding energies of a range of protonated homodimers with
the proton affinities of the bases, and have observed a quad-
ratic relationship. There are insufficient data available to
confirm whether the relationship between the binding ener-
gies and the gas-phase basicities for the heterodimers shown
in Fig. 3 is monotonic throughout the whole range, or
whether the figure represents merely a part of the whole
curve. These authors have also investigated the influence of

Table 1. Geometrical parameters, and their changes on complexation, of the CH���X hydrogen-bonded complexes of HCCF
with NH3, H2O, HF, PH3, H2S, and HCl. Numbers in parentheses are literature values.

Electron donor

Parametera NH3 H2O HF PH3 H2S HCl
r(CH) (pm) 106.98 (107.1b, 107.2c) 106.49 (107.16d, 106.7c) 106.15 (106.3c) 106.26 106.32 106.11
Dr(CH) (pm) 1.06 0.57 (0.53e, 0.56d, 0.56f) 0.23 0.34 0.40 0.19
r(CC) (pm) 120.73 (119.3b) 120.65 120.59 120.62 120.63 120.59
Dr(CC) (pm) 0.20 0.11 (0.12e) 0.05 0.08 0.10 0.06
r(CF) (pm) 128.46 128.37 128.23 128.21 128.21 128.14
Dr(CF) (pm) 0.42 0.33 (0.35e) 0.18 0.17 0.16 0.09
r(XH) (pm) 101.27 96.16 92.29 141.12 133.68 127.57
Dr(XH) (pm) 0.06 0.03 0.11 –0.13 0.05 0.10
ffHXH (8) 106.33 103.78 — 94.70 92.28 —
DffHXH (8) 5.12 –0.33 — 1.07 0.05 —
R(H���X) (pm) 223.08 (228.4b) 216.40 (214.1d) 222.53 290.00 277.12 271.59
ffCH���X (8) 180.0g (179.8c) 179.91 (164.9c) 159.56 (171.9c) 180.0g 176.51 171.14
ffH���XH (8) 112.45 120.93 137.29 122.23 94.19 107.21
ffH���XYh (8) 180.0g 160.08 — 180.0g 96.05 —

aX = N, O, F, P, S, Cl.
bReference 22 (B3LYP/6–311+G(3df,2p)).
cReference 23 (MP2/6–31G(d,p)).
dReerence. 7 (MP2/6–31+G(d)).
eReference 3 (MP2/6–31+G(d,p)).
fReference 24 (MP2/aug-cc-pVTZ).
gFixed.
hY is the centre of the H���H���H triangle of NH3 (PH3) or the mid-point of the H���H line of H2O (H2S).

Fig. 1. Optimized structures of the (a) FCCH�NH3, (b) FCCH�PH3, (c) FCCH�OH2, (d) FCCH�SH2, (e) FCCH�FH, and (f) FCCH�ClH com-
plexes.
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the proton affinity on whether a protonated homodimer is
likely to be symmetric or not,38 but this is not relevant to
the present case. The order of the CH bond-length increases,
shown in Table 1, virtually reflects the order of the gas phase
basicities36 for the first and second row proton acceptors sep-
arately, confirming the correlation between these properties.

Vibrational spectra
The computed wavenumbers and infrared intensities of

the CH���X series of complexes are available in the Supple-
mentary data as Table S2, together with approximate de-
scriptions of the normal modes, for completeness. The
wavenumber shifts and intensity ratios, relative to the unper-
turbed monomers, derived from these data are given in Ta-
ble 4.

The critical mode in the analysis of the vibrational prop-
erties of the hydrogen-bonded complexes considered here is
the CH stretching mode of the HCCF sub-molecule. We
have shown above that the CH bond length increases in all
six complexes of the CH���X series, suggesting that these com-
plexes are of the red-shifting, rather than the blue-shifting,
type. Table 4 shows that the CH stretching mode is indeed
consistently red-shifted by –145.8, –65.2, –18.7, –46.3, –54.5,
and –21.3 cm–1 in the sequence NH3, H2O, HF, PH3, H2S,
and HCl. Moreover, the CH stretching-band intensity in-
creases by factors of 4.95, 3.34, 2.15, 2.94, 3.01, and 2.22
in the same order. Thus the vibrational properties confirm
the structural results that the CH���X complexes behave like
conventional hydrogen-bonded adducts. The wavenumber
shifts are proportional to the hydrogen-bond energies, as
shown in Fig. 4, and once again separate relationships are
found for the first and second row bases. A similar pair of
curves (not shown) was obtained for a plot of the stretching
band intensity enhancements versus the binding energies.
Again, it appears that the results for FCCH�SH2 indicate
some exaggeration of the computed interaction energy. Of
the remaining modes of the HCCF sub-molecule, the CCH
bending vibrations undergo a substantial regular blue shift
and intensity reduction, whereas the CC and CF stretching
and the CCF bending modes are red-shifted by much smaller
amounts. The CC stretching and the CCH and CCF bending
vibrations suffer loss of intensity, whereas the CF stretching

Table 2. Geometrical parameters, and their changes on complexation, of the
XH���F and XH���p hydrogen-bonded complexes of HCCF with HF and HCl
(X = F, Cl). Value for r(XH) in parentheses is a literature value.

Parametera

Proton donora

HF HCl

XH���F XH���p XH���F XH���p
r(CH) (pm) 105.97 106.11 105.95 106.07
Dr(CH) (pm) 0.05 0.19 0.04 0.15
r(CC) (pm) 120.41 120.75 120.47 120.72
Dr(CC) (pm) –0.12 0.22 –0.07 0.18
r(CF) (pm) 128.71 127.51 128.49 127.67
Dr(CF) (pm) 0.66 –0.53 0.45 –0.38
r(XH) (pm) 92.31 92.96 (92.2b) 127.56 128.27
Dr(XH) (pm) 0.13 0.78 0.08 0.80
R(H���F) (pm) 207.11 — 227.05 —
R(H���C(H)) (pm) — 257.04 — 270.57
R(H���C(F)) (pm) — 304.91 — 314.77
ffXH���F (8) 175.69 — 161.28 —
ffH���FC (8) 123.93 — 113.62 —
ffXH���C(H) (8) — 146.46 — 148.61
ffXH���C(F) (8) — 135.95 — 137.30

aX = F, Cl; atoms H and F in parentheses distinguish between the carbon atoms
bonded to H and F.

bReference 26 (MP2/6–311++G(d,p)).

Fig. 2. Optimized structures of the (a) FH�FCCH reversed, (b)
ClH�FCCH reversed, (c) FH�HCCF p-bonded, and (d) ClH�HCCF
p-bonded complexes.
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intensity increases uniformly. The perturbations of the
modes of the proton acceptor molecules are quite modest.

The vibrational properties of the alternative structures of
the complexes with HF and HCl are given in the Supple-
mentary data (Table S3), and the wavenumber shifts and in-
tensity ratios in Table 5. In the case of the reversed
F(Cl)H���F bonded complexes, the perturbations of the
monomer spectroscopic properties are relatively insignifi-
cant, reflecting the very low energies of interaction; none of
the wavenumber shifts of ClH�FCCH exceeds 10 cm–1. Those
of FH�FCCH are marginally larger, the major shift being that
of the hydrogen-bonded HF stretching mode (–27.7 cm–1).
The corresponding hydrogen-bonded HCl stretching mode

shift is only –5.8 cm–1. These results contrast with the no-
ticeably larger changes in the spectroscopic properties of
the F(Cl)H���p complexes, in which the hydrogen-bonded
HF and HCl stretching wavenumber shifts are –183.8
and –113.7 cm–1 and their intensities are enhanced by fac-
tors of almost 5 and 8, respectively. These complexes repre-
sent two further examples of conventional hydrogen-bonded
complexes with characteristic red-shifting behaviour.

Electron-density redistributions
An NBO21 analysis of the various complexes indicates

that for the CH���X species, in which HCCF is the proton
donor, the source of the interaction is a donation of charge

Table 3. Hydrogen-bond energies of the complexes of HCCF with NH3, H2O, HF, PH3,
H2S, and HCl.

Partner molecule Structure

DE (kJ mol–1)

This work Literature
NH3 CH���N (C3v) –10.66 –9.8a, –17.0b

H2O CH���O (Cs) –8.45 –10.54b, –24c, –11.8d

HF CH���F (Cs) –3.97 –5.5b

HF FH���p (Cs) –8.68 –3.5e, –8.83f

HF FH���F (Cs) –0.13
PH3 CH���P (C3v) –4.01
H2S CH���S (Cs) –3.99
HCl CH���Cl (Cs) –2.48
HCl ClH���p (Cs) –6.76
HCl ClH���F (Cs) –1.06

aReference 22.
bReference 23.
cReference 7.
dReference 24.
eReference 25.
fReference 26.

Fig. 3. Plots of the hydrogen-bond energies versus the gas phase basicities of the proton acceptors.
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Table 4. Wavenumber shifts and intensity ratios, relative to the unperturbed monomers, of the normal modes of the
CH���X complexes of HCCF with NH3, H2O, HF, PH3, H2S, and HCl.

Symmetry Mode Wavenumber shift (cm–1) Intensity ratio Wavenumber shift (cm–1) Intensity ratio
FCCH�NH3 FCCH�PH3

a1 n1 –5.1 0.70 –46.3 2.94
n2 –145.8 4.95 7.2 1.11
n3 –23.9 0.45 –9.5 0.77
n4 38.9 1.10 –5.0 1.22
n5 –13.5 1.58 –3.4 2.24

e n7 –7.7 1.49 8.3 0.79
n8 –0.3 1.15 –1.4 0.89
n9 193.1 0.90 60.7 0.63
n10 –2.5 0.17 –3.1 0.56

FCCH�OH2 FCCH�SH2

a’ n1 –2.3 1.99 –54.5 3.01
n2 –65.2 3.34 –3.5 9.44
n3 –13.1 0.61 –10.2 0.74
n4 1.6 0.99 –1.4 0.61
n5 –8.8 1.39 –5.4 1.36
n6 112.6 0.87 70.9 0.67
n7 –2.5 0.27 –2.9 0.53

a@ n11 –4.4 1.18 –3.5 2.87
n12 139.4 0.99 77.6 0.65
n13 –2.0 0.32 –2.8 0.52

FCCH�FH FCCH�ClH
a’ n1 –15.9 1.21 –21.3 2.22

n2 –18.7 2.15 9.3 1.10
n3 –5.7 0.78 –5.2 0.84
n4 –4.3 1.21 –2.8 1.25
n5 73.6 1.00 53.5 0.74
n6 –0.8 0.54 –1.2 0.64

a@ n10 66.1 0.96 44.3 0.76
n11 –0.9 0.51 –1.5 0.65

Fig. 4. Plots of the CH stretching wavenumber shifts versus the hydrogen-bond energies.
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from a lone-pair orbital of the proton acceptor to the s*(CH)
orbital of HCCF, in accordance with the standard interpreta-
tion of a conventional red-shifting hydrogen bond. These re-
sults are summarized in Table 6.

For the p-bonded structures of the complexes with HF
and HCl, the donation is from a p(CC) orbital of HCCF to

the s* orbital of HF or HCl. In addition, there is a counter-
donation from the non-bonding F or Cl orbitals and the s

orbitals of HF or HCl to the p*(CC) orbital of HCCF. In
the case of the reverse F(Cl)H���F structures, the interaction
is between a F lone pair of HCCF and the s*(HF) or
s*(HCl) orbital and, in addition, in FH�FCCH, a donation
from s(HF) of HF to s*(CF) of HCCF. In quantitative
terms, the amounts of charge redistributed as a result of hy-
drogen bond formation are presented in Tables 7 and 8.

The net amounts of charge transferred in the CH���X com-
plexes (Table 7) correlate with the hydrogen-bond energies,
again with separate relationships (not shown), for the NH3,
H2O, HF and the PH3, H2S, HCl proton acceptors, as ob-
served for the CH stretching wavenumber shift relationship
in Fig. 4. For the alternative structures of the HF and HCl
complexes, there is a considerably greater degree of charge
transfer involved in the XH���p complexes than in the
XH���F, and in each case this is more pronounced for the
HF than for the HCl adduct (Table 8).

Summary
These calculations have shown that the hydrogen-bonded

Table 5. Wavenumber shifts and intensity ratios, relative to the unperturbed monomers, of the normal modes of the re-
versed XH���F and XH���p complexes of HCCF with HF and HCl.

Symmetry Mode Wavenumber shift (cm–1) Intensity ratio Wavenumber shift (cm–1) Intensity ratio
FH�FCCH ClH�FCCH

a’ n1 –27.7 2.47 –3.1 1.05
n2 –4.5 1.09 –5.8 2.24
n3 0.0 0.92 –1.3 0.92
n4 –13.7 1.15 –9.7 1.07
n5 14.5 0.93 8.7 0.94
n6 –3.8 5.47 –6.6 0.88

a@ n10 12.5 0.97 7.8 0.97
n11 –12.9 1.40 –8.5 0.68

FH���p ClH���p
a’ n1 –183.8 4.90 –16.8 1.12

n2 –20.7 1.21 –113.7 7.94
n3 –4.6 1.02 –6.0 1.00
n4 8.7 1.02 5.8 0.76
n5 37.7 1.47 15.8 1.36
n6 15.9 1.95 5.4 1.91

a@ n10 –2.8 1.45 –6.0 0.98
n11 2.5 0.31 0.1 1.61

Table 6. Major interorbital interactions of the complexes of HCCF with NH3, H2O, HF, PH3, H2S, and HCl.

Partner molecule Structure

Electron density redistribution

Forward donation Back donation
NH3 CH���N (C3v) n(N) ? s*(CH) None
H2O CH���O (Cs) n(O) ? s*(CH) None
HF CH���F (Cs) n(F) ? s*(CH) None
HF FH���p (Cs) p(CC) ? s*(HF) n(F) ? p*(CC), s(HF) ? p*(CC)
HF FH���F (Cs) n(F) ? s*(HF) s(HF) ? s*(CF)
PH3 CH���P (C3v) n(P) ? s*(CH) None
H2S CH���S (Cs) n(S) ? s*(CH) None
HCl CH���Cl (Cs) n(Cl) ? s*(CH) None
HCl ClH���p (Cs) p(CC) ? s*(HCl) n(Cl) ? p*(CC), s(HCl) ? p*(CC)
HCl ClH���F (Cs) n(F) ? s*(HCl) None

Table 7. Shifts of atomic electron density (in me) on formation of
the CH���X complexes of HCCF with NH3, H2O, HF, PH3, H2S,
and HCl.

Atoma

Proton acceptor

NH3 H2O HF PH3 H2S HCl
H 34.3 27.1 16.1 12.9 12.0 7.7
C(H) –3.9 1.4 0.5 –2.0 –2.2 –1.5
C(F) –34.2 –28.0 –16.2 –14.8 –13.4 –8.3
F –8.1 –6.7 –3.8 –3.5 –3.2 –2.0
Net proton donor –11.9 –6.1 –3.3 –7.5 –6.8 –4.1
X –5.8 –12.6 –3.8 –13.1 –4.5 –0.9
H 5.9 9.4 7.1 6.9 5.7 4.9
Net proton acceptor 11.9 6.2 3.3 7.6 6.9 4.0

aX = N, O, F, P, S, and Cl.

722 Can. J. Chem. Vol. 88, 2010

Published by NRC Research Press

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

U
ni

ve
rs

ity
 o

f 
E

le
ct

ro
ni

c 
an

d 
Sc

ie
nc

e 
T

ec
ho

no
lo

gy
 o

f 
C

hi
na

 o
n 

09
/1

7/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



complexes formed between HCCF and NH3, H2O, PH3, and
H2S are exclusively of the CH���X type, and are of the red-
shifting variety, with no evidence of shortening of the CH
bonds, nor of perturbations of the CH stretching wavenum-
bers to higher values. The complexes with HF and HCl are
of three types: CH���F(Cl), F(Cl)H���F, and F(Cl)H���p, with
interaction energies in the sequence F(Cl)H���p >
CH���F(Cl) > F(Cl)H���F. These six complexes are also uni-
formly red-shifting, leading to the conclusion that, despite
the presence of a fluorine atom and a C:C bond, HCCF
does not possess sites of sufficiently high electron density
to encourage the kind of density redistribution which charac-
terizes the blue-shifting family of hydrogen bonds. There is
evidence that blue-shifting hydrogen bonding is observed
only when the proton donor is rather weak. In the case of
the complexes studied here, apparently the HCCF donor
strength is sufficiently high to dominate the range of ef-
fects which determine the nature of the hydrogen bonds
formed.

Supplementary data

Supplementary data for this article are available on the
journal Web site (canjchem.nrc.ca).
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H 3.6 11.4 3.9 12.4
Net proton donor –2.7 –9.6 –2.3 –8.0

aX = F and Cl.
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The first series of alkali dipyrrinato complexes

Adeeb Al-Sheikh Ali, Judy Cipot-Wechsler, Sarah M. Crawford, Omar Selim,
Rhonda L. Stoddard, T. Stanley Cameron, and Alison Thompson

Abstract: The first series of alkali dipyrrinato complexes is reported, encompassing lithium, sodium, and potassium salts
of meso-unsubstituted and meso-aryl-substituted derivatives. By varying the substituents at the meso position, the intermo-
lecular distance between the two nitrogen atoms and thus the k2-N,N-bidentate bite angle was altered, as confirmed by
comparison of crystallographic structures of dipyrrin free-bases in the solid-state. The mode of bonding varies as the ionic
radius of the metal ion increases: solid-state structures reveal lithium to be accommodated in the plane of the dipyrrinato
unit, whilst sodium is accommodated out of plane. The reactivity of analogous lithium, sodium, and potassium dipyrrinato
complexes increases as the ionic radius of the metal ion increases, in keeping with the concept that the complexes tend
towards an increasingly ionic nature as the size of the alkali metal increases.

Key words: dipyrrin, dipyrrinato, alkali salts, monoanionic bidentate, N,N-chelation, pyrrolic.

Résumé : On rapporte la préparation de la première série de complexes dipyrrinato alcalins comportant les sels de lithium,
de sodium et de potassium de dérivés méso non substitués et méso substitués par des groupes aryles. En faisant varier la
nature des substituants en position méso, on modifie la distance intermoléculaire entre les deux atomes d’azote et, en
conséquence, l’angle de morsure k2-N,N du bidentate, tel que confirmé par une comparaison des structures cristallographi-
ques des bases libres dipyrrines à l’état solide. Le mode de liaison varie avec une augmentation du rayon ionique de l’ion
métallique; les structures à l’état solide révèlent que le lithium s’accommode dans le plan de l’unité dipyrrinato alors que
le sodium est accommodé hors du plan. La réactivité des complexes analogues du lithium, du sodium et du potassium aug-
mente avec une augmentation du rayon ionique du métal ionique, en accord avec le concept que les complexes tendent
vers une nature de plus en plus ionique avec une augmentation de la taille des métaux alcalins.

Mots-clés : dipyrrine, dipyrrinato, sels alcalins, bidentate monoanionique, N,N-chélation, pyrrolique.

[Traduit par la Rédaction]

Introduction
The N–H hydrogen atom of dipyrrins (Fig. 1), best-known

for their presence in 4,4-difluoro-4-bora-3a,4a-diaza-s-inda-
cenes (BODIPYs),1 can be formally deprotonated to give
the monoionic conjugated dipyrrinato species that can act as
a bidentate ligand for the synthesis of supramolecular as-
semblies and discrete complexes.2 Crucially, dipyrrinato li-
gands generally adopt a (Z)-syn-type arrangement and thus
chelate in a k2 manner.3,4 Although dipyrrinato metal com-
plexes have been reported for M+ species, such as thal-
lium(I)5 and rhodium(I),6 alkali complexes involving the
dipyrrinato ligand were unknown before our recent commu-
nication involving lithium.7 We showed that the monoa-
nionic source of the ligand, rather than the corresponding
free base or its protonated derivative, gave access to unpre-
cedented reactivity and previously inaccessible heteroleptic
zinc(II) complexes. Our work was followed by an example
whereby a lithium dipyrrinato complex was used to generate
heteroleptic iron(II) and zinc(II) complexes.8 Porphyrins,

which can be formed from the condensation of two appro-
priately substituted dipyrrins, undergo deprotonation to give
the di-ionic tetradentate ligand, and alkali metalloporphyrins
have been well-documented,9 as has the synthetic utility of
such complexes in transmetallation reactions to obtain
Ag(I), Zn(II), Cd(II), Hg(II), Cu(II), Sn(II), and Fe(III) com-
plexes of porphyrins.10 As lithium, sodium, and potassium
complexes of porphyrins have all been reported,11 we found
it surprising that alkali complexes of the dipyrrinato ligand
were unknown before our work, apart from a single example
of a lithium-cryptand-dipyrrinato complex in solution:12 such
derivatives of related b-diketiminato (NacNac),13,14 porphodi-
methene,15 pyrroloimine,16,17 and amino-pyrrole18,19 skeletons
are well-known.

Many recent advances in coordination chemistry and cat-
alysis have been dependent upon the utility of stable N,N-
bidentate monoanionic ligands. To this end, b-diketiminato
ligands have attracted much attention as spectator ligands:
they are isoelectronic to the cyclopentadienyl anion; they

Received 25 September 2009. Accepted 23 November 2009. Published on the NRC Research Press Web site at canjchem.nrc.ca on
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strongly coordinate to metal centers; and the reactivities of
metal centers can be tuned by changing the steric and elec-
tronic properties of the substituents at the nitrogen atoms.
The b-diketiminato ligand20,21 has a similar N,N-bidentate
monoionic framework to the dipyrrinato ligand (Fig. 2).
However, the ability of the dipyrrinato unit to support cata-
lytically active metal centers has yet to be systematically ex-
amined.2 There are limited examples of dipyrrins used as
chelating ligands for transition-metal fragments, with no ex-
amples to date exploring the potential catalytic utility of the
resulting complexes, although, in a recent report, an iron(II)
dipyrrinato complex was shown to undergo C–H bond ami-
nation from an organic azide, hinting towards functional
possibilities.8 The lack of systematic exploration is some-
what surprising given the likely useful structural features of
the monoanionic dipyrrinato ligand, e.g., a hard nitrogen do-
nor pair, the formation of a six-membered ring upon metal
coordination, and access to derivatives bearing variable
steric and electronic substituents. Traditionally, dipyrrinato
complexes have been prepared using either HX salts or
free-bases as the source of the ligand. Clearly, these ioniza-
tion states limit the potential for the synthesis of dipyrrinato
complexes with a diverse array of metal fragments, and it
thus follows that alkali dipyrrinato complexes would be of
interest.

One of the structural locations upon dipyrrinato ligands
that can easily be modified is the meso position (Fig. 1).
The term ‘‘meso’’ is borrowed from the chemistry of por-
phyrins, and is routinely applied to dipyrrins to identify the
methylene position between the two pyrrolic units. By vary-
ing the substituents at the meso position, we hoped to alter
the intermolecular distance between the two nitrogen atoms,
and thus influence the C4–C5–C6 angle, and thus the bite
angle, of the dipyrrinato ligand. As a result, the mode of
bonding and the reactivity of the alkali dipyrrinato com-
plexes would be anticipated to vary. Herein, we compare

the solid-state structures of dipyrrinato salts and free-bases,
and report our work regarding meso-unsubstituted and
meso-substituted lithium, sodium, and potassium complexes
involving the dipyrrinato ligand.

Results and discussion

To investigate the stability and properties of alkali dipyr-
rinato complexes, three free-base dipyrrins were synthesized
(Scheme 1); one dipyrrin unsubstituted at the meso position
and two new dipyrrins bearing aryl groups at the meso
position. We maintained the symmetrical bis(1,3-dimethyl-
2-ethyl) substitution pattern across the series by using kryp-
topyrrole in all of our syntheses. The meso-unsubstituted
dipyrrin 1HBr22,23 was prepared by reacting kryptopyrrole
with formic acid in the presence of HBr, and we then grew
crystals of this salt via slow cooling of the reaction mixture.
Liberation of the free-base 1 could be achieved using either
lithium hydride or ammonium hydroxide.7 The meso-phenyl
and meso-p-CF3-phenyl dipyrrins 2 and 3, respectively, were
prepared initially as their hydrochloride salts by reacting the
corresponding acid chloride with kryptopyrrole. The salts
were purified over silica gel to remove any unreacted start-
ing materials as well as the major ketone byproduct (the
structure of 4-ethyl-3,5-dimethyl-2-phenylacetylpyrrole, the
intermediate en route to 2, was confirmed using X-ray crys-
tallography, see Experimental section). Treatment of 2HCl
and 3HCl with satd. NaHCO3 gave the requisite free-bases
in analytically pure form after purification over basic alu-
mina. The low yields of 2 and 3 were attributed to the steric
and electronic factors of the persistent ketone intermediates.

Reacting a THF solution of free-base 1 with nBuLi gave
clean conversion to the lithium dipyrrinato complex 4a
(Table 1), which was crystallographically characterized as
4a and 4a�(THF)2.7 As detailed in our previous communica-
tion, the structural features of 4a�(THF)2 are consistent with
the relevant N–Li and N–C bond lengths of related lithium
diketiminato complexes (b-diketiminato backbone substi-
tuted with either methyl24 or tert-butyl groups25) that include
at least one solvent ether molecule. However, the N–Li–O
angles in 4a�(THF)2 are contracted relative to those of re-
lated lithium b-diketiminato structures containing only one

Fig. 1. Dipyrrin and the monoanionic dipyrrinato skeleton.

Fig. 2. Dipyrrinato skeleton as compared to the b-diketimato
framework.

Scheme 1. Synthesis of dipyrrins 1–3.
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coordinated solvent molecule (average 130.88),24,25 presum-
ably due to steric crowding.

The THF-free solid-state structure of 4a and the THF-
supported structure exhibit significant differences in bond
lengths and angles, as we previously reported.7 For example,
the N–Li average distance is 1.39(1) Å in 4a, compared with
1.98(1) Å in 4a�(THF)2, akin to the Li–N bond length in re-
lated lithium diketiminato13,14,25,26 and porphyrin complexes.11

Furthermore, the acute C4–N1–Li and C6–N2–Li bond angles
in 4a are only 95.3(4)8 and 96.4(4)8, respectively. The bond
angles, the planarity of the six-membered chelate ring, and
the short N–Li distances in the solid-state structure of 4a are
consistent with an otherwise uncoordinated lithium atom,
which is somewhat of a rarity.24

The meso-unsubstituted sodium dipyrrinato complex (4b)
was prepared via the slow addition of an ethereal solution
of sodium bis(trimethylsilyl)amide to an ethereal solution of
the free-base 1. An orange precipitate was immediately
formed, the reaction mixture was filtered over Celite, and
the residue was washed with ether to remove unreacted
free-base and other byproducts. Subsequently, the product
was dissolved in THF, the solution was filtered over Celite,
and then the solvent was removed in vacuo.

The meso-unsubstituted dipyrrinato sodium complex (4b)
was crystallographically characterized after a suitable dark-
red crystal was obtained from the slow evaporation of sol-
vent from a concentrated THF solution. The X-ray structure
of 4b (Fig. 3) reveals an oligomer where complexed sodium
ions are positioned within non-planar six-membered rings
via N,N’-chelation, in contrast to the corresponding dipyrri-
nato lithium complex7 whereby the lithium atom was found
to be positioned between the two nitrogen atoms in a dis-
crete planar six-membered ring. The structure of 4b contains
three unique sodium atoms: Na(1), which is on an inversion
centre, Na(2), which is in a general position, and Na(3),
which is on a twofold axis. Thus, while there are three
unique sodium atoms, Na(1) and Na(3) have only half occu-
pancy. The Na(1)–Na(2) distance is 3.247(1) Å, and the
Na(2)–Na(3) distance is 3.541(2) Å. Although these are

long, they are arguably just within a van der Waals radius,
with the chain of sodium atoms of course propagated by the
inversion centre giving a second Na(1)–Na(2) distance of
3.247(1) Å and a Na(3)–Na(2) distance of 3.541(2) Å. The
coordination about Na(1) is a near-regular octahedron with
two dipyrrinato units and two THF molecules, obviously
with pairs related by the inversion centre. The coordination
about Na(3) is an approximate five-coordinate square-based
pyramidal system with two dipyrrinato units in the base and
a THF molecule with its oxygen atom displaced just slightly
off the twofold axis. The coordination about the central
Na(2) atom is again five-coordinate with a very distorted
square-based pyramid. The two dipyrrinato units are in the
base but the THF molecule and its oxygen atom are well-
displaced to one side. All of the ligands (except the THF
molecule coordinated to Na(3)) do double duty, coordinating
and bridging between two sodium atoms. Thus, between
Na(1) and Na(2) there are two dipyrrinato units and the one
(displaced) THF bridging the short (3.247 Å) Na(1)–Na(2)
distance. However, a THF molecule is absent from the
bridging position between Na(2) and Na(3), and just two di-
pyrrinato units bridge that longer gap (3.541(2) Å). In all,

Table 1. Synthesis of meso-substituted alkali metal dipyrrinato complexes.

Compound R Base M Solvent Isolated yield (%)
4a H BuLi Li THF 95
4b H NaN(SiMe3)2 Na Et2O 74
4c H KCH2Ph K THF 66
5a Ph BuLi Li THF 50
5b Ph NaN(SiMe3)2 Na Et2O 63
5c Ph KN(SiMe3)2 K THF 73
6a p-CF3–Ph LiN(SiMe3)2 Li THF 81
6b p-CF3–Ph NaN(SiMe3)2 Na THF 91
6c p-CF3–Ph KN(SiMe3)2 K THF 83

Fig. 3. The X-ray structure of sodium dipyrrinato complex 4b,
shown with probability ellipsoids of 50% (hydrogen atoms and
THF molecules omitted for clarity; the end of the oligomer and the
attached side chains are disordered in two slightly different
orientations; disorder not shown).
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the close approach of the sodium atoms to each other is a
consequence of the bridging ligands and probably has no
bonding significance.

The bond angles C4–C5–C6 and C21–C22–C23 for the
two dipyrrinato units in the solid-state structure of 4b were
decreased to 132.9(3)8 and 132.8(4)8, respectively, com-
pared with 148.7(3)8 in the free-base 1. Although the C4–
C5–C6 angles in 4b were found to be close to those for the
lithium dipyrrinato complex (4a), the larger ionic size of the
sodium ion, compared with the lithium ion, prevented a pla-
nar geometry of the complex; as a result, the sodium ion is
accommodated out of the dipyrrinato plane. As expected, the
N–Na bond lengths of 4b (average 2.53(4) Å) are longer
than the N–Li bond lengths of 4a�(THF)2 (1.98(1) Å). Such
a comparison suggests that the ionic nature of alkali dipyrri-
nato complexes increases as the ionic radii of the metal in-
crease. Related sodium diketiminato complexes exhibit the
same trend as our dipyrrin analogues, e.g., Na–N bond
length of 2.395(6) Å (cf. Li–N bond length of 1.9975(7)
Å26) with the lithium ion being accommodated in plane and
the sodium ion being accommodated out of plane.

The meso-unsubstituted potassium dipyrrinato complex
(4c) was prepared using benzyl potassium (KCH2Ph) as the
base. As KCH2Ph27 is insoluble in diethyl ether, THF was
used as the reaction solvent. Upon the addition of a THF
solution of benzyl potassium to a THF solution of the free-
base 1, the potassium dipyrrinato complex (4c) instantly pre-
cipitated as an orange solid. The solvent was removed in
vacuo and the solid was washed with ether and then hex-
anes. The poor solubility of 4c hindered attempts to secure
a crystal suitable for crystallographic analysis, and despite
much effort, we were unsuccessful in this regard. Further-
more, we were unable to crystallize any compounds bearing
meso-aryl substituents.

Interested in how the C4–C5–C6 bond angle and the N–N
intramolecular distance affect the coordination geometry of
dipyrrinato complexes, we grew crystals of the three free-
bases 1–3 via the slow evaporation of solvent from concen-
trated pentane solutions. With our hypothesis being that the
nature of the meso-substituent would dramatically affect the
C4–C5–C6 bond angle, and thus the N–N intramolecular
distance and chelating bite angle, we were pleased that the
X-ray crystallographic analysis revealed a dramatic decrease
of the C4–C5–C6 angle from the meso-unsubstituted dipyr-
rin (1) [C4–C5–C6 bond angle, 148.7(3)8] (Fig. 4) to the
substituted dipyrrins 2 [C4–C5–C6 bond angle, 124.8(2)8]
(Fig. 5) and 3 [C4–C5–C6 bond angle, 124.1(2)8], respec-
tively (Fig. 6). Moreover, as the C4–C5–C6 angle decreases
across the series 1–3, the intermolecular distance between
the nitrogen atoms also decreases (2.73 Å for 1, 2.69 Å for
2, and 2.66 Å for 3) and hence the bonding mode of com-
plexation of the corresponding dipyrrinato ligands would be
expected to vary, in terms of bite angle and so forth.

Despite the plethora of known dipyrrin salts and free-
bases,2 only a small number of refined crystal structures
have been reported: the N–N intramolecular distances, the
C4–C5–C6 angles, and the geometry across the central al-
kenyl bond of reported salts and free-bases are collated in
Table 2, along with those for 1HBr. Interestingly, the
148.78 C4–C5–C6 angle in the free-base 1 is much larger
than in the known free-bases 728 and 829 (127.08 and

126.18, respectively) and the salts 1HBr (133.88), 14,30

15,31 16,32 17,33 and 1834 (within the range 132.18–136.08),
despite the fact that all bear hydrogen atoms at the meso po-
sition. The significantly different sizes in the C4–C5–C6 an-
gle are presumably a consequence of (i) the substituents that

Fig. 4. The X-ray structure of dipyrrin 1, shown with probability
ellipsoids of 50% (hydrogen atoms were omitted for clarity; the
structure solves in either Pbca or in Pca21; R value in Pbca is
5.7%, and 5.1% in Pca21; the higher symmetry space group has
been chosen; the pyrrole C and N atoms are in slightly disordered
positions and the N–H hydrogen atom has not been located, since it
sits on the disordered N–C bridge).

Fig. 5. The X-ray structure of dipyrrin 2, shown with probability
ellipsoids of 50% (hydrogen atoms were omitted for clarity).

Fig. 6. The X-ray structure of dipyrrin 3, shown with probability
ellipsoids of 50% (hydrogen atoms were omitted for clarity;
CH2CH3 disorder is not shown).
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Table 2. N—N distance, C4–C5–C6 angle, and configuration for
solid-state dipyrrins (geometric data rounded to ±0.01 Å and ±18).

Table 2 (Concluded).
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flank the meso position, and (ii) the strength and nature of
the intramolecular NH–H hydrogen bonding in which the
N-H hydrogen atom(s) partake(s).

Our meso-aryl free-bases 2 and 3 compare well with the
known meso-aryl dipyrrin free-bases 9,35 10,4 11,36 12,37

and 13,38 and the known dipyrrin salt 19:38 all exhibit Z con-
figuration across the alkenyl bond, all have their N atoms
aligned with syn geometry (as necessary for chelated com-
plexation), all possess an N–N intramolecular distance of
around 2.7 Å (2.8 Å for the salt), and all exhibit a C4–C5–
C6 angle of 1238–1248 (121.78 for the salt). As shown in
Table 2, the meso-aryl substituted dipyrrin salts 20,4 21,39

and 2240 exhibit either an E configuration or anti geometry,
and therefore the C4–C5–C6 angles and N–N intramolecular
distances cannot be usefully compared to those of 2 and 3.
All of the free-bases, whether meso-substituted or not, ex-
hibit Z configuration across the central alkenyl bond, pre-
sumably to accommodate intramolecular NH–H hydrogen
bonding. This configuration clearly predisposes the ability
of such ligands to act as bidentate chelating ligands.

We previously reported7 that the reaction of lithium di-
pyrrinato complex (4a) with ZnCl2 gives unprecedented ac-
cess to heteroleptic zinc complexes (Scheme 2). To further
benchmark the reactivity of alkali dipyrrinato complexes as
reagents in simple salt-elimination reactions, a solution of
the sodium dipyrrinato complex (4b) in THF was added
dropwise to a stirring solution of a stoichiometric amount of
anhydrous ZnCl2 in THF. After stirring for 1 h at room tem-
perature, the solvent was removed in vacuo and a 1H NMR
spectrum of the crude material revealed a mixture of the ho-
moleptic species 2323 and the heteroleptic species 247 in ap-
proximately equal ratios (Scheme 2). Interestingly, although
23 and 24 are the only two products observed in the reaction
of the dipyrrinato analogue 4a with ZnCl2, in that instance,
the formation of the heteroleptic species 24 was by far dom-
inant.7 Thus, moving from the lithium salt to the sodium salt
dramatically altered the course of the reaction. A similar re-
action employing the potassium dipyrrinato analogue (4c)
was also conducted, whereby a suspension of 4c in THF
was utilized, multiple and intractable products were thus
generated, none of which were the known complexes 23
and 24. This series of experiments reveals the differing reac-
tivity of alkali dipyrrinato complexes and lends further sup-
port to the notion that the ionic nature of the complexes
increases as the ionic radii of the metal increase.

With alkali dipyrrinato complexes of lithium, sodium, and
potassium in hand, we turned our attention to the meso-aryl
dipyrrins 2 and 3 to expand the series. Lithium (5a), sodium
(5b), and potassium (5c) meso-phenyl dipyrrinato complexes
were prepared using butyl lithium, sodium bis(trimethylsily-
l)amide, and potassium bis(trimethylsilyl)amide, respec-
tively, as the source of the metal ions. Similarly, the alkali
meso-p-CF3-C6H4 dipyrrinato complexes 6a–6c were pre-
pared from the corresponding free-base 3 using the metal
bis(trimethylsilyl)amide as the source of the metal ion. The
yields and procedures are summarized in Table 1. Taking
advantage of the phenomenon that the dipyrrins 2 and 3 are
soluble in pentane while the alkali complexes are not, the
resultant meso-substituted alkali dipyrrinato metal com-
plexes 5a–5c and 6a–6c were repeatedly washed with pen-
tane to remove unreacted free-base and other byproducts.
Unfortunately, and despite much effort, we were unsuccess-
ful in growing X-ray-quality crystals of any alkali dipyrri-
nato complexes bearing meso-aryl substituents.

The 15N NMR chemical shifts for dipyrrins, their salts,
and their complexes are diagnostic,23 and this technique gen-
erally allows for the characterization of nitrogen-containing
heterocyclic compounds, as noted by others.41–43 With our
current work, the published 15N dipyrrinato chemical-shift
ranges23 can now be expanded to include alkali dipyrrinato
complexes. As indicated in Fig. 7, the 15N chemical shifts
for the complexes 4–6 reported here do not overlap with
their corresponding free-base dipyrrins 1–3. Indeed, the
chemical shifts dramatically increase from the range of –162
to –164 ppm for the free-bases 1–3 to the range of –219
to –231 ppm for the alkali metal complexes 4–6.

Curiously, the 13C NMR spectra for the sodium and potas-
sium dipyrrinato complexes with meso-aryl substituents ex-
hibited low signal/noise ratios. Indeed, many more than the
expected number of scans were required to attain signals for
all of the carbon atoms, and with our expectations based on
concentrations of solutions and our experience with other di-
pyrrinato complexes, we were unable to find a convincing
rationale for this phenomenon but were nevertheless able to
assign all signals.

Conclusions
In summary, this work represents the first synthesis and

characterization of a series of alkali dipyrrinato complexes.

Scheme 2. Reactions of alkali dipyrrin complexes.
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Three ligands bearing different substituents at the meso posi-
tion have been utilized, along with lithium, sodium, and po-
tassium metal ions. Variation of the substituent at the meso
position altered the C4–C5–C6 angle of the dipyrrinato unit.
The alkali dipyrrinato complexes were characterized on the
basis of spectroscopic techniques, including 15N NMR spec-
troscopy, which was used as a diagnostic indication for
these compounds. In contrast to the lithium dipyrrinato com-
plex (4a), which adopted k2-N,N-bidentate behaviour for the
dipyrrinato ligand with the lithium ion nestled within the
plane, the analogous sodium dipyrrinato complex (4b)
showed a different mode of bonding whereby an oligomeric
structure sets the sodium ions out of the k2-N,N-bidentate di-
pyrrinato plane. With increasing ionic radii of the alkali
metals, relative reactivity increased when reactions with
ZnCl2 were investigated. Our current investigations include
the use of alkali dipyrrinato complexes in salt elimination
strategies to generate coordination complexes not previously
accessible via the use of dipyrrin free-bases or their HX
salts.

Experimental section

General procedures
Unless otherwise indicated, all manipulations were con-

ducted in the absence of oxygen and water under an atmos-
phere of dinitrogen, either by using standard Schlenk
methods, or within a glovebox apparatus, utilizing glassware
that was oven-dried (130 8C) and evacuated while hot prior
to use. Celite was oven-dried (130 8C) for 5 d and then
evacuated for 24 h prior to use. The non-deuterated solvents:
tetrahydrofuran, diethyl ether, toluene, benzene, hexanes,
and pentane were deoxygenated and dried by sparging with
dinitrogen gas, followed by passage through a double-col-
umn solvent-purification system. Tetrahydrofuran and di-
ethyl ether were purified over two alumina-packed columns,
while toluene, benzene, hexanes, and pentane were purified
over one alumina-packed column and one column packed

with copper-Q5 reactant. Sodium benzophenone ketyl was
added to the solvent to provide visual confirmation (i.e., the
observed persistence of the benzophenone ketyl) that an ap-
propriate level of purification had been achieved. The sol-
vents used within the glovebox were stored over activated 4
Å molecular sieves. THF-d8 (Aldrich) and C6D6 (Aldrich)
were degassed by using three repeated freeze–pump–thaw
cycles and then dried over 4 Å molecular sieves for 24 h
prior to use. HBr (48% aqueous solution), LiN(SiMe)2,
NaN(SiMe)2, KN(SiMe)2, nBuLi (1.6 mol/L solution in hex-
anes), silica gel (230–400 mesh, pH 6.5–7.5), and alumina
(basic, grade 150, 58 Å) were all used as received. All nu-
clear magnetic resonance experiments were conducted using
250 and 500 MHz spectrometers. All chemical shifts (d) are
reported in ppm. All coupling constants (J =) are reported in
Hz. All 1H and 13C NMR chemical shifts are reported rela-
tive to solvent peaks used as internal references: C6D6 (7.16
and 128.62 ppm, respectively), THF-d8 (3.58 and
67.80 ppm, respectively), DMF-d7 (8.03 and 163.15 ppm,
respectively), and CDCl3 (7.26 and 77.16 ppm, respec-
tively). 15N chemical shifts were obtained from two-dimen-
sional 1H (500 MHz) – 15N (50.7 MHz) HMBC correlation
experiments. 15N, 7Li, 23Na, and 19F shift scales were refer-
enced as outlined in the IUPAC recommendations of 2001.44

Mass spectra were obtained in ESI positive mode using a
TOF instrument in both high and low resolution. All UV–
vis analyses were performed using a 10 mm screw-cap cell
(with Teflon tape), and solutions were prepared using glove-
box techniques and dry THF. 4,4’-Diethyl-3,3’,5,5’-tetrame-
thyldipyrrin hydrobromide (1HBr),22 benzyl potassium,27

4,4’-diethyl-3,3’,5,5’-tetramethyldipyrrin (1),7 and lithium
4,4’-diethyl-3,3’,5,5’-tetramethyldipyrrinato (3a)7 were pre-
pared according to literature procedures.

k2-(4,4’-Diethyl-3,3’,5,5’-tetramethyl-meso-C6H5-dipyrrin)
(2)

To a solution of 3-ethyl-2,4-dimethylpyrrole (1.3 mL,
10 mmol) in CHCl3 (50 mL), benzoyl chloride (70 mg,
5.0 mmol) was added, and the reaction mixture was heated
at reflux temperature for 3 h. The resultant pink reaction
mixture was extracted with water (2 � 30 mL), and the or-
ganic solution was then dried over Na2SO4. Removal of the
organic solvent in vacuo gave crude material that was puri-
fied using chromatography on silica gel. A minor byproduct
was eluted with 50% CH2Cl2 in hexane, and it was charac-
terized to be 4-ethyl-3,5-dimethyl-2-phenyl acetylpyrrole as
a pale yellow solid, mp 159–161 8C. dH (500 MHz, CDCl3):
9.29 (1H, bs), 7.25–7.63 (5H, m), 2.38 (2H, q, J = 7.5), 2.35
(3H, s), 1.89 (3H, s), 1.05 (3H, t, J = 7.5). dC (125 MHz,
CDCl3): 185.7, 140.8, 133.1, 130.9, 128.9, 128.5, 128.4,
127.1, 125.5, 125.4, 123.9, 17.5, 15.3, 11.9, 11.7. dN
(50.7 MHz, CDCl3): –227.7. m/z (ESI+): 250.1202 (M +
Na)+. A crystal of 4-ethyl-3,5-dimethyl-2-phenyl acetylpyr-
role suitable for X-ray crystallographic analysis was grown
via slow evaporation of a solution in hexane (structure in-
cluded herein). The major band was eluted with 5%
CH3OH in CH2Cl2. Removal of the solvent in vacuo fol-
lowed by dissolution in CH2Cl2 (30 mL) and then washing
with saturated NaHCO3 solution (2 � 30 mL) gave the title
compound as its free-base. Drying of the solution over
Na2SO4 and removal of the organic solvent in vacuo gave

Fig. 7. 15N chemical shifts, relative to nitromethane at 125.41 ppm.
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an orange solid that was purified using column chromatogra-
phy on basic alumina eluting with 60% CH2Cl2 in hexane to
give the title compound as an orange solid (31 mg, 19%): mp
148–150 8C. UV–vis lmax (nm): 515 (e 45 000 mol/L–1cm–1,
MeOH). dH (500 MHz, CDCl3): 7.44–7.45 (3H, m), 7.34–
7.36 (2H, m), 2.31 (6H, s), 2.28 (4H, q, J = 7.5), 1.19 (6H,
s), 0.97 (6H, t, J = 7.5). dC (125 MHz, CDCl3): 150.3, 139.2,
135.7, 134.9, 131.5, 129.8, 128.6, 128.2, 124.2, 17.8, 15.1,
14.6, 11.9. dN (50.7 MHz, THF-d8): –162.1. m/z HR (MH)+

C23H28N2 calcd.: 332.2252, found: 333.2303. Anal. calcd.
for C23H28N2: C, 83.09; H, 8.49; N, 8.43. Found: C, 83.13;
H, 8.54; N, 8.31.

k2-(4,4’-Diethyl-3,3’,5,5’-tetramethyl-meso-p-CF3-C6H4-
dipyrrin) (3)

To a solution of 3-ethyl-2,4-dimethylpyrrole (0.34 mL,
2.50 mmol) in CH2Cl2 (30 mL), 4-trifluoromethylbenzoyl-
chloride (260 mg, 1.25 mmol) was added, and the reaction
mixture was heated at reflux temperature for 48 h. The re-
sultant pink reaction mixture was extracted with water (2 �
30 mL), and the organic solution was then dried over
Na2SO4. Removal of the organic solvent in vacuo gave a
crude product that was purified using chromatography on
silica gel. A minor byproduct was eluted with 50% CH2Cl2
in hexane, and it was characterized to be 4-ethyl-3,5-
dimethyl-2-(trifluoromethylphenyl) acetylpyrrole as a pale
yellow solid, mp 165–167 8C. UV–vis lmax (nm): 523 (e
40 000 mol/L–1cm–1, MeOH). dH (500 MHz, CDCl3): 9.20
(1H, bs), 7.65–7.71 (4H, bs), 2.38 (2H, q, J = 7.5), 2.27
(3H, s), 1.85 (3H, s), 1.05 (3H, t, J = 7.5). dC (125 MHz,
CDCl3): 183.7, 143.9, 134.0, 132.4 (q, JC–F = 32.3), 128.9,
128.4, 126.7, 125.8, 125.4, 123.9 (q, JC–F = 270.8), 17.2,
15.1, 11.7, 11.6. dN (50.7 MHz, CDCl3): –228.2. dF
(243 MHz, CDCl3): –63.7. m/z (ESI–): 294.3 (M–). The ma-
jor band was eluted with 10% CH3OH in CH2Cl2. Removal
of the organic solvent in vacuo followed by dissolution of
the solid in CH2Cl2 (30 mL) and then washing with satd.
NaHCO3 solution (2 � 30 mL) gave 3 as its free-base. Dry-
ing of the solution over Na2SO4 and removal of the organic
solvent in vacuo gave an orange solid that was purified us-
ing column chromatography and basic alumina eluting with
50% CH2Cl2 in hexane to give the title compound as an or-
ange solid (226 mg, 41%), mp (dec.) > 185 8C. dH
(500 MHz, CDCl3): 13.22 (1H, bs), 7.69 (2H, d, J = 10.0),
7.46 (2H, d, J = 10.0), 2.32 (6H, s), 2.27 (4H, q, J = 7.5),
1.15 (6H, s), 0.97 (6H, t, J = 7.5). dC (125 MHz, CDCl3):
150.7, 142.8, 135.7, 135.4, 134.3, 131.8, 130.4 (q, JC–F =
32.3), 130.2, 125.4, 124.2 (q, JC–F = 265.0), 17.6, 14.8,
14.4, 12.0. dF (243 MHz, CDCl3): –63.3. dN (50.7 MHz,
CDCl3): –163.6. m/z (MH)+ HR C24H27F3N2 calcd.:
400.2126, found: 401.2187. Anal. calcd. for C24H27F3N2: C,
71.98; H, 6.80; N, 6.99. Found: C, 72.16; H, 6.82; N, 6.85.

k2-(4,4’-Diethyl-3,3’,5,5’-tetramethyldipyrrinato) sodium
(4b)

In a glovebox, an Et2O (2 mL) solution of NaN(SiMe3)2
(40 mg, 0.22 mmol) was added dropwise over 5 min to a
magnetically stirring solution of 1 (57 mg, 0.22 mmol) in
Et2O (2 mL). Upon addition of the base, a bright orange
solid immediately precipitated from the reaction mixture.

After 1 h, the reaction mixture was filtered over Celite and
the residue was washed with ether (4 � 2 mL) to remove
any impurities and the HN(SiMe3)2 byproduct. The product
was dissolved in THF (2 mL) and filtered through Celite.
Slow evaporation of the solvent from the filtrate resulted in
the formation of large red plate crystals. These were isolated
and dried in vacuo to leave the title compound as red crys-
tals (46 mg, 74%). dH (500 MHz, THF-d8): 6.75 (1H, s),
2.35 (4H, q, J = 7.5), 2.16 (6H, s), 2.11 (6H, s), 1.00 (6H,
t, J = 7.5). dC (125 MHz, THF-d8): 153.8, 138.2, 135.3,
128.2, 123.2, 19.4, 16.6, 16.2, 10.5. dN (50.7 MHz, THF-
d8): –225.4. dNa (132.3 MHz, THF-d8): 10.7.

k2-(4,4’-Diethyl-3,3’,5,5’-tetramethyldipyrrinato)
potassium (4c)

In a glovebox, a THF (2 mL) solution of KCH2Ph27

(25 mg, 0.20 mmol) was added dropwise over 5 min to a
solution of 1 (50 mg, 0.20 mmol) in THF (2 mL). Upon ad-
dition of the base, a bright orange solid precipitated from
the reaction mixture. The reaction vial was sealed and the
contents manually shaken for 30 s then left at room temper-
ature. After 1 h, the solvent was removed in vacuo and the
orange solid was washed with Et2O (2 � 2 mL) and then
hexanes (3 � 2 mL) to remove any impurities and byprod-
ucts. Contrary to the sodium complex, the potassium ana-
logue was found to be insoluble in THF. Therefore, the
supernatants were removed in each case by allowing the
solid to settle and then carefully decanting the liquid away.
The resulting orange solid was dried in vacuo to leave the
title compound (37 mg, 66%). dH (500 MHz, DMF-d7): 6.80
(1H, s), 2.34 (4H, q, J = 7.5), 2.18 (6H, s), 2.13 (6H, s),
1.00 (6H, t, J = 7.5). dC (125 MHz, DMF-d7): 153.3, 137.9,
134.6, 132.0, 127.3, 19.3, 16.4, 15.9, 10.7. dN (50.7 MHz,
DMF-d7): –221.4.

k2-(4,4’-Diethyl-3,3’,5,5’-tetramethyl-meso-C6H5-
dipyrrinato) lithium (5a)

In a glovebox, nBuLi (94 mL of a 1.6 mol/L hexanes sol-
ution, 0.15 mmol) was added dropwise over 5 min to a sol-
ution of 2 (50 mg, 0.15 mmol) in THF (3 mL). Upon
addition of the base, the colour of the solution immediately
changed from orange to dark red-brown. The reaction vial
was sealed and the contents were magnetically stirred for
45 min. The solvent was then removed in vacuo and the
red-brown solid was washed with pentane (5 � 2 mL) to re-
move any impurities and byproducts. The supernatants were
removed in each case by allowing the solid to settle and
carefully decanting the liquid away. The resulting solid was
dried in vacuo to give the title compound as a red solid
(25 mg, 50%). dH (500 MHz, THF-d8): 7.40–7.20 (5H, m),
2.25 (4H, q, J = 7.5), 2.20 (6H, s), 1.08 (6H, s), 0.92 (6H,
t, J = 7.5). dC (125 MHz, THF-d8): 153.3, 145.2, 138.6,
135.8, 131.9, 131.7, 130.7, 128.6, 127.8, 19.1, 16.0, 15.8,
13.3. dN (50.7 MHz, THF-d8): –226.0. dLi (194.4 MHz,
THF-d8): 2.02.

k2-(4,4’-Diethyl-3,3’,5,5’-tetramethyl-meso-C6H5-
dipyrrinato) sodium (5b)

In a glovebox, a solution of NaN(SiMe3)2 (28 mg,
0.16 mmol) in Et2O (2 mL) was added dropwise over 5 min
to a magnetically stirring solution of 2 (51 mg, 0.16 mmol)
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in Et2O (2 mL). Upon addition of the base, the colour of the
solution changed from orange to red. After 1 h, the solvent
was removed in vacuo and the resulting solid was triturated/
washed with pentane (5 � 2 mL) to remove any impurities
and any byproducts. The supernatants were removed in each
case by allowing the solid to settle and carefully decanting
the liquid away. The resulting orange solid was dried in va-
cuo to give the title compound as a red solid (35 mg, 63%).
dH (500 MHz, THF-d8): 7.30–7.18 (5H, m), 2.27 (4H, q, J =
7.4), 2.16 (6H, s), 1.14 (6H, s), 0.94 (6H, t, J = 7.4). dC
(125 MHz, THF-d8): 153.3, 146.8, 144.3, 140.3, 134.8,
132.7, 131.0, 128.25, 128.0, 19.4, 16.3, 16.0, 13.3. dN
(50.7 MHz, THF-d8): –221.5. dNa (132.3 MHz, THF-d8): 9.9.

k2-(4,4’-Diethyl-3,3’,5,5’-tetramethyl-meso-C6H5-
dipyrrinato) potassium (5c)

In a glovebox, a solution of KN(SiMe3)2 (30 mg,
0.15 mmol) in THF (2 mL) was added dropwise over 5 min
to a magnetically stirring solution of 2 (50 mg, 0.15 mmol)
in THF (2 mL). Upon addition of the base, the colour of the
solution changed from orange to dark purple. After 1 h, the
solvent was removed in vacuo and the resulting solid was
triturated/washed with pentane (5 � 2 mL) to remove any
impurities and any byproducts. The product was dissolved
in THF (2 mL) and filtered through Celite. The resulting
solid was dried in vacuo to give the title compound as a red
solid (41 mg, 73%). dH (500 MHz, THF-d8): 7.26–7.15 (5H,
m), 2.31 (4H, q, J = 7.5), 2.07 (6H, s), 1.39 (6H, s), 0.98
(6H, t, J = 7.5). dC (125 MHz, THF-d8): 153.5, 146.8,
145.3, 141.5, 133.9, 133.4, 131.9, 128.2, 128.2, 19.4, 16.1,
16.0, 13.2. dN (50.7 MHz, THF-d8): –211.9.

k2-(4,4’-Diethyl-3,3’,5,5’-tetramethyl-meso-p-CF3-C6H4-
dipyrrinato) lithium (6a)

In a glovebox, a solution of LiN(SiMe3)2 (41 mg,
0.25 mmol) in THF (4 mL) was added dropwise to a solu-
tion of 3 (100 mg, 0.25 mmol) in THF (2 mL). Upon addi-
tion of the base, the colour of the solution immediately
changed from dark yellow-brown to dark red-brown. The re-
action vial was sealed and the contents magnetically stirred
for 2 h. The solvent was then removed in vacuo and the re-
sulting red-brown solid was washed with hexane (5 � 2 mL)
to remove any unreacted starting materials and byproducts.
The residue was dissolved in THF and filtered over Celite.
The solvent was removed in vacuo to give the title com-
pound as a red solid (82 mg, 81%). dH (500 MHz, THF-d8):
7.62 (2H, d, J = 8.0), 7.38 (2H, d, J = 8.0), 2.22 (4H, q, J =
7.5), 2.17 (6H, s), 1.03 (6H, s), 0.88 (6H, t, J = 7.5). dC
(125 MHz, THF-d8): 154.1, 149.3, 144.0, 138.2, 135.4,
132.5, 131.4, 130.2 (q, JC–F = 31.8), 125.9 (q, JC–F =
269.8), 125.6 (q, 2C, JC–F = 7.1), 19.1, 16.0, 15.5, 13.6. dF
(243 MHz, THF): –61.6. dN (50.7 MHz, THF-d8): –226.9.
dLi (194.4 MHz, THF-d8): 2.0.

k2-(4,4’-Diethyl-3,3’,5,5’-tetramethyl-meso-p-CF3-C6H4-
dipyrrinato) sodium (6b)

In a glovebox, a solution of NaN(SiMe3)2 (46 mg,
0.25 mmol) in THF (4 mL) was added dropwise to a solu-
tion of 3 (100 mg, 0.25 mmol) in THF (2 mL). Upon addi-
tion of the base, the colour of the solution immediately
changed from dark yellow-brown to dark purple. The reac-

tion vial was sealed and the contents magnetically stirred
for 2 h. The solvent was then removed in vacuo and the
red-brown solid was washed with hexane (5 � 2 mL) to re-
move any unreacted starting materials and byproducts. The
residue was dissolved in THF and filtered over Celite. The
solvent was removed in vacuo to leave the title compound
as a dark-red solid (96 mg, 91%). dH (500 MHz, THF-d8):
7.55–7.62 (2H, m), 7.19–7.41 (2H, m), 2.27 (4H, q, J =
7.5), 2.18 (6H, s), 1.10 (6H, s), 0.94 (6H, t, J = 7.5). dC
(125 MHz, THF-d8): 153.7, 149.0, 144.6, 139.8, 135.7,
133.2, 131.8, 130.3 (q, JC–F = 30.6), 125.9 (q, JC–F = 270.1),
125.4, 19.2, 16.0, 15.9, 13.3. dF (243 MHz, THF): –60.1. dN
(50.7 MHz, THF-d8): –219.0. dNa (132.3 MHz, THF-d8): 9.0.

k2-(4,4’-Diethyl-3,3’,5,5’-tetramethyl-meso-p-CF3-C6H4-
dipyrrinato) potassium (6c)

In a glovebox, a solution of KN(SiMe3)2 (50 mg,
0.25 mmol) in THF (4 mL) was added dropwise to a solu-
tion of 3 (100 mg, 0.25 mmol) in THF (2 mL). Upon addi-
tion of the base, the colour of the solution immediately
changed from dark yellow-brown to dark purple. The reac-
tion vial was sealed and the contents magnetically stirred
for 2 h. The solvent was then removed in vacuo and the
red-brown solid was washed with hexane (5 � 2 mL) to re-
move any unreacted starting materials and byproducts. The
residue was dissolved in THF and filtered over Celite. The
solvent was removed in vacuo to give the title compound as
a red solid (93 mg, 83%). dH (500 MHz, THF-d8): 7.50 (2H,
d, J = 7.8), 7.35 (2H, d, J = 7.8), 2.35 (4H, q, J = 7.5), 2.10
(6H, s), 1.41 (6H, s), 1.01 (6H, t, J = 7.5). dC (125 MHz,
THF-d8): 153.5, 148.7, 144.4, 141.0, 133.3, 133.1, 132.0,
129.9 (q, JC–F = 31.9), 125.7, 125.4 (q, JC–F = 270), 19.3,
16.0, 15.9, 13.2. dF (243 MHz, THF): –61.0 ppm. dN
(50.7 MHz, THF-d8): –226.0.

X-ray crystallographic data
Diffractometer: Rigaku RAXIS-UNKNOWN, Mo Ka ra-

diation (l = 0.71070 or 0.71075 Å). The structures were
solved by direct methods45 and expanded using Fourier tech-
niques.46 Some non-hydrogen atoms were refined anisotropi-
cally, while the rest were refined isotropically. Some
hydrogen atoms were refined isotropically, the rest were in-
cluded in fixed positions. The final cycle of full-matrix
least-squares refinement (minimized to Sw(|Fo| – |Fc|)2

where w = least squares weights on F) was based on 3284
observed reflections (I > 3.00s(I)) and 271 variable parame-
ters and converged with unweighted and weighted agree-
ment factors of R = S||Fo| – |Fc||/S|Fo| = 0.0394; Rw =
[Sw(|Fo| – |Fc|)2/SwFo

2]1/2 = 0.0443. The standard deviation
of an observation of unit weight (standard deviation of an
observation of unit weight [Sw(|Fo| – |Fc|)2/(No – Nv)]1/2

where No = number of observations and Nv = number of var-
iables) was 1.06. A Robust-resistant weighting scheme was
used.47 Plots of Sw(|Fo| – |Fc|)2 versus |Fo|, reflection order
in data collection, sin q/l, and various classes of indices
showed no unusual trends. The maximum and minimum
peaks on the final difference Fourier map corresponded to
0.78 and –0.72 e/Å3, respectively. Neutral atom scattering
factors were taken from Cromer and Waber.48 Anomalous
dispersion effects were included in Fcalcd.;49 the values for
D f ’ and D f @ were those of Creagh and McAuley.50 The
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values for the mass attenuation coefficients are those of
Creagh and Hubbell.51 All calculations were performed us-
ing the CrystalStructure52,53 crystallographic software pack-
age.

k2-(4,4’-Diethyl-3,3’,5,5’-tetramethyldipyrrin) hydrobromide
(1HBr)

C17H25BrN2 (337.30), orange feathers, primitive mono-
clinic, space group P21/a (No. 14), a = 8.7480(6) Å, b =
24.241(1) Å, c = 9.1766(6) Å, b = 118.248(2)8, V =
1714.2(2) Å 3, Z = 4, T = 24 8C, 2q = 145.38. Residuals: R
(I > 3.00s(I)) = 0.0492, residuals: Rw (I > 3.00s(I)) =
0.0600, GoF = 1.063.

k2-(4,4’-Diethyl-3,3’,5,5’-tetramethyldipyrrin) (1)
C17H24N2 (256.39), orange needles, primitive orthorhom-

bic, space group Pbca (No. 61), a = 12.8407(4) Å, b =
8.3486(3) Å, c = 13.9647(5) Å, V = 1497.04(9) Å 3, Z = 4,
T = –150 8C, 2q = 144.88. Residuals: R (I > 3.00s(I)) =
0.0577, residuals: Rw (I > 3.00s(I)) = 0.0659, GoF = 1.139.

k2-(4,4’-Diethyl-3,3’,5,5’-tetramethyl-meso-C6H5-dipyrrin)
(2)

C23H28N2 (332.49), yellow needle crystal, primitive
monoclinic, space group P21/n (No. 14), a = 11.1861(5) Å,
b = 15.7267(7) Å, c = 11.1134(5) Å, b = 96.876(3)8, V =
1941.0(2) Å 3, Z = 4, T = –150 8C, 2q = 61.38. Residuals:
Rw (I > 3.00s(I)) = 0.0481, residuals: Rw (I > 3.00s(I)) =
0.0537, GoF = 1.152.

k2-(4,4’-Diethyl-3,3’,5,5’-tetramethyl-meso-p-CF3-C6H4-
dipyrrin) (3)

C24H27N2F3 (400.49), golden-orange, needle-plate, primi-
tive orthorhombic, space group Pbca (No. 61), a = 19.230(1)
Å, b = 9.6655(5) Å, c = 22.594(2) Å, V = 4199.4(5) Å 3, Z =
8, T = –173 8C, 2q = 61.08. Residuals: R (I > 3.00s(I)) =
0.0394, residuals: Rw (I > 3.00s(I)) = 0.0443, GoF = 1.057.

k2-(4,4’-Diethyl-3,3’,5,5’-tetramethyldipyrrinato) sodium
(4b)

C40H58O1.5Na2 (664.90), dark-red prism crystal, C-cen-
tered monoclinic, space group C2/c (No. 15), a = 23.966(6)
Å, b = 12.591(3) Å, c = 26.789(6) Å, b = 101.055(5)8, V =
7934(3) Å 3, Z = 8, T = –173 8C, 2q = 68.18. Residuals: Rw
(I > 3.00s(I)) = 0.0695, residuals: Rw (I > 3.00s(I)) =
0.0794, GoF = 1.040.

4-Ethyl-3,5-dimethyl-2-phenylacetylpyrrole
C15H17NO (227.31), dark-red crystal, C-centered mono-

clinic, space group C2/c (No. 15), a = 27.818(1) Å, b =
7.3187(2) Å, c = 14.4726(8) Å, b = 119.151(2)8, V =
2573.3(2) Å 3, Z = 8, T = –150 8C, 2q = 144.78. Residuals:
Rw (I > 3.00s(I)) = 0.0392, residuals: Rw (I > 3.00s(I)) =
0.0505, GoF = 1.033.

Supplementary data
Supplementary data for this article are available on the

journal Web site (canjchem.nrc.ca). CCDCs 758519–758524
contain the X-ray data in CIF format for this manuscript.
These data can be obtained, free of charge, via www.ccdc.
cam.ac.uk/conts/retrieving.html (or from the Cambridge

Crystallographic Data Centre, 12 Union Road, Cambridge
CB2 1EZ, UK; fax +44 1223 336033; or deposit@ccdc.
cam.ac.uk).
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Microsolvation of the formic acid dimer —
(HCOOH)2(H2O)n clusters with n = 1, . . ., 5

Cara M. Nordstrom, Alaina J. McGrath, and Ajit J. Thakkar

Abstract: Density functional theory and spin-component-scaled Møller–Plesset perturbation theory calculations are used to
examine the microsolvation of the formic acid dimer. The lowest energy structures with n water molecules consist of a
n-water cluster, not necessarily of lowest energy, with two formic acid molecules attached to its surface by hydrogen
bonds. The total number of hydrogen bonds does not correlate directly with relative stability.

Key words: formic acid dimer, hydration, microsolvation, clusters, hydrogen bonding.

Résumé : On a fait appel à des calculs basés sur la théorie de la fonctionnelle de la densité et sur la théorie de la pertur-
bation de Møller–Plesset à composante de spin ajustée pour étudier la microsolvatation du dimère de l’acide formique. Les
structures d’énergies les plus faibles comportant n molécules d’eau correspondent à un agrégat de n molécules d’eau, qui
n’est pas nécessairement d’énergie la plus faible, avec deux molécules d’acide formique attachées à sa surface par des liai-
sons hydrogènes. Le nombre total de liaisons hydrogènes n’est pas directement relié à la stabilité relative.

Mots-clés : dimère de l’acide formique, hydratation, microsolvatation, agrégats, liaison hydrogène.

[Traduit par la Rédaction]

Introduction

Formic acid is the prototypical carboxylic acid. It is
present in clouds and fog, has been detected in the coma of
the Hale–Bopp comet,1 and may play a key role in the for-
mation of molecules such as acetic acid and glycine in inter-
stellar media.2 Its importance and relative simplicity have
made it the subject of a large number of studies. Since a sig-
nificant fraction of formic acid in the atmosphere is in the
aqueous phase, it is not surprising that microsolvated clus-
ters of formic acid, (HCOOH)(H2O)n with n £ 6, have been
studied extensively.3–15

It is well-established experimentally16–19 and theoreti-
cally20,21 that gas-phase formic acid forms a strong, reso-
nance-assisted, cyclic dimer with C2h symmetry. As shown
in Fig. 1, it consists of two formic acid monomers, both in
their most stable Z (trans) conformation, held together by a
pair of short and nearly linear OH���O bonds. Since a nontri-
vial fraction of gaseous formic acid is dimerized, it is natu-
ral to consider the microsolvation of the formic acid dimer.
One hopes to answer questions like: will the water mole-
cules form a network connected to the dimer or will they
disrupt the dimer?

Protonated forms of solvated formic acid oligomers have
been observed experimentally.14 However, to our knowl-
edge, there has been only one study10 on clusters of the for-
mic acid dimer and water molecules. In that study, the
interaction of the formic acid dimer with clusters of six and

ten water molecules was considered as a model for the ad-
sorption of the formic acid dimer on ice. They found that
the dimer does not dissociate if it is adsorbed flat on the ice
surface, but does dissociate otherwise. The purpose of this
paper is to explore the lowest minima on the potential en-
ergy surfaces of complexes between two formic acid (f) and
one to five water (w) molecules using ab initio and density
functional theory (DFT) methods.

Computational scheme
An extensive search was carried out for the low-energy

structures of f2wn clusters with 1 £ n £ 5. We used the mul-
tistage search-and-screen method followed in earlier work
on clusters of glycolic acid with one to 16 waters,22–24 and
on small clusters of pure formic acid.25–28 Each stage com-
mences with higher-level optimization of the structures ob-
tained in the previous stage. Only true minima, identified
by vibrational frequency analysis, are retained. Next, single-
point energy calculations in a larger basis set and higher-

Fig. 1. The formic acid dimer.
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level method are carried out for the minima and an energy
threshold is used to select a subset as trial structures for the
next stage. A sampling of higher-energy minima that have
distinct H-bonding patterns not already present in the en-
ergy-selected set are then added to the selection.

The zeroth-order step is the generation of a representative
sample of guessed structures. This was done for f2wn clus-
ters by adding a formic acid dimer to known minima of wn
clusters, adding a formic acid monomer to known minima of
fwn, and by adding a water molecule to our minima for
f2wn–1 clusters. In the first-order stage, the guessed struc-
tures were optimized using the PM3 method.29 The latter
leads to reasonable geometries but unreliable relative ener-
gies,22,23 and hence, it is vital that screening of minima is
done with single-point energies calculated using more reli-
able methods. In this work, we used single-point energies at
the B3LYP/pc1a level. B3LYP is a hybrid DFT method.30,31

The pc1a basis set of [4s3p1d/3s2p] contracted Gaussian-
type functions (GTF)24,27,32 is a polarized, split-valence basis
set with added diffuse GTF of s- and p-type. It can be ob-
tained from the aug-pc1 basis set,33 which was specifically
optimized for DFT calculations, by deletion of the diffuse
d-GTF on the C and O atoms. The second stage consisted
of B3LYP/pc1a geometry optimizations followed by single-
point energy computations with second-order, Møller–Plesset
(MP2)34 perturbation theory using the aug-cc-pVDZ and
aug-cc-pVTZ basis sets.35,36 All electronic structure calcula-
tions were done with Gaussian 03.37

The ‘‘complete-basis-set (CBS)’’ limit of the MP2 correla-
tion energy, EMP2

c ¼ EMP2 � EHF, was found by two-point
extrapolation38 based on an inverse-cubic decay of basis set
truncation errors with basis size. Thus,

½1� EMP2
c ¼ ðX3EMP2;X

c � Y3EMP2;Y
c Þ=ðX3 � Y3Þ

in which EMP2; X
c is the MP2 correlation energy obtained

using a basis set with cardinal number X. We use X = 2 and
Y = 3 for the MP2 energies obtained with the aug-cc-pVDZ
and aug-cc-pVTZ basis sets, respectively. The MP2 correla-
tion energy can be decomposed into contributions from elec-
tron pairs of opposite spin (os) and of the same spin (ss) as
follows:

½2� EMP2
c ¼ EMP2

os þ EMP2
ss

To overcome some of the drawbacks of MP2, such as
overestimation of dispersion interactions, Grimme39 sug-
gested an empirical scaling of the spin components. He rec-
ommended the spin-component-scaled (SCS) MP2
correlation energy given by

½3� ESCS�MP2
c ¼ cosE

MP2
os þ cssE

MP2
ss

in which cos = 6/5 and css = 1/3. Distasio and Head-Gordon40

found that optimization of the scaling parameters for inter-
molecular binding energies of a diverse set of hydrogen-
bonded, dispersion, and mixed complexes led to a rather dif-
ferent set of values, almost as if the roles of opposite- and
same-spin pairs had been reversed. They recommend cos =
0.29 and css = 1.46 for use with cc-pVDZ and cc-pVTZ basis
sets combined with CBS extrapolation schemes. The energies
so obtained are designated SCS(MI)-MP2 in which MI
stands for molecular interactions.40 The spin components of
the MP2 correlation energy we obtained with the aug-cc-
pVDZ and aug-cc-pVTZ basis sets were extrapolated to the
CBS limit with eq. [1] and used to obtain the extrapolated
SCS-MP2 and SCS(MI)-MP2 energies from eq. [3].

Results and discussion

The number of unique minima obtained varied between
131 and 339 at the PM3 level and ranged from 22 to 111 at
the B3LYP/pc1a level for clusters with one through five
water molecules. Only minima that are predicted to be the
lowest lying in energy by the extrapolated MP2, SCS-MP2,
and SCS(MI)-MP2 methods are considered further. We re-
port relative energies, DE, using these methods (abbreviated
MP2, SCS, and MI, respectively) and also the MIZ relative
energy, which is the SCS(MI)-MP2 relative energy includ-
ing zero-point vibrational corrections at the B3LYP/pc1a
level. The latter were calculated using harmonic frequencies
and should be taken as rather approximate because some of
the vibrations in the H-bonded complexes considered in this
work are almost certain to be strongly anharmonic. The
number of OH���O hydrogen bonds between formic acid
molecules (Nff), between formic acid and water (Nfw), and
between water molecules (Nww) are reported together with
their mean lengths denoted <Rff>, <Rfw>, and <Rww>, re-
spectively. The total number of H bonds is denoted as Nt.
The f2wn cluster minima obtained at the B3LYP/pc1a level
are labeled as F2Wnr where r is a two-digit stability rank
of the structure at the extrapolated SCS(MI)-MP2 level. Car-
tesian coordinates of the structures are in the Supplementary
data section.

Table 1 shows that all methods predict F2W101 to be the
lowest-energy structure by a margin of roughly 3 kcal/mol.
Figure 2 shows that in F2W101, the water molecule has in-
serted itself between the formic acid molecules, breaking
one of the H bonds in the formic acid dimer. In the higher-
energy minima, F2W102 and F2W103, an intact formic acid

Table 1. Relative energies, DE, number of OH���O hydrogen bonds, N, and mean
H-bond distances, <R>, in angstroms of (HCOOH)2(H2O) clusters.

Label

DE (kcal/mol)

Nfw <Rfw> Nff <Rff> NtMP2 SCS MI MIZ
F2W101 0.00 0.00 0.00 0.00 2 1.664 1 1.699 3
F2W102 3.08 2.88 3.22 2.91 1 1.989 2 1.666 3
F2W103 3.93 3.65 4.14 3.57 1 2.108 2 1.655 3

Note: The reference MP2, SCS, MI, and MIZ energies for F2W101 are –455.4584718,
–455.4278052, –454.7587475, and –454.6640675 au (atomic units), respectively.
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dimer is seen held to the water molecule by an OH���O hy-
drogen bond and a weak CH���O interaction.

Table 2 shows that all methods predict F2W201 to be the
global minimum. Figure 3 shows that in F2W201, the for-
mic acid molecules have separated and H bonded to a water
dimer. The primary difference between F2W202 and
F2W201 is that the H bond between the water molecules is
missing in F2W202. The cyclic F2W203 oligomer retains
one H bond between the acid molecules, and the higher-
energy F2W204 differs from it by a bridging H bond that
creates a bicyclic structure. The next two minima contain
higher-energy isomers of the formic acid dimer and weak
CH���O interactions. The F2W206 structure has one of the
formic acid molecules in its E (cis) form.

Table 3 shows that the energy gap between F2W301 and
F2W302 is rather small and the energy ordering of the two
varies with the calculation method. There are six or seven

minima within 1 kcal/mol of F2W301. Table 3 also shows
that maximizing the number of H bonds does not lead to
the global minimum; in fact, the local minimum with seven
H bonds lies higher in energy than nine minima with only
six H bonds. The strength of the H bonds plays a role: the
mean H-bond lengths in F2W310 are noticeably larger, indi-
cating weaker bonds. Figure 4 shows that the nine lowest
minima can all be described as a chain of three water mole-
cules with a formic acid molecule attached to each side. The
structures have water chains with different H-bonding topol-
ogies. The lowest-energy form of an isolated water trimer is
cyclic,41 but this motif is not seen among the low-energy
forms of f2w3. In a similar vein, it was noted previously23

that a cyclic water trimer is not observed in the low-energy
structures of complexes consisting of one glycolic acid and
three water molecules.

Table 4 shows that all methods predict F2W401 to be the

Fig. 2. Lowest-energy structures of (HCOOH)2(H2O). The numbers are relative extrapolated SCS(MI)-MP2 energies. The OH���O hydrogen
bonds are indicated by dashed lines.

Table 2. Relative energies, DE, number of OH���O hydrogen bonds, N, and mean H-bond
distances, <R>, in angstroms of (HCOOH)2(H2O)2 clusters.

Label

DE (kcal/mol)

Nww <Rww> Nfw <Rfw> Nff <Rff> NtMP2 SCS MI MIZ
F2W201 0.00 0.00 0.00 0.00 1 2.068 4 1.700 0 — 5
F2W202 1.76 1.40 1.19 0.41 0 — 4 1.677 0 — 4
F2W203 1.63 1.31 1.24 0.50 1 1.690 2 1.709 1 1.646 4
F2W204 3.09 2.71 2.58 1.88 1 1.981 3 1.834 1 1.671 5
F2W205 3.22 2.80 2.97 2.50 1 1.733 2 1.727 1 1.741 4
F2W206 3.56 3.26 3.38 2.85 1 1.765 2 1.773 1 1.627 4

Note: The reference MP2, SCS, MI, and MIZ energies for F2W201 are –531.8250659, –531.7903095,
–530.9990108, and –530.8787038 au, respectively.

Fig. 3. Lowest-energy minima of (HCOOH)2(H2O)2. The numbers are relative extrapolated SCS(MI)-MP2 energies. The OH���O hydrogen
bonds are indicated by dashed lines.
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global minimum. The lowest-energy structure of a water tet-
ramer is cyclic.41 Fig. 5 shows that the two lowest-energy
minima consist of a cyclic water tetramer with the formic
acid molecules attached by two H bonds to opposite edges.
F2W404 and F2W405 consist of a cyclic water tetramer
with formic acid molecules attached by two H bonds to the
same edge resulting in two tetracoordinate water molecules.
A plethora of other low-energy structures could be generated
by varying the H-bond topology of the tetramer but this was
not done because the main interest in this work is how the

formic acid molecules attach themselves to the water tet-
ramer. The five other isomers in Fig. 5 contain a chain
form of the water tetramer with the formic acids bound to
opposite sides forming various cyclic arrangements.
F2W403 is bowl shaped, whereas F2W406 has three rings
of similar size.

Table 5 shows that all four methods predict ten or more
local minima of f2w5 within 1 kcal/mol of the global mini-
mum. The zero-point-energy correction changes the energy
ordering of the f2w5 clusters more than it does in the smaller

Table 3. Relative energies, DE, number of OH���O hydrogen bonds, N, and mean
H-bond distances, <R>, in angstroms of (HCOOH)2(H2O)3 clusters.

Label

DE (kcal/mol)

Nww <Rww> Nfw <Rfw> NtMP2 SCS MI MIZ
F2W301 0.08 0.01 0.00 0.00 2 1.837 4 1.679 6
F2W302 0.00 0.00 0.20 0.50 2 1.849 4 1.684 6
F2W303 0.10 0.10 0.29 0.47 2 1.849 4 1.683 6
F2W304 0.41 0.24 0.37 0.39 2 1.780 4 1.721 6
F2W305 0.69 0.52 0.59 0.58 2 1.785 4 1.719 6
F2W306 0.86 0.75 0.88 0.81 2 1.853 4 1.686 6
F2W307 0.89 0.80 0.95 0.95 2 1.854 4 1.683 6
F2W308 1.18 0.93 1.12 1.10 2 1.805 4 1.724 6
F2W309 1.28 1.04 1.18 1.21 2 1.811 4 1.722 6
F2W310 1.31 1.19 1.46 1.35 2 2.110 5 1.772 7

Note: The reference MI and MIZ energies for F2W301 are –607.2383207 and
–607.0934227 au, respectively. The reference MP2 and SCS energies for F2W302 are
–608.1895303 and –608.1511781 au, respectively.

Fig. 4. Lowest-energy minima of (HCOOH)2(H2O)3. The numbers are relative extrapolated SCS(MI)-MP2 energies. The OH���O hydrogen
bonds are indicated by dashed lines.

Nordstrom et al. 739

Published by NRC Research Press

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

U
ni

ve
rs

ity
 o

f 
E

le
ct

ro
ni

c 
an

d 
Sc

ie
nc

e 
T

ec
ho

no
lo

gy
 o

f 
C

hi
na

 o
n 

09
/1

7/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



clusters, perhaps because the harmonic frequencies are less
accurate for the low-frequency modes in f2w5. A cyclic iso-
mer is the lowest-energy water pentamer41 and Fig. 6 shows
that F2W501, F2W505, and F2W513 consist of a cyclic
water pentamer with two formic acid molecules attached to
it. F2W502 has a quasi-cubic structure of oxygen atoms
with three of them supplied by the formic acid monomers;
it has almost the same energy as F2W501. A trigonal prism
of oxygen atoms with one of them supplied by a formic acid
molecule is seen in F2W506. It is not a coincidence that one
of the low-energy structures of a water hexamer is also a
trigonal prism. A cyclic water tetramer with a fifth water at-
tached to one of the corners can be spotted in F2W503,
F2W504, F2W507, F2W508, F2W511, F2W512, F2W514,
and F2W515. A cyclic water tetramer with a fifth water
molecule bridging diagonally opposite corners is seen in
F2W509. A tetracoordinated water is in the center of a
pleasingly regular arrangement of four rings of similar size
in F2W510. Table 5 shows that the number of H bonds

varies from 9 to 11 in the f2w5 complexes. Unfortunately,
we could not find a simple relationship that enables the rel-
ative energy to be predicted quantitatively from the number
of H bonds and their mean lengths. As with f2w4, many
other low-energy f2w5 structures could be generated by vary-
ing the H-bond topology of the water network in the
oligomers shown in Fig. 6.

Figure 7 shows three interesting examples of the many
other local minima we found. Note that a tetracoordinate
water can be found in a cluster as small as F2W105. The
F2W414 structure is similar to the global minimum
F2W401 but lies 2.94 kcal/mol higher in energy. Two for-
mic acid monomers in the E conformation are present in
F2W574 even though it is only 3.45 kcal/mol higher in en-
ergy than the global minimum structure.

Conclusions

Many low-energy minima on the potential energy surfaces

Table 4. Relative energies, DE, number of OH���O hydrogen bonds, N, and mean
H-bond distances, <R>, in angstroms of (HCOOH)2(H2O)4 clusters.

Label

DE (kcal/mol)

Nww <Rww> Nfw <Rfw> NtMP2 SCS MI MIZ
F2W401 0.00 0.00 0.00 0.00 4 1.879 4 1.650 8
F2W402 0.31 0.27 0.25 0.14 4 1.881 4 1.651 8
F2W403 1.58 1.58 1.39 0.70 3 1.878 5 1.705 8
F2W404 1.53 1.28 1.70 1.58 4 1.770 4 1.787 8
F2W405 1.65 1.41 1.79 1.71 4 1.774 4 1.782 8
F2W406 1.93 1.84 1.93 1.67 3 1.836 5 1.740 8
F2W407 2.18 1.91 2.18 1.68 3 1.864 5 1.761 8
F2W408 2.19 1.91 2.19 1.69 3 1.863 5 1.764 8
F2W409 2.21 1.93 2.21 1.73 3 1.865 5 1.761 8

Note: The reference MP2, SCS, MI, and MIZ energies for F2W401 are –684.5581240,
–684.5156271, –683.4809354, and –683.3099324 au, respectively.

Fig. 5. Lowest-energy minima of (HCOOH)2(H2O)4. The numbers are relative extrapolated SCS(MI)-MP2 energies. The OH���O hydrogen
bonds are indicated by dashed lines.
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Table 5. Relative energies, DE, number of OH���O hydrogen bonds, N, and mean
H-bond distances, <R>, in angstroms of (HCOOH)2(H2O)5 clusters.

Label

DE (kcal/mol)

Nww <Rww> Nfw <Rfw> NtMP2 SCS MI MIZ
F2W501 0.38 0.00 0.00 0.24 5 1.836 4 1.630 9
F2W502 0.00 0.11 0.04 0.00 4 1.839 6 1.809 10
F2W503 0.63 0.07 0.25 0.57 5 1.762 4 1.721 9
F2W504 0.66 0.07 0.42 0.55 5 1.759 4 1.731 9
F2W505 0.65 0.14 0.50 0.94 5 1.733 4 1.751 9
F2W506 0.38 0.02 0.54 1.44 6 1.907 5 1.834 11
F2W507 0.77 0.22 0.55 0.95 5 1.762 4 1.723 9
F2W508 0.77 0.20 0.56 0.78 5 1.761 4 1.727 9
F2W509 0.70 0.13 0.62 1.35 6 1.855 4 1.798 10
F2W510 0.56 0.60 0.65 0.93 4 1.872 6 1.737 10
F2W511 1.20 0.58 0.69 0.71 5 1.826 4 1.674 9
F2W512 0.86 0.57 0.72 1.40 5 1.834 5 1.785 10
F2W513 1.01 0.47 0.81 1.15 5 1.735 4 1.752 9
F2W514 1.41 0.74 0.86 0.85 5 1.835 4 1.677 9
F2W515 0.91 0.69 1.02 1.19 5 1.864 5 1.741 10

Note: The reference MP2 and MIZ energies for F2W502 are –760.9231050 and
–759.5246813 au, respectively. The reference SCS and MI energies for F2W501 are
–760.8764241 and –759.7199956 au, respectively.

Fig. 6. Lowest-energy minima of (HCOOH)2(H2O)5. The numbers are relative extrapolated SCS(MI)-MP2 energies. The OH���O hydrogen
bonds are indicated by dashed lines.
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of the f2wn complexes with 1 £ n £ 5 were located. Our
DFT, MP2, SCS-MP2, and SCS(MI)-MP2 calculations are
not sufficiently accurate to pinpoint with certainty the low-
est-energy structure of the clusters with more than two water
molecules. However, they do indicate unequivocally that mi-
crosolvation dissociates the formic acid dimer. The lowest-
energy f2wn minima consist of a wn cluster, not necessarily
of lowest energy, with two formic acid molecules attached
to its surface by hydrogen bonds. As in earlier work on
small microsolvated clusters of glycolic acid,23,24 we find
that the number of H bonds is not an adequate stand-alone
criterion for determining which of two structures is more
stable. Moreover, we were unable to find any quantitative
correlations between relative energies and simple measures
such as the number of H bonds and their average bond
lengths or angles.

Supplementary data

Supplementary data for this article are available on the
journal Web site (canjchem.nrc.ca).
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Homoselenocysteine — An oxygen or selenium
acid in the gas phase?

Marcela Hurtado, Otilia Mó, and Manuel Yáñez

Abstract: The potential energy surface of L-homoselenocysteine (HSEC) has been explored through the use of B3LYP/6-
311+G(d,p) calculations. In this survey, seventy-seven different conformers have been located. These local minima can be
classified in four groups, A–D. Structures A, B, and D are stabilized by intramolecular hydrogen bonds (IMHBs) with the
amino group acting as the hydrogen bond (HB) donor and the carbonyl group (structures A and D) or the hydroxyl group
(structure B) as HB acceptors. The structures in set C present an IMHB with the amino group acting as the HB acceptor
and the hydroxyl group as the HB donor. The stability order decreases in the following order: A > B > C > D. From their
relative stabilities it can be concluded that only three of these conformers, namely A1, A4, and A5, would exist in the gas
phase at room temperature. The most stable deprotonated form corresponds to a Se-deprotated species stabilized by a
strong IMHB between the hydroxyl group and the Se atom. However, a direct deprotonation of the most stable neutrals
lead to O-deprotonated species, which eventually isomerize to yield the global minimum. Hence, we can conclude that,
quite unexpectedly, HSEC behaves as a Se acid in the gas phase, its intrinsic acidity being 1374 kJ mol–1 at the B3LYP/6-
311++G(3df,2p) level of theory. The most stable protonated forms are systematically the N-protonated ones, the global
minimum being a structure stabilized through an IMHB involving the protonated amino group as the HB donor and the
SeH group as the HB acceptor. The calculated gas-phase proton affinity (PA) at the B3LYP/6-311++G(3df,2p) level of
theory is 930 kJ mol–1.

Key words: homoselenocysteine, gas-phase acidity, gas-phase basicity, density functional theory (DFT) calculations, intra-
molecular hydrogen bonds.

Résumé : On a étudié la surface d’énergie potentielle de la L-homosélénocystéine (HSEC) sur la base de calculs théori-
ques B3LYP/6-311+G(d,p). Dans cette revue, on a localisé soixante-dix-sept différents conformères. On peut classifier ces
minima locaux en quatre groupes, A–D. Les structures A, B et D sont stabilisées par des liaisons hydrogènes intramolécu-
laires (LHIM) dans lesquelles le groupe amino agit comme donneur de liaison hydrogène (LH) et le groupe carbonyle
(structures A et D) et le groupe hydroxyle (structure B) agissent comme accepteurs de LH. Les structures de l’ensemble C
présentent des LHIM dans lesquelles le groupe amino agit comme accepteur de LH et le groupe hydroxyle comme don-
neur de LH. L’ordre de stabilité diminue dans l’ordre suivant, A > B > C > D. Sur la base de ces stabilités, on peut
conclure que seulement trois de ces conformères, sont A1, A4 et A5, pourraient exister en phase gazeuse, à la température
ambiante. La forme déprotonée la plus stable correspond à une espère Se-déprotonée, stabilisée par une forte LHIM entre
le groupe hydroxyle et l’atome de Se. Toutefois, une déprotonation directe des formes neutres les plus stables conduit à
des espèces O-déprotonées qui s’isomérise éventuellement pour conduire à un minimum global. En conséquence, on peut
conclure que d’une façon inattendue, en phase gazeuse, la HSEC se comporte comme un acide dérivé du sélénium et que
son acidité absolue, au niveau B3LYP/6-311++G(3df,2p) de la théorie, est de 1374 kJ mol–1. Les formes protonées les
plus stables sont systématiquement les formes N-protonées et le minimum global d’une structure stabilisée par une LHIM
implique le groupe amino protoné comme donneur de LH et le groupe SeH comme accepteur de LH. L’acidité en phase
gazeuse au niveau B3LYP/6-311++G(3df,2p) de la théorie est égal à 930 kJ mol–1.

Mots-clés : homosélénocystéine, acidité en phase gazeuse, basicité en phase gazeuse, calculs d’après la théorie de la fonc-
tionnelle de la densité (TFD), liaisons hydrogènes intramoléculaires.
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Introduction
A good understanding of the chemistry of peptides re-

quires a sound knowledge of the intrinsic reactivity of the
amino acids from which the peptides are built up. This has
motivated a large interest in conformational studies of amino
acids, which do not only dictate their affinity for specific re-
ceptors1 but also its intrinsic reactivity, in particular its ba-
sicity and acidity. Therefore, in general, the examination of
the intrinsic reactivity of an amino acid requires a careful
examination of its conformational characteristics, which, de-
pending on the length of the chain attached to the amino
acid moiety, can be very complicated due to the large num-
ber of possible conformers, whose structure and relative
stabilities are usually obtained by means of theoretical stud-
ies. It is worth mentioning, for instance, the work by Gro-
nert and O’Hair2 about the conformers of alanine, serine,
and cysteine, for which 10, 52, and 42 different conformers,
respectively, were located at the HF/6-31G* level of theory.
As well, the work of Bertran and co-workers3 explored sev-
eral conformations of glycine, serine, and cysteine in an ef-
fort to estimate their proton affinities, and that of Kaur et
al.4 employed density functional theory (DFT) methods to
characterize 33 stable conformers of selenocysteine in the
gas phase, and investigated its proton affinity, its gas-phase
acidity, and the possible implication of antioxidant activity
of this selenium derivative.

Among the natural amino acids, those containing sele-
nium are particularly important because Se is an essential
trace element for humans, animals, and other living organ-
isms.5–7 Indeed, selenium amino acids have been used as
supplements for cancer prevention.8 Furthermore, the biolog-
ical activity of selenium has been associated with several
natural selenoproteins, including glutathione peroxidase,
iodothyronine deiodinase, and thioredoxin reductase.5,6,9 Se-
lenocysteine has also been found to be the only essential
selenoamino acid in these proteins. Special proteins are
used to synthesize selenocysteinyl-tRNA and deliver it to
the ribosome for incorporation at UGA codons, which nor-
mally serve to terminate translation.10,11 Selenomethionine
is a natural amino acid and the chemical incorporation of
this amino acid, via selenohomocysteine, has been
achieved.12,13 The homoselenocysteine (HSEC) can facilitate
efficient peptide ligation and therefore, it is important as a
precursor of selenomethionine. Recently, Salon and co-
workers14,15 have synthesized some Se derivatives of the
DNA nucleobases and studied their crystal structures, their
thermostabilities, and the impact of their incorporation into
oligonucleotides. In addition, specific pyrimidines in natural
tRNAs have been derivatized by the incorporation of Se on
the nucleobases.

Quite surprisingly, however, is that the information about
the chemistry of Se compounds is not very abundant and
even scarcer are the theoretical calculations on Se-containing
amino acids. As a matter of fact, the first systematic assess-
ment of different theoretical schemes for the study of
organoselenium compounds was published by Boyd and co-
workers16 in 2005.

The aim of the present theoretical work is to explore the
potential energy surface (PES) of HSEC (see Chart 1) to lo-
cate the most stable conformers in an effort to carry out a

reliable estimation of its intrinsic acidity and basicity. We
would like to establish whether O or Se is the most acidic
site of this amino acid.

Computational Methods
We initially carried out a systematic search of conformers

at the semiempirical PM3 level using a relaxed PES scan
and a wide step size. The different conformers were gener-
ated by considering all possible combinations of the rota-
tions indicated in Chart 1.

Subsequently, the PM3 initial geometries were refined by
means of B3LYP/6-311+G (d,p) calculations, and their har-
monic vibrational frequencies evaluated. In this way, we
were able to confirm that, from this initial set of PM3 struc-
tures, a total of 77 conformers were local minima at the
B3LYP level. Some isomerization processes were also in-
vestigated for neutral, protonated, and deprotonated species.
The harmonic vibrational frequencies were used to classify
the different stationary points as local minima or transition
states. The connectivity between local minima and transition
states was ratified by means of internal reaction coordinate
(ICR) calculations as implemented in the Gaussian03 suite
of programs.17 The B3LYP approach combines Becke’s
three parameter nonlocal hybrid exchange potential18 with
the nonlocal correlation functional of Lee et al.,19 and it has
been shown to provide reliable geometries for a wide variety
of compounds,20–24 with a rather good accuracy/cost ratio.
The same functional has been shown to yield reliable gas-
phase basicities and acidities,25–33 provided that a flexible
enough basis set is used.

For the subsequent analysis of the basicity and acidity of
this amino acid, only the seven most stable conformers were
considered because the energy gap between them was found
to be smaller than 5.0 kJ mol–1. For this purpose, their de-
protonated and protonated species were optimized and the
corresponding harmonic frequencies calculated at the same
level used for the neutrals. From the frequency calculations,
the thermal corrections to enthalpies and Gibbs free energies
were extracted at 298.2 K. Final energies were obtained by
B3LYP/6-311++G(3df,2p)//B3LYP/6-311+G(d,p) single point
calculations. In all cases the Gaussian03 suite of programs
was used.17

The gas-phase proton affinity (PA) and the gas-phase ba-

Chart 1.
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sicity (GB) of a compound A are defined as the negative of
the enthalpy and the negative of the Gibbs free energy for
eq. [1], respectively.

½1� Aþ Hþ ! AHþ

The gas-phase acidity (DacidH) of a compound A is de-
fined as the proton affinity of the corresponding anion (eq.
[2]); hence, the lower the value of DacidH, the higher the
acidity of the system.

½2� A� þ Hþ ! AH

The acidity can also be measured in terms of the corre-
sponding Gibbs free energy, DacidG.

Enthalpies and Gibbs free energies were evaluated at the
B3LYP/6-311+G(d) level at 298.2 K. The use of a harmonic
approximation induces errors in the low-frequency torsions
of the systems under investigation, which are significantly
anharmonic, and therefore, in our calculated Gibbs free ener-
gies. This error can be estimated to be about 7 kJ mol–1 K–1

for the calculated entropies,34 which lead to an error in the
Gibbs free energy at 298 K of about 2 kJ mol–1. Since, as
we shall discuss later, neutral, protonated, and deprotonated
species are a mixture of several conformers in the gas phase,
we have also included the corresponding entropy of mixing,
which is evaluated as

½3� DSmix ¼ �R
X

xiln xi

where xi is the mole fraction of the ith component within the
mixture.

The bonding of the neutral, deprotonated, and protonated
most stable forms was analyzed by means of the atoms in
molecules (AIM)35 and the electron localization function
(ELF)36 theories. By means of AIM theory we have obtained
the molecular graphs showing the bond paths connecting the
different bonded atoms and containing the bond critical
points (BCPs), which correspond to stationary points in
which the electron density is minimum along the line that
connect two maxima and maximum in the other two direc-
tions.

ELF is a function, which, conveniently scaled between
[0,1],37,38 permits division of the physical space in regions
where electron pairs are localized, either as bonding or lone
pairs. These regions or basins are usually classified as
monosynaptic (core or lone pairs) and disynaptic (involving
two atomic valence shells), and their electron population
provides useful insights into the bonding pattern of the mol-
ecule. ELF grids and basin integrations have been evaluated
with the TopMod package.38 For the three-dimensional
plots, an ELF value of 0.8 is normally used.

Results and discussion
A total of 77 stable conformations of HSEC have been

characterized as local minima of the potential energy surface
(PES). The optimized geometries of the 15 more stable con-
formers are given in Fig. S1 of the Supplementary data. The
total and relative energies of these 77 local minima, ar-
ranged in decreasing stability order, as well as the calculated
thermal corrections, are summarized in Table S1 of the
Supplementary data.

The 77 local minima of the PES can be arranged in four
different groups (see Scheme 1) attending to the local con-
formation of the amino acid moiety. Structures A, B, and D
are stabilized by an intramolecular hydrogen bond (IMHB)
in which the amino group acts always as a hydrogen bond
(HB) donor whereas in structures C it acts as a HB acceptor,
the hydroxyl group being the HB donor. In structures A and
D the HB acceptor is the carbonyl group and in structures B
the hydroxyl group, the only difference between structures A
and D being the relative position of the hydroxyl group. It is
worth mentioning that within these four groups some struc-
tures exhibit IMHBs in which the Se–H group acts as the
HB donor with respect to the amino group or the carbonyl
or hydroxyl oxygen atoms as HB acceptors, but they always
lie much higher in energy than the conformers shown in
Fig. 1. Some of these structures are shown in Fig. S2 of the
Supplementary data.

Figure 1 shows the geometries and the relative free ener-
gies of the seven lowest-energy conformations of neutral
HSEC. As mentioned above, these seven structures are very
close in energy, with the maximum energy gap being 5.0 kJ
mol–1 (see Fig. 1). It is worth noting that these seven low-
lying energy conformers all belong to set A, so we have
considered it of interest to include in Fig. 1 the most stable
conformers of sets B, C, and D, namely structures B8, C17,
and D49. It is then obvious that the relative stability de-
creases in the order of A > B > C > D. Actually, structures
B8, C17, and D49 are predicted to be 5.6, 7.7, and 18.0 kJ
mol–1 higher in energy than the global minimum A1. Struc-
tures A1 and A2 are quite close in energy, with the energy
gap in terms of Gibbs free energies being 1.2 kJ mol–1. It is
also worth noting that the maximum energy gap, when the
complete set of 77 conformers is considered, amounts to
42.7 kJ mol–1.

An inspection of Fig. 1 shows that in the seven A1–A7
conformers, the carbonyl oxygen apparently acts as a HB
double-acceptor from the hydroxyl and the amino groups,
with the main structural differences being associated with
the local conformation of the CH2CH2SeH side chain. How-
ever, both the N–H���O and the O–H���O distances are sys-
tematically longer than 2.2 Å, and therefore, much longer
than the typical bond lengths of these HBs. The correspond-

Scheme 1.
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ing molecular graphs do not show the existence of a BCP
along the N–H���O or the O–H���O lines, so these interactions
cannot be considered, strictly speaking, as intramolecular
hydrogen bonds (IMHBs). Consistently, a natural bond order
(NBO) analysis does not show any second-order interaction
between the carbonyl oxygen lone pair and the sNH* or sOH*
antibonding orbitals, which would be the typical signature of
the N–H���O and the O–H���O IMHBs.

If one assumes a Boltzman distribution, and using the rel-
ative Gibbs free energies summarized in Fig. 1, in the gas
phase and at room temperature (298.2 K), HSEC should be
an equilibrium mixture that contains 48.1%, 29.5%, 12.1%,
5.6%, 2.6%, 1.9%, and 0.2% of conformers A1, A2, A3,
A4, A5, A6, and A7, respectively, and that the proportion
of the most stable conformers of the series B, C, and D is
null. The interconversion between these local minima in-
volves energy barriers that range from 7 to 27 kJ mol–1 (see
Fig. 2). Quite importantly, the activation barrier between A1
and A2 amounts to 18 kJ mol–1, hence, structure A2 will
very likely not be accessible at room temperature. The same
applies to structures A3, A6, and A7, and only the connec-
tivity between A1 and the local minima A4 and A5 involves
low enough activation barriers as to expect the three of them
to be accessible at room temperature. Under these circum-
stances, one should expect HSEC to be a mixture of these

three conformers in the following proportion: A1 (64.6%),
A4 (23.9%), and A5 (11.5%). Since, as we shall discuss
later, the most stable deprotonated species can be considered
the result of a direct deprotonation of the form D49, we
have also included in Fig. 2 the energy barrier associated
with the A2 ? D49 isomerization.

Gas-phase acidities

The DacidG for all the species included in Fig. 1 was cal-
culated at the B3LYP/6-311+G(d,p) level (see Table 1). The
structures of the different anions have been included in Fig.
S1 of the Supplementary data. However, we will only dis-
cuss in detail the deprotonation processes of the three con-
formers that, according to our previous analysis, should be
the only ones present in a significant amount in the gas
phase. In our survey of the intrinsic acidity of these systems,
we have initially considered all possible acidic sites, namely
the amino, the hydroxyl, and the Se–H groups. When the
proton is removed from the amino group, in many of the
other conformers a spontaneous proton transfer from the hy-
droxylic group or from the Se–H, depending on which of the
two is closer, towards the deprotonated amino group takes
place (see, for instance, the enhanced N acidity of A3, C17,
C32, and D49 in Table1). Finally, in practically all cases,

Fig. 1. B3LYP/6-311+G(d,p) optimized structures of the most stable A-, B-, C-, and D-type conformers of HSEC. Some significant inter-
nuclear distances are given in Å. Gibbs free energies relative to A1 are given within parentheses in kJ mol–1.
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only oxygen and selenium deprotonated species were found
to be stable. This is not the case, however, when dealing
with conformers A1, A4, and A5 because in all three cases
the amino group is very far apart from both the OH and the
SeH group, so the aforementioned spontaneous proton trans-
fers cannot take place. Nevertheless, the anions formed,
namely A1N–, A4N–, and A5N–, are higher in energy than

the anions formed by deprotonation of the OH or the SeH
groups.

The most stable anions formed by a direct deprotonation
process of the three neutral conformers correspond system-
atically to the oxygen deprotonated species (see Fig. 3). It
is very important, however, to take into account that, as for
the neutrals, all anionic species exhibit many different con-

Fig. 2. Energy profile connecting the most stable A-type conformers of HSEC. Energies relative to the A1 conformer are in kJ mol–1.

Table 1. DacidG and GB (kJ mol–1) of HSEC calculated at the B3LYP/6-
311+G(d,p) level.

DacidG GB

Acidic site Protonated site

Conformer N O Se N O Se
A1 1549.7 1367.1 1394.0 –916.1a –916.1a –827.4
A2 1555.3 1375.8 1391.3 –925.8a –925.8a –925.8a

A3 1390.8 1374.0 1390.4 –924.9a –924.9a –924.9a

A4 1551.2 1368.6 1396.5 –914.5a –914.5a –824.9
A5 1550.9 1366.3 1396.1 –917.5a –917.5a –825.6
A6 1550.6 1366.4 1402.8 –914.0a –914.0a –815.9
A7 1558.4 1364.9 1412.6 –919.1a –919.1a –830.3
B8 1551.8 1371.7 1390.9 –919.0 –861.3 –832.9
C17 1369.5 1372.5 1359.0 –893.6 –932.1a –891.8
C32 1370.8 1364.6 1348.6 –915.5 –953.0a –822.1
D49 1358.1 1355.2 1329.2 –907.9 –877.8 –850.5

aThe reported value corresponds to the protonation on the N atom because the O-
protonated or Se-protonated species are not stationary points of the PES.
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formers with quite different energies. Since the existence of
different anionic conformers may play a crucial role in accu-
rately determining the intrinsic acidity of the system, we
have investigated the most stable O-deprotonated and
Se-deprotonated anions, which can be generated from all
the neutrals included in Fig. 1. In this survey, a total of 22
different conformers for the O-deprotonated anions and 16
for the Se-deprotonated structures have been characterized.
The total free energies of all these anions have been sum-
marized in Table S2 of the Supplementary data.

The different O-deprotonated species are rather close in
energy, so that the energy gap between the most stable and
the least stable one is only 14.3 kJ mol–1. For the oxygen
deprotonated species, two different kind of conformers are
normally found, which differ in the relative position of the
amino group, with the most stable ones, namely A1O–,
A4O–, A5O–, being those that exhibit the shortest O–H–N
distance. Conversely, the energy gap between the most and
the least stable Se-deprotonated species is much higher,
68.7 kJ mol–1. As we shall discuss later, this is a conse-
quence of the formation of quite strong IMHBs between the
Se atom, acting as a HB acceptor, and the OH group, acting
as a HB donor, which significantly stabilizes some conformers.

The most important finding, however, is that the lowest-
energy O-deprotonated species lies 18.8 kJ mol–1 higher in
energy than the lowest-energy Se-deprotonated anion,
D49Se– (see Fig. 3), which would be the result of the direct
deprotonation of the most stable D-type conformer (D49).
Since, as we have mentioned above, a direct deprotonation
of the three neutrals that likely exist in the gas phase (A1,
A4, and A5) leads to the loss of the proton attached to the
OH group, it is necessary to explore whether the anion so
formed, namely A1O–, A4O–, and A5O–, can evolve to yield
the global minimum of the PES, which is a Se-deprotonated
species. In other words, we need to answer the question of
whether HSEC is an O or Se acid in the gas phase.

In Fig. 4, we show the potential energy curve associated
with the evolution from A5O– towards D49Se–. It should be
noted that the evolution from A1O– or A4O– would imply

only an extra internal rotation of the SeH group, connecting
these forms with A5O–, and they require rather low activa-
tion barriers (5.2 and 5.8 kJ mol–1 for A1O– ? A5O– and
A4O– ? A5O–, respectively).

As shown in Fig. 4, the first step in the A5O– ? D49Se–

isomerization implies an internal rotation around the C1–C3
bond (see Scheme 1), which leads to the intermediate A6O–.
From here, a subsequent internal rotation around C3–C13
leads to the global minimum. This is so because as soon as
the Se–H group is adequately oriented towards the deproto-
nated oxygen atom, a spontaneous proton transfer takes
place, leading to the formation of the most stable Se-
deprotonated structure. Taken into account that the activa-

Fig. 3. B3LYP/6-311+G(d,p) optimized structures of the most stable anions produced by the deprotonation of the A1, A4, and A5 confor-
mers of HSEC. The global minimum, D49Se–, corresponds to the direct deprotonation of the D49 conformer. Some significant internuclear
distances are given in Å. Gibbs free energies relative to D49Se– are given in parentheses in kJ mol–1.

Fig. 4. Energy profile connecting the anion obtained by direct de-
protonation of conformer A5 and the most stable deprotonated spe-
cies, D49Se–. Energies relative to the A5O– anion are in kJ mol–1.
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tion barriers associated with these isomerization process are
systematically lower than 20 kJ mol–1, and that the energy
liberated in the interaction between a neutral system and an
anion, which is the typical way in which the deprotonation
process takes place in an ICR experiment, is much higher,39

we can safely conclude that, once the oxygen deprotonated
species (either A1O–, A4O–, or A5O–) is produced by the di-
rect deprotonation of the corresponding neutral system, the
anion will have enough internal energy to isomerize to the
most stable Se-deprotonated species; therefore, HSEC would
behave as a Se acid in the gas phase. Since forms A2 and
D49 are directly connected by a simple OH internal rotation,
we have also investigated the interconversion between A2O–

and D49Se– (see Fig. S3 of the Supplementary data).
Although this isomerization would be possible, it must be
recalled that A2 is not easily accessible and therefore, the
most likely way to produce D49Se– is that shown in Fig. 4.
The estimated DacidH, taking into account the intrinsic acid-
ity of each of the three neutral species A1, A4, and A5 and
their statistical distribution, is 1374 kJ mol–1 and the corre-
sponding DacidG is 1351 kJ mol–1.

The enhanced stability of the D49Se– is closely related
with the existence of a O–H���Se IMHB, as corroborated by
(i) the existence of a BCP with a reasonably high electron
density, (ii) the existence of a ring critical point (see
Fig. 5a), (iii) the large O–H bond length (1.027 Å), and (iv)
the strong second-order interaction energy (177 kJ mol–1)
between the lone pairs of the Se atom and the sOH* anti-
bonding orbital, pointing out a significant charge donation
from the former to the latter, which is reflected in the quite
large population of the sOH* antibonding orbital (0.371 e–).
This strong interaction is a clear consequence of the high
polarizability of the Se lone pairs and to the fact that in spite
of the large H���Se internuclear distance (2.155 Å), the real
distance between the hydrogen and the Se lone-pairs is
much shorter, as nicely shown by the ELF of the system
(see Fig. 5b).

Gas-phase basicity
As expected, for the three neutral species A1, A4, and A5,

the amino nitrogen is the most favorable protonation site.

Furthermore, when these conformers are protonated at the
carboxylic oxygen, a spontaneous proton transfer towards
the amino group takes place, so the amino protonated spe-
cies is systematically generated. Only for B8 and D49, the
most stable B-type and D-type isomers, the O-protonated
species was found to be stable because the carbonyl oxygen
is far from the amino group and (or) because the OH group
does not point towards the amino group. Interestingly, for
the more stable C-type isomer, C17, the protonation at the
carbonyl group triggers a spontaneous proton transfer from
the hydroxyl group (not directly protonated) towards the
amino group, so in this case, only the N-protonated species
is found. Protonation at the SeH group is much less favorable,
with the calculated proton affinities being about 90 kJ mol–1

lower than those estimated for the corresponding N-protonated
species. As a matter of fact, the protonation at the SeH group
of species A2 and A3, where the distance between the amino
group and the SeH group is not too big, is also followed by a

Fig. 5. (a) The D49Se– anion molecular graph. Red and yellow dots denote the bond and ring critical points, respectively. Electron densities
are given in au. (b) Three-dimensional representations of ELF isosurfaces with ELF = 0.80. The grey lobes correspond to disynaptic basins
involving H atoms, red lobes to monosynaptic lone-pair basins, and green lobes to disynaptic bonding basins between nonhydrogen atoms.
The population of these basins is given in e–.

Fig. 6. B3LYP/6-311+G(d,p) optimized structures of the most
stable cations produced by the protonation of the A1, A4, and A5
conformers of HSEC. The global minimum, C32NH+, corresponds
to the direct deprotonation of the C32 conformer. Some significant
internuclear distances are given in Å. Gibbs free energies relative to
D49Se– are given within parentheses.
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proton transfer from the latter to the former, so that only the
N-protonated species exists as stationary points of the PES.

The direct protonation of species A1, A4, and A5 yield N-
protonated forms, namely A1NH+, A3NH+, and A5NH+,
which are rather close in energy (see Fig. 6). However, due
to the flexibility of the alkyl chain, many other possible con-
formers are possible. To be able to obtain a reliable proton
affinity for this system, it is necessary to carefully explore
the PES associated with the N-protonated species. This ex-
ploration was carried out using the N-protonated forms of
the 10 neutrals included in Fig. 1 as starting points. In this
way, a total of 23 different stationary points could be inden-
tified, the global minimum being the C32NH+ structure
shown in Fig. 6. The total free energies and the optimized
geometries of all these cations have been summarized in Ta-
ble S2 and Fig. S1 of the Supplementary data. The enhanced
stability of this form is a consequence of the formation of an
IMHB between the protonated amino group, which is an ex-
cellent proton donor, and the SeH group, which acts as HB
acceptor. This is reflected in the corresponding molecular
graph by the existence of a BCP between one of the amino
hydrogens and the Se atom, as well as by the existence of a
ring critical point. (see Fig. 7) Also, a consistently signifi-
cant interaction between the Se lone pairs and the sNH* anti-
bonding orbital is detected in the NBO second-order
perturbation analysis, which is reflected by a sizable length-
ening of the N–H bond involved in the IMHB, which is 0.03
Å longer than those not interacting with the SeH group.

The isomerization from A1NH+, A3NH+, and A5NH+ to-
wards the global minimum is the next question to be ad-
dressed to calculate the proton affinity of HSEC. In Fig. 8,
we present the corresponding energy profile for the A1NH+

? C32NH+ isomerization. It can be observed that this isomer-
ization is a two-step process. The first one, through an activa-
tion barrier of only 3.8 kJ mol–1, leads to the A5NH+

protonated species, which finally evolves to yield the global
minimum, C32NH+, through an activation barrier 13.3 kJ mol–1

high.
Hence, we can conclude that although the direct protona-

tion of the three neutrals, A1, A4, and A5, yield three differ-
ent cations, these cations have enough internal energy to
isomerize yielding the global minimum, C32NH+. Accord-
ingly, the proton affinity of HSEC can be estimated to be
930 kJ mol–1 by using the statistical distribution of the three

neutrals, A1, A4, and A5, and their intrinsic basicities. The
corresponding gas-phase basicity will be 891 kJ mol–1.

Conclusions
Seventy-seven different conformers for L-homoselenocys-

teine have been located as local minima of the PES of this
amino acid by means of B3LYP/6-311+G(d,p) calculations.
These local minima can be classified into four groups of
conformers attending to the local conformation of the amino
acid moiety. Structures A, B, and D are stabilized by an
IMHB in which the amino group always acts as a HB donor,
whereas, in structures A and D, the HB acceptor is the car-
bonyl group and in structure B the hydroxyl group. The
structures in set C present an IMHB with the amino group
acting as the HB acceptor and the hydroxyl group as the
HB donor. The stability order decreases in the following

Fig. 7. (a) The C32NH+ cation molecular graph. Red and yellow dots denote the bond and ring critical points, respectively. Electron densi-
ties are given in au. (b) Three-dimensional representations of ELF isosurfaces with ELF = 0.80. The grey lobes correspond to disynaptic
basins involving H atoms, red lobes to monosynaptic lone-pair basins, and green lobes to disynaptic bonding basins between nonhydrogen
atoms. The population of these basins is given in e–.

Fig. 8. Energy profile connecting the cation obtained by direct pro-
tonation of conformer A1 and the most stable protonated species,
C32NH+. Energies relative to A1NH+ cation are in kJ mol–1.
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order: A > B > C > D, so that the seven most stable con-
formers belong to group A. From their relative stabilities
and taking into account the barriers connecting them, it can
be concluded that, very likely, only three of these conform-
ers, namely A1, A4, and A5, would exist in the gas phase at
room temperature. The PES associated with the anions
formed by deprotonation of HSEC is also conformationally
rich, with the global minimum being a Se-deprotated species
stabilized by a strong IMHB between the hydroxyl group
and the Se atom. However, a direct deprotonation of the
most stable neutrals lead to O-deprotonated species, which
eventually isomerize to yield the global minimum. Hence,
we can conclude that, quite unexpectedly, HSEC behaves as
a Se acid in the gas phase.

The intrinsic acidity of HSEC was estimated to be 1374
kJ mol–1 at the B3LYP/6-311++G(3df,2p) level of theory.

The PES associated with the protonated forms of HSEC is
also conformationally rich, but the most stable protonated
forms are systematically the N-protonated ones. The global
minimum is again stabilized through a IMHB involving the
protonated amino group as HB donor and the SeH group as
HB acceptor. The calculated PA at the B3LYP/6-
311++G(3df,2p) level of theory is 930 kJ mol–1.

Supplementary data
Supplementary data for this article are available on the

journal Web site (canjchem.nrc.ca).
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Diagnostics of molecular orbital quality

Jia Deng, Andrew T.B. Gilbert, and Peter M.W. Gill

Abstract: We discuss several measures of the quality of a molecular orbital. Each requires only that the orbital be associ-
ated with a well-defined Fock operator and is thus applicable to both Hartree–Fock and density functional orbitals. One of
the measures, the g diagnostic, ranges from g = 0 (perfect) to g = p/2 (poor) and is conceptually simple. We illustrate its
usefulness by applying it to a number of small atoms and ions.

Key words: molecular orbital quality, density functional theory, Hartree–Fock.

Résumé : On discute de plusieurs mesures de la qualité d’une orbitale moléculaire. Chacune nécessite uniquement que
l’orbitale soit associée à un opérateur de Fock bien défini et qu’il soit ainsi applicable aux orbitales de Hartree–Fock ainsi
qu’aux fonctionnelles de densité. L’une ce ces mesures, le diagnostic, s’étend de 0 (parfait) à 2 (mauvais) et elle est
conceptuellement simple. On illustre son utilité en l’appliquant à un certain nombre de petits atomes et de petits ions.

Mots-clés : qualité d’une orbitale moléculaire, théorie de la fonctionnelle de la densité, Hartree–Fock.

[Traduit par la Rédaction]

Introduction

Some say that quantum chemistry is a branch of applied
mathematics and that, by implication, quantum chemists are
applied mathematicians. One can certainly mount a strong
argument in favor of this. After all, quantum chemistry is
primarily concerned with finding approximate solutions to a
certain linear second-order partial differential equation and
using those solutions to comprehend the chemical behavior
of matter. However, if we are indeed applied mathemati-
cians, we break one of the cardinal rules of our order: with
few exceptions, we never check how well our ‘‘solutions’’
satisfy the equation!

How well does a given wave function satisfy the Schrö-
dinger equation? At the conclusion of a quantum chemical
calculation, any self-respecting software package ought to
address this question and provide a quantitative answer that
the user can interpret as a quality measure. However, it turns
out that this raises a number of interesting mathematical is-
sues, and we have therefore sought initially to address the
more modest question: How well does a given orbital satisfy
its self consistent field (SCF) equation?

Standard practice in quantum chemistry is to gauge the
quality of a molecular orbital by comparing it with the orbi-
tal obtained from a calculation with a larger basis set. How-
ever, this approach is both expensive and non-rigorous, for it
is possible that the larger basis may suffer from the same
deficiencies as the smaller one. Moreover, it is aesthetically
unsatisfactory to judge an orbital by comparing it with an-
other: it ought to be possible to appraise it purely on its
own merits. In this paper, we propose a method for assess-
ing the quality of a finite-basis SCF orbital in this way,
without the need to perform a larger-basis calculation.

Although our approach is applicable to any orbital that is
associated with a well-defined Fock operator, we will con-
fine our numerical tests here to Hartree–Fock orbitals. The
extension to density functional theory (DFT) orbitals is con-
ceptually straightforward but requires consideration of DFT
quadrature grids. We use atomic units throughout.

Molecular orbital diagnostics

An exact orbital is an eigenfunction of its Fock operator.1

However, an orbital j from a perfectly converged finite-ba-
sis Hartree–Fock2–4 or Kohn–Sham5 calculation is not an ei-
genfunction of its own Fock operator F, that is,

½1� Fj 6¼ 3j

unless the basis happens to span the exact orbital.6 This un-
der-appreciated fact holds the key to our approach because
the difference between the two sides of eq. [1] measures the
quality of the orbital. There are several ways to exploit this.
One approach is based on the local orbital energy

½2� eðrÞ ¼ ðFjÞ=j

If the orbital were perfect, eðrÞ would be constant every-
where; small imperfections in j will produce small varia-
tions in eðrÞ.

A second approach recognizes that the normalized ver-
sions of j and Fj should be identical. Accordingly, the dis-
crepancy

½3� dðrÞ ¼ jffiffiffiffiffiffiffiffiffiffiffiffi
hjjji

p � Fjffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
hFjjFji

p
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should vanish at all points r and, wherever it fails to do so,
it reveals deficiencies in the orbital.

A third approach determines the angle

½4� g ¼ cos�1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
hjjFji2

hjjjihFjjFji

s

¼ tan�1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
hjjjihFjjFji
hjjFji2 � 1

s

between j and Fj. Unlike eðrÞ and d(r), which are func-
tions, g is a number between 0 (perfect) and p/2 (poor) and
achieves the former value if, and only if, j is an eigenfunc-
tion of F.

To calculate numerical values of g, we must choose a
suitable inner product h�j�i. The overlap metric

½5� hf jgi ¼
R

f ðrÞgðrÞdr

is an obvious choice but it yields poor g values if the orbital
fails to possess the correct nuclear cusps. This is a particu-
larly serious problem if the orbital is expanded in a nuclear-
centered Gaussian basis because, close to a nucleus, any
Gaussian is flat and consequently Fj ~ (–Z/r)j is singular.

Because of the widespread popularity of Gaussian basis
sets, we prefer an inner product that is less sensitive to such
cusp violations. We have found that the Coulomb metric

½6� hf jgi ¼
ZZ

f ðr1Þgðr2Þ
r12

dr1dr2

works well and we have adopted it throughout this work. If
j is a sum of Gaussians, all of the inner products needed for
atoms can be evaluated in terms of elementary functions,
using integrals such as

½7� e�b2r2

r

�����
e�d2r2

r

* +
¼ 4p5=2 bþ d �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
b2 þ d2

p

b2d2

A table of such integrals is given in the Appendix.
In this preliminary exploration, we will investigate the

performance of the g diagnostic (eq. [4]) in very small sys-
tems. The primary question is whether or not g behaves
‘‘reasonably’’.

Examples

Hydrogen atom
This one-electron system has the Fock operator

½8� F ¼ �r
2

2
� 1

r

and its true orbital is exp(–r). To begin our exploration of
the g diagnostic, we consider an HF calculation using the
single basis function exp(–ar). The computed orbital will
differ from the true orbital except, of course, when a = 1.

The g diagnostic (eq. [4]), using the Coulomb metric (eq.
[6]), is

½9� g ¼ tan�1 2
a� 1

a� 6

����
����

and this is plotted, for 0 < a < 10, in Fig. 1. As expected, g
vanishes for a = 1 and grows almost linearly as a deviates
from this optimal value. For a = 6, it turns out that j and
Fj are exactly orthogonal, i.e., the angle between them is
p/2.

Helium-like ions
These two-electron systems have the Fock operator

½10� F ¼ �r
2

2
� Z

r
þ
R jðr0Þ2
jr� r0j dr0

where Z is the nuclear charge. The true HF orbital is un-
known, but if we approximate it by the Kellner orbital7

½11� jðrÞ ¼ expð�arÞ

the HF energy is minimized by choosing a ¼ Z � 5=16.
How satisfactory is this orbital? It can be shown that

½12� g ¼ tan�1 a

Z � b

���
���

where a ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1987=388800

p
and b ¼ 623=720 and this is eval-

uated in Table 1 for Z = 1, . . ., 7. These results reveal that
the Kellner orbital is a good approximation (g & 0.01) to
the true orbital for large-Z ions, such as C4+ and N5+, that it
is reasonable (g & 0.05) for the He atom itself, but that it is
very poor (g & 0.5) for the H– ion. This may be related to
the difficulties that Cioslowski and others have encountered
when seeking an accurate HF orbital for the hydride an-
ion.8,9

Hookium atom
This two-electron system10,11 has the Fock operator

½13� F ¼ �r
2

2
þ r2

8
þ
R jðr0Þ2
jr� r0j dr0

and its true HF orbital is unknown. However, neglecting the

Fig. 1. The g diagnostic for the orbital exp(–ar) in the H atom.

Table 1. g values for Kellner orbitals in the He-like ions.

H– He Li+ Be2+ B3+ C4+ N5+

Z 1 2 3 4 5 6 7
g 0.488 0.063 0.033 0.023 0.017 0.014 0.012
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electron repulsion yields the harmonic oscillator wave func-
tion exp(–r2/4) and one may therefore anticipate that

½14� jðrÞ ¼ expð�ar2Þ

may be a good guess. The HF energy of this orbital, using
an optimized exponent, lies 1.5 mEh above the HF limit.
However, Ragot has recently claimed12 that the modified or-
bital

½15� jðrÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2 þ b2

q
expð�ar2Þ

is very much better, provided that a and b are chosen care-
fully, and constructs two orbitals of this form, lying 4.5 and
0.6 mEh above the HF limit, respectively.

The g diagnostic allows us to compare the quality of these
orbitals, and though we have not been able to find g in
closed form for eq. [15] the required integrals can be found
by quadrature. The results shown in Table 2 reveal that the
Gaussian (eq. [14]) is a good approximation to the exact or-
bital but that the Ragot orbitals (eq. [15]) are superior by
one to two orders of magnitude.

Other small systems
Table 3 lists g values for the orbitals in some small atoms

and ions, using Jensen’s pc-n basis sets.13,14

H and He+ ions are one-electron species whose 1s orbitals
are modeled well by the pc-n bases. It is not surprising that
the He+ orbital is slightly inferior to that of H, for the he-
lium bases were designed to be optimal for the neutral
atom, not the much more compact cation. Nevertheless, the
triple-zeta pc-2 orbitals are good and the pc-3 and pc-4 orbi-
tals are excellent.

The 2s orbitals (the LUMOs in these species) tell a very
different story. In the H atom, the g values are appalling,
and actually deteriorate as the basis set quality improves.
This arises because, in the HF picture, the virtual orbitals of
the H atom experience an exponentially decaying attractive
potential and therefore describe essentially free electrons.

Of course, nuclear-centered Gaussian basis sets (e.g., aug-
pc-n) cannot capture such behavior. The situation is better
in He+ because the virtual orbitals experience a Coulombic
attractive potential and, consequently, approximate the
standard hydrogenic orbitals. Although they are too diffuse
to be modelled well by pc-0, pc-1, and pc-2, the higher
aug-pc-n bases do a better job.

H–, He, and Li+ are isoelectronic but it is clear that their
pc-n 1s orbitals vary greatly in quality. While good orbitals
are provided by pc-1 (for Li+), and pc-2 (for He), a satisfac-
tory orbital for the hydride ion is not obtained even with the
septuple-zeta pc-4 basis. This arises because the second
electron in H– is barely bound, and diffuse functions there-
fore play a crucial role in the basis. Accordingly, we find
that the aug-pc-n orbital is consistently almost an order of
magnitude better than its pc-n analog; indeed, even the
lowly aug-pc-0 orbital exceeds the quality of the pc-4 orbi-
tal.

The last two lines in Table 3 pertain to the core and va-
lence orbitals in the Be atom. We find that the 1s orbital is
accurately modelled, even by the small pc-n bases, but that
the 2s orbital is more challenging and benefits significantly
from the addition of diffuse functions. It is surprising to find
that, in passing from the pc-2 to the pc-3 basis set, the va-
lence orbital improves dramatically but the core orbital ac-
tually becomes slightly worse. This anomaly is unaffected
by the addition of diffuse functions.

Concluding remarks

It is impossible to assess the quality of an SCF calculation
from its energy alone, and as a result, quantum chemists
have traditionally been compeled to perform sequences of
calculations, looking for signs of convergence as the basis
set is systematically improved. In contrast, the g diagnostic
(eq. [4]) exploits the inequality (eq. [1]) to provide a chemist
with a direct measure of the quality of a computed orbital.

Using the Coulomb metric (eq. [6]), it appears empirically

Table 2. g values for Gaussian and Ragot orbitals in hookium.

Orbital Equation a b g

Gaussian [14] 0.25 — 0.0430
Gaussian [14] 0.210 549 021 — 0.0142
Ragot [15] 0.25 2.771 219 931 0.0007
Ragot [15] 0.251 117 376 2.711 087 898 0.0002

Table 3. g values for pc-n and aug-pc-n orbitals in small atoms and ions.

pc-n aug-pc-n

Orbital 0 1 2 3 4 0 1 2 3 4
H 1s 0.0436 0.0255 0.0079 0.0020 0.0007 0.0403 0.0313 0.0085 0.0015 0.0005

2s 0.7425 0.7202 0.7131 0.7323 0.7449 0.7491 0.7573 0.7735 0.7917 0.8007
He+ 1s 0.0650 0.0443 0.0133 0.0035 0.0017 0.0811 0.0495 0.0135 0.0037 0.0016

2s 1.4198 1.3296 0.6133 0.3130 0.2424 0.1309 0.1110 0.0839 0.0563 0.0445
H– 1s 0.9572 0.7502 0.4354 0.2507 0.1873 0.1363 0.0870 0.0554 0.0348 0.0267
He 1s 0.0756 0.0389 0.0110 0.0022 0.0010 0.0620 0.0396 0.0125 0.0022 0.0009
Li+ 1s 0.0297 0.0151 0.0119 0.0122 0.0042 0.0295 0.0152 0.0109 0.0124 0.0042
Be 1s 0.0349 0.0153 0.0082 0.0091 0.0034 0.0339 0.0150 0.0079 0.0093 0.0034

2s 0.0881 0.0203 0.0123 0.0029 0.0031 0.0358 0.0147 0.0152 0.0029 0.0030
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that ‘‘reasonable’’ orbitals have g(0:05, ‘‘good’’ orbitals
have g(0:01, and ‘‘excellent’’ orbitals have g(0:005.

In this preliminary work, we have computed g for single-
center systems only. To facilitate the efficient calculation of
g for the MOs in polyatomic molecules, the integrals in the
Appendix must be generalized to the multicenter case. In
large systems, straightforward evaluation of the hFjjFji in-
tegral becomes computationally costly, but techniques based
on the resolution of the identity (RI)15–17 or resolution of the
Coulomb operator18–20 should be helpful in this context.

In the case of Kohn–Sham orbitals, the inner products in
eq. [4] involving Fj cannot be computed in closed form,
and one must resort instead to quadrature. We will discuss
this elsewhere.

In this brief paper, we have proposed a diagnostic to
quantify orbital quality and have studied its performance on
a few very small atoms and ions. We will implement this in
the Q-Chem package21 and will report molecular results
elsewhere. We also plan to extend these ideas to a wave
function diagnostic in the near future.

Acknowledgement
We thank Pierre-François Loos for making a number of

helpful comments on this manuscript.

References
(1) Szabo, A.; Ostlund, N. S. Modern Quantum Chemistry;

McGraw-Hill: New York, 1989.
(2) Roothaan, C. C. J. Rev. Mod. Phys. 1951, 23 (2), 69. doi:10.

1103/RevModPhys.23.69.
(3) Hall, G. G. Proc. R. Soc. Lond. 1951, A205, 541.
(4) Pople, J. A.; Nesbet, R. K. J. Chem. Phys. 1954, 22 (3), 571.

doi:10.1063/1.1740120.
(5) Pople, J. A.; Gill, P. M. W.; Johnson, B. G. Chem. Phys.

Lett. 1992, 199 (6), 557. doi:10.1016/0009-2614(92)85009-
Y.

(6) Deng, J.; Gilbert, A. T. B.; Gill, P. M. W. J. Chem. Phys.
2009, 130 (23),o. 231101. doi:10.1063/1.3152864.

(7) Kellner, G. W. Z. Phys. 1927, 44 (1-2), 91. doi:10.1007/
BF01391720.

(8) Cioslowski, J.; Liu, G. J. Chem. Phys. 1998, 109 (19), 8225.
doi:10.1063/1.477484.

(9) Pearson, J. K.; Gill, P. M. W.; Ugalde, J.; Boyd, R. J. Mol.
Phys. 2009, 107 (8), 1089. doi:10.1080/00268970902740563.

(10) Kais, S.; Herschbach, D. R.; Levine, R. D. J. Chem. Phys.
1989, 91 (12), 7791. doi:10.1063/1.457247.

(11) O’Neill, D. P.; Gill, P. M. W. Phys. Rev. A 2003, 68 (2),o.
022505. doi:10.1103/PhysRevA.68.022505.

(12) Ragot, S. J. Chem. Phys. 2008, 128 (16),o. 164104. doi:10.
1063/1.2904874.

(13) Jensen, F. J. Chem. Phys. 2001, 115 (20), 9113. doi:10.1063/
1.1413524.

(14) Jensen, F. J. Phys. Chem. A 2007, 111 (44), 11198. doi:10.
1021/jp068677h. PMID:17439196.

(15) Baerends, E. J.; Ellis, D. E.; Ros, P. Chem. Phys. 1973, 2
(1), 41. doi:10.1016/0301-0104(73)80059-X.

(16) Dunlap, B. I.; Connolly, J.; Sabin, J. J. Chem. Phys. 1979,
71 (8), 3396. doi:10.1063/1.438728.
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Appendix
Table A1 contains the fundamental integralsA1 (in the

Coulomb metric) that are required to form g in single-center
systems, such as atoms.

In the final expression, the integration limits are

½A1� X ¼ affiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2 þ b2

p dffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
b2 þ d2

p

Table A1. Integrals required to form the g diagnostic (eq. [4]) in atomic systems.

hf jgi exp(– d2r2) � r2

2
expð�d2r2Þ erfðcrÞ

r
expð�d2r2Þ

exp(–b2r2) 2p5=2

b2d2

ffiffiffiffiffiffiffiffiffiffi
b2þ d2

p 2p5=2

ðb2þ d2Þ3=2 4p2

b3d
tan�1 b

d
cffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

b2þ c2þ d2

p
" #

�r2

2
expð�b2r2Þ 2p5=2

ðb2þ d2Þ3=2
6p5=2b2d2

ðb2þ d2Þ5=2
4p2

b2þ d2
cffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

b2þ c2þ d2

p
erfðarÞ

r
expð�b2r2Þ

4p2

bd3 tan �1 d
b

affiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2 þ b2 þ d2

p
" #

4p2

b2þ d2
affiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

a2þ b2þ d2

p
4p
bd

� �3=2
ffiffiffiffiffiffiffiffiffiffiffi
b2þ d2

bd

q Z X

0

Z Y

0

dxdyffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� x2�y2

p
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½A2� Y ¼ bffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
b2 þ d2

p cffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
c2 þ d2

p

The double integral is elementary and can be evaluated in
terms of arctangents but the resulting expression is messy.

Reference
(A1) Gill, P. M. W.; Johnson, B. G.; Pople, J. A. Int. J. Quantum

Chem. 1991, 40 (6), 745. doi:10.1002/qua.560400604.
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Serine–Ca2+ versus serine–Cu2+ complexes —
A theoretical perspective

Al Mokhtar Lamsabhi, Otilia Mó, and Manuel Yáñez

Abstract: The association of Ca2+ and Cu2+ to serine was investigated by means of B3LYP DFT calculations. The
[serine–M]2+ (M = Ca, Cu) potential energy surfaces include, as does the neutral serine, a large number of conformers, in
which a drastic reorganization of the electron density of the serine moiety is observed. This leads to significant changes in
the number and strength of the intramolecular hydrogen bonds existing in the neutral serine tautomers. In some cases, a
proton is transferred from the carboxylic OH group to the amino group and accordingly, some of the more stable [serine–M]2+

complexes can be viewed as the result of the interaction of the zwiterionic form of serine with the doubly charged metal ion.
Whereas the interaction between Ca2+ and serine is essentially electrostatic, that between Cu2+ and serine has a non-negligible
covalent character, reflected in larger electron densities at the bond critical points between the metal and the base, in the nega-
tive values of the electron density between the two interacting systems, and in much larger Cu2+ than Ca2+ binding energies.
More importantly, the interaction with Cu2+ is followed by a partial oxidation of the base, which is not observed when the
metal ion is Ca2+. The main consequence is that in Cu2+ complexes a significant acidity enhancement of the serine moiety
takes place, which strongly favors the deprotonation of the [serine–Cu]2+ complexes. This is not the case for Ca2+ complexes.
Thus, [serine–Ca]2+ complexes, like those formed by urea, thiourea, selenourea, or glycine, should be detected in the gas phase.
Conversely, the complexes with Cu2+ should deprotonate spontaneously and therefore only [(serine–H)–Cu]+ monocations
should be experimentally accessible.

Key words: gas phase reactivity, transition metal, amino acids, DFT.

Résumé : On étudié l’association des cations Ca2+ et Cu2+ avec la serine en utilisant la théorie de la fonctionnelle de la
densité, B3LYP. Pour l’ion [sérine–M]2+ (M = Ca, Cu), comme c’est le cas pour la sérine neutre, les surfaces d’énergie
potentielle comportent un grand nombre de conformères dans lesquels on peut observer une réorganisation drastique de la
densité électronique de la sérine. Ces changements conduisent à des changements significatifs dans le nombre et la force
des liaisons hydrogènes intramoléculaires par rapport à celles qui existent dans les tautomères neutres de la sérine. Dans
quelques cas, il se produit un transfert de proton du groupe OH de l’acide carboxylique vers le groupe amino et, en consé-
quence, un certain nombre des complexes les plus stables de l’ion [sérine–M]2+ peuvent être considérés comme étant le ré-
sultat de l’interaction de la forme zwitterionique de la sérine avec l’ion métallique doublement chargé. Alors que
l’interaction entre la Ca2+ et la sérine est essentiellement électrostatique, celle entre le Cu2+ et la sérine comporte un carac-
tère covalent non négligeable qui est le reflet de densités électroniques plus grandes aux points critiques de liaison entre
les deux systèmes en interaction ainsi que des énergies de liaisons beaucoup plus élevées pour le Cu2+ que pour le Ca2+.
Fait plus important, l’interaction avec le Cu2+ est suivie d’une oxydation partielle de la base, ce qui n’est pas le cas quand
l’ion métallique est le Ca2+. La conséquence principale est que dans les complexes du Cu2+, on observe une augmentation
significative de l’acidité de la portion sérine qui favorise la déprotonation des complexes [sérine–Cu]2+. Ce n’est pas le cas
avec les complexes Ca2+. En conséquence, il devrait être possible de détecter les complexes [sérine–Ca]2+ en phase ga-
zeuse, comme c’est le cas avec ceux formés avec l’urée, la thiourée, la sélénourée et la glycine. Inversement, les com-
plexes qui résultent d’interactions avec le Cu2+ devraient se déprotoner spontanément et seuls les monocations [(sérine–
H)–Cu]+ devraient être expérimentalement disponibles.

Mots-clés : réactivité en phase gazeuse, métal de transition, acides aminés, théorie de la fonctionnelle de la densité (TFD).

Introduction

Serine is a chiral amino acid that can be found in pro-
teins. It is also one of two hydroxyl amino acids and for
that reason is highly hydrophilic and is commonly found in
the outer regions of soluble proteins.1 Serine is a good

model for studying peptide structures. Many studies have
been devoted to understanding its behavior in gas phase,2–6

solution,7–10 and solid state.11,12 One important characteristic
of this molecule is the possibility of forming strong hydro-
gen bonds (HBs) between its HB-donor and HB-acceptor
groups, which play an important role as far as the relative

Received 27 January 2010. Accepted 8 March 2010. Published on the NRC Research Press Web site at canjchem.nrc.ca on 18 May 2010.
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stability of its conformers is concerned. Serine conformers,
in the gas-phase, were classified into three groups (A, B,
and C) according to the main intramolecular interaction
they exhibit: A (OHA–N hydrogen bond), B (OHC–N), and
C (OHA–O=) (the subscripts A and C stand for alcohol and
carboxylic group, respectively).5,13 However, more types of
intramolecular hydrogen bonds (IMHBs) than those men-
tioned above appear in this molecule, likely playing some
role on its intrinsic reactivity and its solvation, in particular
when the solvent is able to form hydrogen bonds with ser-
ine. This is the case of the water molecule which, is ubiqui-
tous in biological media. Recently, Gong et al.14 have
carried out an exhaustive investigation on the interaction of
serine with water, exploring the specific solvation of all the
reactive sites of the aminoacid. In this paper, we address the
question of the intrinsic reactivity of serine with respect to
Ca2+ and Cu2+ in their ground states, both doubly charged
ions being also of biochemical relevance.

Calcium is also ubiquitous in biological media and is an
essential actor in diverse processes such as muscle contrac-
tion, cell motility, membrane adhesion, synaptic transmis-
sion, and hormone release. While sites for calcium binding
are implicit in these and other calcium-regulated processes,
detailed characterization of such binding sites is very impor-
tant. Copper is also omnipresent in the biological media.15–18

It participates in different processes, such as enzyme regula-
tion and stabilization of nucleic acids. Recently, we pointed
out the difference between Ca2+ and Cu2+ complexes with
urea and thiourea in the gas phase.19 In fact, the attachment
of transition metal dications to an organic base (B) is imme-
diately followed by a deprotonation of the system, so that
only [Cu–(B–H)]+ singly charged species are observed in
the gas phase,20 because the recombination energy (the neg-
ative of the second ionization energy) of Cu2+ is so high that
in most neutral-Cu2+ reactions in the gas phase, the doubly
charged metal ion is able to oxidize the base. This is not
the case, however, when dealing with alkaline-earth dica-
tions like Ca2+, whose recombination energy is almost half
that of Cu2+, so that the [Ca–B]2+ complexes are stable and
easily detected. As a matter of fact, the unimolecular reac-
tivity of complexes between Ca2+ and different organic
bases, namely urea, glycine, thiourea, and selenourea have
been reported in the literature.21–23 Thus, one of the objec-
tives of the present study is to investigate whether the be-
havior of serine, which presents additional basic sites and
the possibility of forming different intramolecular hydrogen
bonds, is similar to that exhibited by the aforementioned
bases or whether it exhibits some peculiarities.

Computational Details
All calculations were performed with the Gaussian 03

package.24 The B3LYP density functional theory (DFT) ap-
proach, which combines the Becke’s25 three-parameter non-
local hybrid exchange potential with the nonlocal correlation
of Lee, Yang, and Parr,26 was used in all calculations. For
geometry optimizations as well as for the calculation of har-
monic vibrational frequencies, a 6–311G(d,p) basis set was
employed. The different stationary points of the potential
energy surface (PES) were identified as local minima or
transition states in terms of the number of imaginary vibra-

tional frequencies. The corresponding zero-point energy cor-
rections (ZPE) were scaled by the empirical factor 0.9806
proposed by Scott and Radom.27

To obtain more reliable energies for the local minima, fi-
nal energies were evaluated by using the same functional
combined with the 6–311++G(3df,2p) basis set for all atoms
except for Cu2+, where the (14s9p5d/9s5p3d) basis set of
Wachters28 and Hay29 was used, supplemented with a set of
(1s2p1d) diffuse functions and with three sets of f and one
set of g polarization functions. It has been shown that this
approach is well-suited to the study of this kind of systems,
yielding binding energies in good agreement with experi-
mental values.30–32

The basis set superposition error (BSSE) was not consid-
ered in the present study because, as has been previously re-
ported, for the DFT and DFT/HF hybrid methods, this error
is usually small when the basis set expansion is sufficiently
flexible.33

The bonding in these complexes was analyzed by means
of the natural bond orbital (NBO) partitioning technique34

and the quantum theory of atoms in molecules
(QTAIM).35,36

Results and Discussions
It is well known that amino acids in the gas phase or iso-

lated in noble gas matrices adopt the nonionic form (H2N–
CHR–COOH),4,13,37 wherease in the solid state or in solution
they exist in the zwitterionic form (H3N+–CHR–COO–).5,6

This has been experimentally confirmed for several amino
acids, including glycine, a- and b-alanine, proline, sarcosine,
N,N-dimethyl-glycine, and g-aminobutyric acid, by studies
based on electron diffraction, as well as on microwave, and
matrix-isolation infrared spectroscopy techniques.37–44 The
stabilization of the zwitterionic form in the condensed
phases is essentially due to dipolar interactions and intermo-
lecular H-bonds. Hence, one of the major problems associ-
ated with the theoretical study of the amino acids is the
abundance of different conformers.45 Excluding the zwitter-
ionic forms, the number of conformers could exceed 324
trial structures, as has been pointed out by Gronert and
O’Hair.46 For serine, a total of 51 conformers have been
found to lie within an energy gap of 50 kJ/mol, at MP2/6–
31+G*//HF/6–31G* level of theory.46 Since the main aim of
our study is not to explore the different conformations of
serine but to look at the characteristics of its complexes
with Ca2+ and Cu2+ dications, we have selected for our sur-
vey the eleven most stable ones, shown in Fig. 1. From
these eleven conformations, different coordinations of the
doubly charged metal ion to serine can be envisaged. The
B3LYP/6–311G(d,p) optimized geometries for the most sta-
ble [serine–Ca]2+ and [serine–Cu]2+ complexes are reported
in Figs. 2 and 3, respectively. Their B3LYP/6–
311++G(3df,2p)//6–311G(d,p) relative energies with respect
to the corresponding most stable [serine–M]2+ (M = Ca, Cu)
complex are listed in Table 1. Similar information for the
more stable serine conformers is provided in the same table.

Serine is very rich, conformationally speaking, because a
simple rotation of the hydroxyl group, or around the N–C or
C–C bonds, may connect different conformers through acti-
vation barriers which are not very high. Although a detailed
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discussion of the conformations of serine is not the aim of
this paper, some interesting features regarding their relative
stabilities should be highlighted. Four conformers, N3, N5,
N6, and N10, appear to be very close in energy, the maxi-
mum energy gap between them being about 3 kJ/mol. The
least stable ones within the subset of the 15 more stable con-
formers are relatively close in energy, the energy gaps with
respect to the global minimum varying from 6 to 19 kJ/mol.
According to the work of Gong et al.,14 the most stable con-
former should be the structure N5 whereas from the calcula-
tions of Jarmelo et al.4 N5 and N6 conformers are almost
degenerate, the energy gap between them being 0.7 kJ/mol.
However, it should be taken into account that Gong et al.14

did not consider structure N6 in their survey and Jarmelo et
al.4 did not include the conformer N10 among the most sta-
ble tautomers.

The most important common characteristic of these con-
formers is the existence of several intramolecular hydrogen
bonds (IMHB). Whereas in the conformers N3, N5, and
N10 two IMHBs contribute to stabilizing these structures,

three IMHBs are responsible for the stability of the con-
former N6. In the latter case, three out of the four of the ser-
ine’s heteroatoms are involved in these IMHBs, either as
HB-donors or as HB-acceptors (NH and OH groups). It can
be also observed that the HB distances are in the range
1.90–1.92 Å when the nitrogen atom behaves as an HB-ac-
ceptor towards the OH group of the carboxylic moiety.
When the HB donor is the OH alcoholic group, the bond
length is longer (about 2.1 Å). The bond lengths of the
IMHBs, in which the carboxylic group is the HB-acceptor,
are in the range 2.113 Å (in N3) to 2.637 Å (in N6). Hence,
one important question would be whether the interaction
with the metal dication will affect significantly this network
of IMHBs or not. Since serine presents different basic cen-
ters, many different adducts, resulting from the direct inter-
action with the metal dication, can be envisaged (see Figs. 2
and 3). Complexes g and h have their origin in conformer
N6, complexes j and k are produced from conformer N5,
the neutral form N10 yields complex i, and association to
N3 yields complexes a and b. The other complexes are gen-
erated by the interaction of the dication with the remaining

Fig. 1. Optimized geometries of neutral conformers of serine. Some internuclear distances are shown in Å.
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neutral conformers followed, in most of the cases, by an in-
ternal molecular reorganization.

The most stable complex (see Table 1), is structure i in
which the metal coordinates to three of the most basic sites
of the serine molecule. This interaction cleaves the intramo-
lecular hydrogen bonds existing in the neutral form. The
second most stable adduct is complex g where the metal is
bisligated to the two oxygen atoms of the carboxylic acid
moiety. Its relative energy with respect to the most stable
complex i is about 19 and 18 kJ/mol for [serine–Ca]2+ and
[serine–Cu]2+ complexes, respectively. It is worth noting
that in complex g the interaction of the metal leads to a
spontaneous proton transfer from the carboxylic group to-
wards the amino group, so the complex can be considered

as the result of the association of the double charged metal
ion to the zwiterionic form of serine. The same is true as far
as complexes b, c, and h are concerned. This indicates that
the association of the metal cation to serine involves a dra-
matic redistribution of electron density within the organic
moiety, which significantly affects the strength and even the
existence of the IMHBs. It is obvious, for instance, from
Figs. 1–3 that the formation of the global minimum i im-
plies the cleavage of the two IMHBs existing in the neutral
N10 conformer. However there are some subtle differences
in these electron density reorganizations when Ca2+ and
Cu2+ complexes are compared with each other. This is appa-
rent when the strengths of the N–H���O HBs in complexes b,
c, g, and h for Ca2+ containing complexes (see Fig. 2) are

Fig. 2. Optimized geometries of [serine–Ca]2+ complexes. Some internuclear distances are shown in Å.
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compared with the Cu2+ analogues (see Fig. 3). The associa-
tion of the metal dication to the CO2 group of the zwiter-
ionic form of serine is followed by a charge transfer, or a
strong polarization, from this group towards the metal. Ac-
cordingly, the HB acceptor ability of the oxygen atom par-
ticipating in the bond decreases because it is a poorer
electron donor. However, this effect is clearly stronger in
Cu2+ than in Ca2+ complexes, and the NH����O IMHBs are
weaker in the former than in the latter, and therefore the
bond lengths are systematically 0.2 Å longer. This is also
mirrored in the topology of the electron density. As shown
in Fig. 4 for the particular case of g complexes, whereas for
the Ca2+ containing system a bond critical point associated

with the NH���O IMHB is found, such a BCP does not exist
for the Cu2+ containing analogue.

These results point to significant differences in the char-
acteristics of the bonding depending on the nature of the
metal dication. These differences are nicely reflected in the
energy density maps of the global minima (see Fig. 5) which
show that while the energy density between the metal and
the organic moiety is positive in the case of Ca2+ complexes,
as it corresponds to an electrostatic interaction, for the Cu2+

analogues it is negative, indicating that in this latter case the
covalent character of the interaction is not at all negligible.
Consistently, no covalent bonds between Ca and the serine
basic centers are found in the NBO analysis, whereas the

Fig. 3. Optimized geometries of [serine–Cu]2+ complexes. Some internuclear distances are shown in Å.
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Cu–OC and N–Cu covalent bonds are found, with a very
large participation of the p orbitals of OC (97%) and N
(87%) and a small contribution from the 4s in Cu. Consis-
tently, the bond order (BO) of the OC–M, OA–M, and N–M
(M = Ca, Cu) linkages are much smaller for the Ca2+ com-
plex (0.0863, 0.0617, and 0.0826, respectively) than for the
Cu2+ containing analogue (0.091, 0.2113, and 0.2656, re-
spectively). Besides the N–Cu and O–Cu bonds indicated
above, a second-order NBO perturbation analysis shows
also a strong charge donation from one of the lone pair of
the alcoholic oxygen to the 4s empty orbital of copper, prov-
ing that in the global minimum, Cu is truly tricoordinated.
The partially covalent character of the interactions with Cu
is also reflected in the electron density at the corresponding
BCPs, which are about twice as large as those calculated for
the corresponding Ca2+ complex. Thus, not surprisingly, the

calculated binding energy of Cu2+ to serine (1054 kJ/mol)
is about twice the binding energy estimated for Ca2+ (567
kJ/mol).

The significant differences in the reorganization of the
electron density of the serine, when interacting with Cu2+

and Ca2+, have their origin in the huge difference between
the recombination energy for both dications (20.29 eV for
Cu2+ but only 12.03 eV for Ca2+).47 Hence, while the associ-
ation of Cu2+ with serine is followed by a partial oxidation
of the amino acid as has been found in the interaction of
Zn2+ with thymine32 and thio-oxazolidine,48 no oxidation is
observed upon Ca2+ interaction. In fact, the NBO natural
charge indicates that in complex i of [serine–Cu]2+, the
metal bears a net positive charge of about 1.48 e while for
the [serine–Ca]2+ the net charge on the metal is about 1.88
e. At the same time, the spin density, which in the reactants

Table 1. Relative energies DE (kJ mol–1), enthalpies DH(298) (kJ mol–1), and Gibbs energies DG8(298) (kJ mol–1) for neutral and
complex structures included in this study.

Neutral serine [Serine–Ca]2+ [Serine–Cu]2+

DE DH(298) DG8(298) Complex DE DH(298) DG8(298) DE DH(298) DG8(298)
N1 13.5 13.8 9.4 a 166.8 167.2 162.3 87.9 89.0 76.4
N2 6.9 7.0 5.7 b 67.7 68.1 57.7 50.2 50.5 40.7
N3 0.8 0.8 2.5 c 56.6 56.8 51.7 44.3 44.5 39.0
N4 10.4 10.6 9.1 d 86.3 86.9 79.8 27.1 27.9 19.6
N5 0.1 0.2 -1.5 e 131.2 131.5 124.2 108.6 109.6 101.4
N6 0.0 0.0 0.0 f 193.7 194.4 186.6 108.5 109.2 101.7
N7 9.6 9.8 7.9 g 18.9 18.9 13.1 17.9 18.0 11.3
N8 13.2 13.5 10.1 h 67.8 67.9 63.0 61.3 61.4 56.6
N9 6.1 6.1 6.1 i 0.0 0.0 0.0 0.0 0.0 0.0
N10 2.9 3.0 2.5 j 85.8 86.2 79.4 43.2 43.5 37.8
N11 18.9 19.0 18.8 k 103.3 103.5 94.0 56.8 57.8 42.8

Fig. 4. Molecular graphs of structures i and g of [serine–M]2+ (M = Ca, Cu) complexes. Red dots and yellow dots represent bond critical
points and ring critical points, respectively. Electron densities are in au.
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is located exclusively on Cu2+ in the complex is almost
equally shared by the metal (0.58) and the serine moiety
(0.42). Similar results are found for complex g. This ability
of Cu2+ to oxidize the base was previously reported in the
literature for some aminoacids49,50 and for urea and thio-
urea19 as well as for [uracil–Cu]2+, [thiouracil–Cu]2+, and
[thymine–Cu]2+ complexes.32,51 However, in all these cases
a complete oxidation of the base was actually found,
whereas for serine only a partial oxidation seems to take
place. Taking into account that the ionization energy of ser-
ine is not significantly different from that of urea or uracil,
in principle a complete oxidation of the base should be ex-
pected. It is worth noting, however, that the degree of oxida-
tion undergone by serine is different depending on the
coordination of the metal. Hence, for monocoordinate com-
plexes, such as structure a, the spin density on the copper
atom is close to zero, indicating that the oxidation of the
base has been practically complete. Conversely, in di- and
tricoordinated complexes like structures g and i, the spin
density is shared between the metal and serine, likely indi-
cating that di- and tricoordination stabilize the Cu2+ oxida-
tion state more. Similar findings were reported before for
the complexes between Cu2+ and the oxime analogue of gly-
cine.52 Conversely, the behavior of calcium towards serine is
quite similar to that exhibited towards uracil,53 thiouracils,53

urea, and thiourea.19

The partial oxidation of the serine upon Cu2+ interaction
will have an important effect on the intrinsic acidity of the

organic moiety, similar to that found when the base is uracil,
and which results in a spontaneous deprotonation of the sys-
tem. Hence, only [Cu–(B–H)]+ singly charged species are
observed in the gas phase.20,54 This is not the case, however,
when dealing with alkaline-earth dications like Ca2+, where
[Ca–B]2+ are easily detected.21,22,53 In the case of serine, as
shown in Fig. 6, the deprotonation of the two most stable
[serine–Cu]2+ complexes are thermodynamically favorable.
In contrast, for the global minimum of the [serine–Ca]2+

complexes, proton detachment is an almost thermoneutral
process, and it becomes clearly endothermic for complex g.

There are two other features which should be highlighted
in Figs. 6a and 6b. The first one is that, independently of the
metal dication, the [serine–M]2+ (M = Ca, Cu) global mini-
mum is the result of the association of the metal dication to
the second more stable tautomer of serine, whereas the most
stable tautomer of serine leads to complexes which are sig-
nificantly higher in energy (18.8 kJ/mol, for Ca2+ and 17.9
kJ/mol for Cu2+). The second important feature is that the
formation of the [serine–Ca]2+ global minimum i implies a
significant acidity enhancement of the alcoholic OH group
of serine, so the proton is preferentially lost from this group,
whereas in complex g, the most acidic site is the NH3 group
formed by the spontaneous proton transfer discussed in pre-
vious sections. Also interestingly, the deprotonation of com-
plexes i also yields the most stable anion, although the
energy gap between the deprotonated forms of complexes i

Fig. 5. Energy density contour maps for the [serine–Ca]2+ and [serine–Cu]2+ complexes. Dashed blue lines and solid red lines denote nega-
tive and positive values, respectively, of the energy density.
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and g is slightly larger than that between the complexes i
and g themselves.

Conclusions

The association of Ca2+ and Cu2+ to serine implies a dras-
tic electron density reorganization within the aminoacid,
which leads to significant changes in the number and
strength of the IMHBs present in the neutral serine tauto-
mers, and in some particular cases to a proton transfer from
the carboxylic OH group towards the amino group. Accord-
ingly, some of the more stable [serine–M]2+ complexes can
be viewed as the result of the interaction of the zwiterionic
form of serine with the doubly charged metal ion.

Whereas the interactions between Ca2+ and serine are es-

sentially electrostatic, those between Cu2+ and serine have a
non-negligible covalent character, reflected in larger elec-
tron densities at the BCPs between the metal and the base,
in the negative values of the electron density between the
two interacting systems, and in much larger Cu2+ than Ca2+

binding energies. More importantly, the interaction with
Cu2+ is followed by a partial oxidation of the base, which is
not observed when the metal ion is Ca2+.

The main consequence is that in Cu2+ complexes acidity
of the serine moiety is significantly enhanced, thus strongly
favoring the deprotonation of the [serine–Cu]2+ complexes.
This is not the case for Ca2+ complexes, because the recom-
bination energy of this metal dication is almost half that of
Cu2+. Thus, [serine–Ca]2+ complexes, like those formed by
urea, thiourea, selenourea, or glycine, should be detected in

Fig. 6. Energy profile for the formation and deprotonation of the two most stable isomers of [serine–M]2+ (M = Ca, Cu) complexes; (a)
M=Cu; (b) M=Ca. Values are in kJ/mol.

766 Can. J. Chem. Vol. 88, 2010

Published by NRC Research Press

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

U
ni

ve
rs

ity
 o

f 
E

le
ct

ro
ni

c 
an

d 
Sc

ie
nc

e 
T

ec
ho

no
lo

gy
 o

f 
C

hi
na

 o
n 

09
/1

7/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



the gas phase. Conversely, the complexes with Cu2+ should
deprotonate spontaneously and therefore only [(serine–H)–
Cu]+ monocations should be experimentally accessible.
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Ab initio calculations on C6H6���(HF)n clusters ——
X–H���p hydrogen bond

Sławomir J. Grabowski and Jesus M. Ugalde

Abstract: MP2/6–311++G(d,p) calculations on C6H6���(HF)n clusters were performed and full optimizations were carried
out for systems containing up to four HF molecules (n = 4) and calculations on the systems of C6v symmetry were carried
out for up to six HF molecules (n = 6). Cooperativity effects were analyzed for these molecular aggregates. It was found
that F–H���p and F–H���F hydrogen bonds exist for these complexes and those interactions are enhanced as the number of
HF molecules increases. The cooperativity effects cause numerous changes in geometrical, energetic, and topological pa-
rameters, the latter ones derived from the quantum theory of atoms in molecules. Various correlations between the ana-
lyzed parameters are presented. There are meaningful differences between the molecular graphs for the fully optimized
complexes and those for the linear complexes of C6v symmetry (for the latter, the linear chain of HF molecules is attached
to a benzene molecule acting as the Lewis base). For the linear complexes, unique bond paths connect the H-attractor of
the HF molecule and the ring critical point of the benzene molecule.

Key words: hydrogen bonding, cooperativity effect, quantum theory of atoms in molecules, H���p interaction, benzene as a
proton acceptor, molecular graphs, critical points.

Résumé : On a effectué des calculs MP2/6–311++G(d,p) sur des agrégats de C6H6���(HF)n et on a réalisé des optimisations
totales pour les systèmes comportant jusqu’à quatre molécules de HF (n = 4) alors que les calculs sur les systèmes de sy-
métrie C6v ont pu être effectués jusqu’à six molécules de HF (n = 6). On a analysé les effets coopératifs de tels agrégats
moléculaires. On a trouvé qu’il existe des liaisons hydrogènes F–H���p et F–H���F dans ces complexes et que ces inter-
actions sont renfoncées lorsque le nombre de molécules de HF augmente. Les effets coopératifs provoquent de nombreux
changements dans les paramètres géométriques, énergétiques et topologiques qui ont été obtenus par la théorie quantique
des atomes dans les molécules. On présente diverses corrélations entre les paramètres analysés. Il existe des différences si-
gnificatives entre les graphiques moléculaires des complexes complètement optimisés et les complexes linéaires de symé-
trie C6v (dans ces derniers cas, la chaı̂ne linéaire de molécules HF est attachée à la molécule de benzène qui agit comme
base de Lewis). Pour les complexes linéaires, il existe des voies uniques de liaison qui unissent l’attracteur-H de la molé-
cule HF et le point critique du noyau de la molécule de benzène.

Mots-clés : liaison hydrogène, effet coopératif, théorie quantique des atomes dans les molécules, interaction H���p, benzène
comme accepteur de proton, graphiques moléculaires, points critiques.

Introduction

There are numerous studies on cooperativity effects for
hydrogen bonded systems.1–3 There are also various defini-
tions of this effect. each somewhat different from the other.
However, the cooperativity effect is often understood as the
enhancement of the hydrogen bonding between two species
if a third one is attached to that system.4 For most of the
systems analyzed, this enhancement was observed but there
are also studies where an opposite effect, the weakening of
the hydrogen bond, was detected. For example, some years
ago the cooperativity was investigated in C–H���O and O–
H���O hydrogen bonds.5 The authors showed that, in the
case of O–H���O interactions, this effect enhances the H

bond and leads to the elongation of the O–H proton-donating
bond and to the red shift of the corresponding stretching
mode. In the case of C–H���O hydrogen bonds, the shorten-
ing of C–H bonds and the blue-shifting were detected in
(H2CO)n and (HFCO)n aggregates.

One can mention numerous studies on cooperativity ef-
fects. The chain of species connected by OH bonds is an ex-
ample.6 Another one concerns H3N���HF and H3N���HF���HF
complexes, which were investigated with the use of experi-
mental microwave and theoretical ab initio techniques.7 It
was observed that the addition of the next HF molecule to
the H3N���HF complex leads to the shortening of the N���H
hydrogen bond by 0.21(6) Å. Hence the cooperativity effect
exists here, because the H–F molecule participates concert-

Received 14 December 2009. Accepted 18 February 2010. Published on the NRC Research Press Web site at canjchem.nrc.ca on 21 May
2010.
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edly as a donor and as an acceptor. Numerous other studies
on cooperativity effects may be mentioned; such effects
were found in two-dimensional cyclic networks containing
three-centered hydrogen bond interactions,8 in amide hydro-
gen-bonding chains,9 in intramolecular bifurcated hydrogen
bonds,10 and in homo (HCN)n and hetero ðHCNÞn � � �HF
chains.11,12

The decomposition of the interaction energy was per-
formed for H2C=O���(H–F)n clusters (n up to 9).13 It was
found that, for a large number of hydrogen fluoride mole-
cules, there are shorter and stronger F–H���O hydrogen bonds
and that the ratio of delocalization and electrostatic attrac-
tive interaction energy terms increases. It is worth mention-
ing too that the delocalization energy is often attributed to
the covalency of the hydrogen bond;14,15 thus, the partially
covalent character is manifested for H2C=O���(H–F)n clusters
for the greater number of HF molecules. Similar clusters,
H2C=O���(Cl–F)n aggregates, were calculated and the coop-
erativity effect in F–Cl���O and F–Cl���F halogen bonds was
analyzed.16 One can see that cooperativity is observed not
only for hydrogen bonds but also for other types of interac-
tions. There is a very recent study on cooperativity in multi-
ple weak bonds.17 All combinations of five weak bonds:
hydrogen bonds, dihydrogen bonds, hydric bonds, halogen
bonds, and ion – p-electron interactions were analyzed17 us-
ing MP2/aug-cc-pVTZ level results and quantum theory of
atoms in molecules (QTAIM).18

Another problem concerns the interactions often classified
as hydrogen bonds where p-electrons act as the proton ac-
ceptor; these are usually designated as X–H���p (or XH/p).19

Even the CH/p interactions were analyzed in crystal struc-
tures and using various methods, both theoretical as well as
experimental.20,21 A question arises whether or not such in-
teractions are enhanced by cooperativity effects. The theoret-
ical analysis of benzene–(H2O)n (n = 1–3) clusters is an early
example.22 The cooperativity phenomenon has not been con-
sidered for the latter species. However it has been found that
(H2O)n clusters are ‘‘p-hydrogen bonded’’ (O–H���p interac-
tion) to the benzene ring, the strength of such interaction
being greatest for C6H6–(H2O)2. Thus, there is enhancement
of O–H���p hydrogen bonding when the next water molecule
is incorporated into the C6H6–H2O system. In the case of the
C6H6–(H2O)3 cluster, the O–H���p interaction is weaker,
likely owing to the strong cooperativity among the three
water molecules forming the cyclic structure. The complexes
of water with ethene, propene, and trans-2-butene have been
studied recently.23 The ab initio MP2/6–311++(2d,2p) calcu-
lations have been performed on these systems where p-elec-
trons of the above-mentioned hydrocarbons act as the proton
acceptor while the water molecule is the proton-donating
moiety; hence, the O–H���p interactions exist. In this study,
the other O–H���O hydrogen bonds were also analyzed, since
for the complexes with the O–H���p hydrogen bond, the next
water molecules were added. Additionally NBO analysis was
performed to analyze intermolecular p(C=C) ? s*(O–H)
charge-transfer interactions as well as those for n(O) ?
s*(O–H). The other B3LYP/6–311++G(d,p) calculations for
the C2H2���HF and C2H2���(HF)2 complexes were performed
and the F–H���p and F–H���F interactions were characterized.24

Very recently, similar systems C2H2���(HF)n and C2H4���(HF)n
(n up to 4) were considered and MP2/6–311++G(d,p)

calculations were carried out to analyze cooperativity effects.25

Thus, generally, at least a few systems were considered with
the aim of showing whether cooperativity effects might en-
hance the X–H���p interactions. For most of the cases men-
tioned here, such enhancement is observed if the number of
proton-donating molecules attached to the Lewis base con-
taining p-electrons increases.

The goal of this study is to analyze the cooperativity ef-
fects for the systems where the benzene molecule acts as
the proton acceptor and where HF molecules are attached to
benzene. Hence C6H6���(HF)n complexes (n up to 6) were
analyzed. QTAIM 18,26,27 was also applied to characterize
these systems. The choice of such systems was dictated by
the fact that only a few studies had been performed earlier
on cooperativity effects with multicenter proton acceptors,
such as acetylene or ethylene molecules. Practically, except
for the study on C6H6–(H2O)n clusters22 and the recent study
on different weak interactions,17 both mentioned earlier
here, no analyses on cooperativity has been performed to
date for benzene as the proton acceptor. It is interesting to
analyze what the interrelation is between the number of HF
molecules attached to benzene and the F–H���p interaction.
Is the interaction similar in nature to the one detected for
C2H2 and C2H4 acting as Lewis bases? In addition, the
Bader theory allows one to analyze molecular graphs, espe-
cially those whose bond paths are attributed to H���p interac-
tions. Such QTAIM analysis was performed early on
complexes of single hydrogen fluoride molecule with acety-
lene, ethylene, cyclopropene, cyclobutadiene, and benzene;28

in these cases, a bond path with bond critical point (BCP)
has been found between the H-atom attractor of hydrogen
fluoride and the BCP of the CC p-bond. A deeper analysis
of such connections for the C6H6���(HF)n clusters seems to
be worth doing. On the other hand, the study of systems
with multicenter proton acceptor and (or) proton donor29,30

is also very interesting since this interaction very often dif-
fers in nature significantly from the typical hydrogen bonds
well situated within the Pauling definition of hydrogen
bonding.31

Computational details
The calculations were carried out with the Gaussian03 set

of codes.32 The C6H6���(HF)n (n = 1,2,3,4) complexes were
optimized at the MP2/6–311++G(d,p) level of approximation
and these systems are in energetic minima since no imagi-
nary frequencies were observed. Similar calculations at the
same level were performed for C6H6���(HF)n complexes
(n up to 6) with the symmetry constraints included. These
complexes are known to have C6v symmetry exists because
all HF molecules attached form a linear chain and are per-
pendicular to the benzene ring (the line of HF molecules
crosses the benzene ring accurately at its geometric center).

The binding energies for the analyzed complexes were
computed as the differences between the total energy of the
complex and the energies of monomers. The binding ener-
gies were corrected for the basis set superposition error
(BSSE) using the counterpoise method.33 In this study, the
term ‘‘monomer’’ has a special definition. Because the H���p
interaction and the influence of the number of attached HF
molecules on the strength of that interaction are analyzed,
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the C6H6 is treated as one monomer and all HF molecules
as another monomer. This approach is in line with the ex-
pression proposed earlier in studies on cooperative ef-
fects.34,35

½1� EHBk ¼ Etotal � E1;2;...;k � Ekþ1; kþ2;...;m

EHBk is the kth hydrogen bond within the m-element system
and two subsystems are connected through this interaction.
For the systems analyzed, here the kth hydrogen bond exists
between the first element (benzene) and the first hydrogen
fluoride molecule (hence k = 1 and m = n+1 because n is
the number of HF molecules).

The NBO method36,37 implemented within the Gaussian03
package was applied here to calculate the atomic charges.
The QTAIM theory of Bader was also applied to find the
critical points26,27,38 and to analyze them in terms of electron
densities and their Laplacians. The molecular graphs were
also analyzed to show the uniqueness of the interactions
with p-electrons of benzene acting as the Lewis base.

Results and details

Energetic and geometric parameters
Figures 1 and 2 present the molecular graphs of the

C6H6���(HF)4 complex, the fully optimized system and the
corresponding one of C6v symmetry. To clarify the picture
of the graph of the nonlinear complex (Fig. 1), the bond
paths (BPs) of ring critical points (RCPs) are not drawn,
whereas the graph of the linear system contains all BPs. Ta-
ble 1 presents binding energies (corrected for BSSE) of all
complexes analyzed here. The charges of the benzene ring
are included in the table. It was explained in the previous
section how the binding energies were calculated; the ben-
zene molecule is one subunit and all HF molecules of the
complex constitute the other subunit. Such a treatment is ap-
plied here to calculate the interaction between p-electrons of
benzene and the remaining part of the complex, HF mole-
cules. In other words, the energies of F–H���p interactions
are estimated by means of such a treatment.

One can see that the binding energy increases (that is, it is
more negative) if the number of HF molecules increases
(Table 1). This is connected with the well-known effect of
cooperativity (the enhancement of the H-bond strength be-
tween two interacting moieties if other additional species
are attached).4 Figure 3 presents this relation. For the
C6H6���(HF)2 complex, the binding energy is about 65%
greater than for the C6H6���HF complex if the fully opti-
mized systems are considered. The next additional hydrogen
fluoride molecules do not cause such a large increase in F–
H���p hydrogen bonding strength. If the systems containing
three and four HF molecules are each compared with those
possessing one fewer HF molecules then the energy in-
creases to 38% and 11%, respectively. The changes of H-
bond strength are not so significant for the linear systems,
and they are practically negligible if one considers the com-
plexes containing more than three HF molecules (Table 1,
Fig. 3). The complexes of C6v symmetry do not correspond
to the local minima where the electron charge transfer and
the corresponding electron density redistribution as an effect
of complexation are most effective and lead to the most sta-
ble configurations.

It is well-known that the hydrogen bonding formation is
connected with the transfer of electron charge from the pro-
ton acceptor center to the proton donating system.39,40 In the
case of the H���p interactions considered here, these are the
benzene molecule and the system of HF molecules, respec-
tively. Table 1 presents the benzene molecule charge for all
analyzed complexes. Because an electron charge is with-
drawn from benzene to the remaining parts of complexes,
the benzene molecule possesses the positive charge, greater
for the greater electron transfer. Table 1 shows that for the
greater number of HF molecules within the complex and
hence for the greater binding energy, the benzene molecule
is more positive. The increase of the positive charge is
greater for the fully optimized complexes. For the linear
complexes, the charge changes resulting from complexation
are much smaller. For example, for the C6H6���(HF)6 linear
complex, the benzene charge is equal to 0.0065 au, whereas
for the C6H6���(HF)4, fully optimized complex it amounts to
0.0172 au. The positive charge for the complex in minimum
is almost three times greater than for the one of C6v symme-
try, in spite of the greater number of HF molecules attached
in the latter case. There is practically no change in the
charge of benzene with the increasing number of HF mole-
cules if the C6H6���(HF)4 linear complex is considered. Such
negligible differences are observed for the other parameters
(Table 1) for the C6H6���(HF)n linear complexes (n = 4, 5,
and 6). Figure 4 shows the relationship between the benzene
molecule charge and the binding energy; for the linear sys-
tems, the dependence is linear (R2 = 0.998), whereas for the
fully optimized systems the dependence seems to be nonlin-
ear, although the number of complexes is too low to apply
statistical analysis. Figure 5 presents the relationship be-
tween the benzene charge and the charge on the H-atom;
the latter one concerns the HF molecule being in the closest
proximity of the benzene ring. The linear and nonlinear sys-
tems belong to two subsamples; hence there are two depend-
encies, both of which may be described by second-order

Fig. 1. Molecular graph of the C6H6���(HF)4 complex, with the con-
figuration in minimum; big circles correspond to attractors, small
ones to critical points.
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Fig. 2. Molecular graph of the C6H6���(HF)4 complex, showing the linear configuration of C6v symmetry; big circles correspond to attractors,
small ones to critical points.

Table 1. Binding energies of the systems analyzed; BSSE correction is presented
(both in kcal/mol), NBO charges of benzene molecule (B-charge) and H-atom of the
closest to the benzene ring HF molecule (in au); N is the number of HF molecules
within the complex; the shortest H���C intermolecular distances are given (in Å); linear
systems (of C6v symmetry) as well as optimized ones are shown.

N Ebin EBSSE B-charge H-charge H���C C-charge

Full optimization
1 –3.24 2.23 0.0025 0.5586 2.5031 –0.2245
2 –5.30 2.97 0.0089 0.5760 2.3004 –0.2509
3 –7.32 3.70 0.0134 0.5836 2.2432 –0.2504
4 –8.16 4.11 0.0172 0.5864 2.1805 –0.2557

Linear systems
1 –3.17 2.27 0.0011 0.5586 2.7014 –0.2127
2 –4.49 3.14 0.0042 0.5831 2.6000 –0.2144
3 –5.06 3.42 0.0056 0.5906 2.5686 –0.2154
4 –5.32 3.47 0.0061 0.5938 2.5590 –0.2157
5 –5.46 3.49 0.0063 0.5952 2.5603 –0.2158
6 –5.53 3.51 0.0065 0.5960 2.5559 –0.2159

Fig. 3. The relationship between the number of HF molecules and
the binding energy (in kcal/mol); full circles correspond to the fully
optimized complexes and the empty circles to the linear ones.

Fig. 4. The relationship between the binding energy (in kcal/mol)
and the benzene molecule charge (in au); full circles correspond to
the fully optimized complexes and the empty circles to the linear
ones.
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polynomials. One can see that the charges on the H-atoms
are greater for linear systems, which may indicate the
greater polarization of HF molecules for the C6v symmetry
systems than for nonlinear ones.

What is the reason for the systematic differences between
the two subsamples, i.e., those fully optimized and those of
C6v symmetry? First of all, for the fully optimized systems,
there is the meaningful asymmetry of the distribution of
electron density. This leads to the asymmetry of numerous
properties of the analyzed complexes. For example, there
are differences between the charges on carbon atoms of the
benzene ring. Table 1 presents the charges on the C-atoms
which are the closest to the first neighboring HF molecule;
the corresponding H���C distances are also included. For the
complexes of C6v symmetry, all such H���C distances are the
same and all C-atom charges are equal. It is worth mention-
ing that for each fully optimized system, the charge of the
C-atom nearest to an HF molecule is the most negative one
of all the carbon atoms of benzene. Thus the interaction be-
tween the most negative C-atom and the HF molecule is
probably the strongest of all the other such H���C interac-
tions. This may indicate the existence of the F–H���C inter-
action rather than the F–H���p one. Only for the C6H6–HF
fully optimized complex is the situation slightly different be-
cause there are two equal shortest H���C distances. Figure 6
presents the linear dependence between the H���C distance
and the charge on the corresponding C-atom; all systems,
linear and nonlinear, are taken into account within this cor-
relation. For the systmes of C6v symmetry; the H���C distan-
ces are longer and the negative C-charges are smaller than
such values for fully optimized systems.

Figure 7 presents the relationship between the binding en-
ergy and the bond length of the first HF neighboring mole-
cule of benzene; all systems, both linear and nonlinear, are
included in the correlation and the linear correlation be-
tween energy and bond length is observed. For weaker inter-
actions of systems with C6v symmetry, the lengthening of
the HF molecule is reduced as a result of complexation.
This is in line with many other studies where a dependence
was found between the length of the proton-donating bond

and the binding energy for the H-bonded systems.41 Table 2
presents the charges of HF molecules; all systems are con-
sidered and the order of HF molecules of any complex is in
line with the neighborhood of benzene molecule. This
means that the HF molecule closest to benzene is given as
the first one in the table. For the fully optimized C6H6���HF
complex, the situation is as one could expect—the HF mole-
cule has a negative charge because of the electron charge
transfer from benzene. However, for the other fully opti-
mized complexes, the HF molecules closest to benzene
have positive charges. This means that there is a further
transfer of electron charge to the more distant HF molecules.
Usually, the last HF molecule, being the farthest from ben-
zene, has the most negative charge. The remaining HF mol-
ecules within the chain are characterized by small and
negligible negative charges. This is owing to the chain of
hydrogen bonds which are created C6H6���H–F���H–F��� and
may be treated as a result of cooperativity. Additionally, the
charge of the last HF molecule is more negative than the
charge of the benzene molecule is positive. This means
that, within the complexes, the negative charge is withdrawn
from benzene and also from the other HF molecules to
transfer it to the ‘‘tail’’ of the complex. A similar situation

Fig. 5. The relationship between the benzene molecule charge (in
au) and the H-atom charge (in au) of the HF molecule directly
connected with benzene; full circles correspond to the fully opti-
mized complexes and the empty circles to the linear ones.

Fig. 6. The correlation between the H���C distance (in Å) and the C-
atom charge (in au); full circles correspond to the fully optimized
complexes and the empty circles to the linear ones; the correlation
concerns both types of complexes, linear and nonlinear.

Fig. 7. The correlation between the binding energy (in kcal/mol)
and the H–F bond length (in Å); full circles correspond to the fully
optimized complexes and the empty circles to the linear ones; the
correlation concerns both types of complexes, linear and nonlinear.
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occurs for the linear complexes; the charge of the first HF
molecule is positive (except of the C6H6���HF complex).
The other charges of HF molecules are usually negative
although in some cases they are positive but close to zero,
and the last or ‘‘tail’’ HF molecules are the most negative.
However, for the latter ones, the modulus of negative charge
is very close to the charge of the corresponding benzene
molecule. This means that for the linear complexes, the en-
hancement of the electron charge is not so great as for the
nonlinear complexes. Table 2 also shows the HF bond
lengths; they are shortest for the HF molecules that are the
furthest from benzene, i.e., the ‘‘tail’’ molecules.

QTAIM parameters and NBO approach
Table 3 shows the parameters derived from QTAIM

theory: electron density (rBCP), its Laplacian (r2rBCP) as
well as kinetic electron energy density (GBCP), and the po-

tential electron energy density (VBCP) at the H���C bond crit-
ical point. In other words, the characteristics of BCP
corresponding to (F)H���C interaction are given. In the case
of fully optimized complexes, there is only one bond path
between the H-atom attractor and benzene, i.e., C-atom of
benzene (Fig. 1) with the corresponding BCP. The C6H6–
HF complex is the only exception since BP connects the H-
atom attractor with the BCP of the CC bond (Fig. 8). For
complexes of C6v symmetry, there are six such bond paths.
It seems that the latter situation may occur only for the com-
plexes of benzene in the case of high C6v symmetry. Any
distortion from such a symmetry, as for the systems consid-
ered here (fully optimized complexes) causes the asymmetri-
cal distribution of the electron charge. Hence, the most
negatively charged carbon atom is the proton acceptor in F–
H���C hydrogen bonding. It is worth mentioning that a sys-
tem of C6v symmetry, the benzene–acetylene complex, was
analyzed by Fujii et al.42 A similar high symmetry arrange-
ment of molecules was detected for the mixed benzene–ace-
tylene crystal.43,44 Figures 1 and 2 present both of the cases
mentioned above. For the linear C6H6���(HF)4 complex, there
is the bond path which connects the H-atom attractor and
the ring critical point of benzene. The cage critical point
lies on such a path. It seems that in the case of benzene act-
ing as Lewis base there are two possibilities to explain the
topological evidence of X–H���p interaction: (1) for the spe-
cies of C6v symmetry, there is the existence of BP connect-
ing RCP and the H-atom attractor, and (2) there is BP
linking the H-atom attractor and BCP of the CC p-bond.
The second case was observed by Rozas et al.28 as has been
mentioned earlier. This has also been detected in this study
for the fully optimized C6H6���HF system (Fig. 8). There are
equivalent H���C contacts (at equal distances amounting to
2.503 Å, Table 1) and corresponding to the CC bond for
this complex. Both these C-atoms of the benzene ring bear
the ‘‘most negative charge’’, –0.2245 au (Table 1). For the
remaining fully optimized complexes (n = 2,3,4) there is
one BP corresponding to the shortest H���C contact (as
Fig. 1 shows for C6H6���(HF)4). The observed geometrical
results nicely correspond to the bond path definition. The
presence of a bond path linking a pair of atoms implies that
they are bonded to one another and presents the preferable
directed interactions.45,46 For symmetrical systems, all six
H(F)���C contacts are equivalent; thus, six BPs exist and
also one connecting RCP with the H-attractor of hydrogen
fluoride. This means that no one C-benzene atom is prefera-
ble owing to to the C6v symmetry. If the symmetry of the
system is broken, the BPs exist only for the shortest H���C
contacts for which the C-atoms bear the most negative
charge.

Table 3 shows the QTAIM parameters of the complexes
being studied: the electron density at BCP and its Laplacian,
the kinetic electron energy, and the potential electron en-
ergy. One can observe that the total electron energy density
at BCP (HBCP), being the sum of kinetic (GBCP) and poten-
tial (VBCP) energies, is always positive. This means that the
enhancement of the hydrogen-bond strength as an effect of
cooperativity is not big enough to strengthen the interaction
to be partly covalent in nature. It was proposed before that
the negative HBCP value for the BCP of the proton–acceptor
contact is evidence for a hydrogen bond of at least partially

Table 2. HF bond lengths (in Å) and their
charges (in au), N is the number of HF mole-
cules; the results of HF molecules are pre-
sented in the following order: the neighbor of
benzene molecule is given first and next HF
molecules follow it.

N HF bond length Charge

Full optimization
1 0.921 –0.0025
2 0.928 0.0068

0.925 –0.0157
3 0.932 0.0127

0.933 –0.0080
0.927 –0.0181

4 0.935 0.0154
0.937 –0.0018
0.936 –0.0109
0.928 –0.0199

Linear systems
1 0.921 –0.0011
2 0.924 0.0013

0.921 –0.0055
3 0.925 0.0045

0.924 –0.0042
0.922 –0.0058

4 0.926 0.0060
0.926 –0.0013
0.925 –0.0047
0.922 –0.0061

5 0.926 0.0068
0.927 0.0001
0.927 –0.0019
0.925 –0.0051
0.922 –0.0062

6 0.926 0.0071
0.927 0.0006
0.928 –0.0005
0.927 –0.0021
0.926 –0.0053
0.922 –0.0064

774 Can. J. Chem. Vol. 88, 2010

Published by NRC Research Press

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

U
ni

ve
rs

ity
 o

f 
E

le
ct

ro
ni

c 
an

d 
Sc

ie
nc

e 
T

ec
ho

no
lo

gy
 o

f 
C

hi
na

 o
n 

09
/1

7/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



covalent character,47–49 whereas the negative value of the
Laplacian (r2rBCP) suggests a very strong hydrogen bond
of covalent character in the latter interaction.49 Sometimes
for the proton–acceptor interaction, the Laplacian is positive,
but HBCP is negative, showing the partial covalency; this
does not happen for the H���p interactions analyzed here.
However, the negative H-values were observed in the case
of H2CO���(HF)n clusters for O���H BCPs if the greater num-
ber of HF molecules were taken into account in the com-
plex.13 On the other hand, no negative H-values were
observed for BCPs of H���p contacts in the C2H2���(HF)n and
C2H4���(HF)n complexes even for the greater number of HF
molecules.25 This means that cooperativity may not enhance

the H���p interaction as significantly as for the H���O interac-
tion. However, it is worth mentioning that there are hydro-
gen bonds whose p-electrons act as a proton acceptor; such
bonds may be classified as partly covalent in nature since
the H-value for the BCP of the H���p interaction is nega-
tive.50

The QTAIM parameters presented in Table 3 change mo-
notonically if the number of HF molecules increases. This
means that the electron density at H���C BCP and its Lapla-
cian increase; such dependencies for the samples of H-
bonded complexes were detected very often. The other pa-
rameters also show similar tendencies: the G BCP value in-
creases while the VBCP decreases (becomes more negative).
Different correlations between geometrical, energetic, and
QTAIM parameters were observed before. For example, nu-
merous linear and non-linear relationships were analyzed
and discussed for N–H���N interactions.51,52 A wide range of
H���F interactions was also analyzed,53 from short ones usu-
ally attributed to covalent bonds to longer H���F distances of
hydrogen bonds, or much weaker van der Waals interac-
tions. Numerous correlations were also found there.

The above-mentioned monotonic changes are observed
within subsamples of the linear and nonlinear complexes
separately. For example, the largest value of the electron
density at H���C BCP for the C6H6���(HF)6 complex amounts
to 0.0086 au, whereas its value for the fully optimized
C6H���HF complex is equal to 0.0095 au. Figure 9 shows
the well-known correlation between the binding energy and
the electron density at H���C BCP. Two subsamples men-
tioned above are separated. Generally, all electron densities
of symmetrical systems are lower than those of fully opti-
mized ones; however, one should remember that there are
six H���C bond paths for linear complexes, whereas there is
only one for the nonlinear complex (H���BCP in the case of
the C6H6–HF complex, see Figs. 1, 2, and 8). The electron
densities at cage critical points are also included in Table 3
and Fig. 9; one can observe the increase of this value if the
number of HF molecules increases.

The Natural Bond Orbitals (NBO) results are very inter-
esting in that they support the statement of different kinds
of interactions for two subsamples analyzed here. The nY !
sXH

� interaction is connected with the maximum nY ! sXH
�

Table 3. The QTAIM parameters (in au) of the complexes analyzed; the
characteristics of BCP of the C���H(F) contact are presented and in the
case of linear systems the electron density at the CCP is included.

N rBCP r2rBCP GBCP VBCP rCCP

Full optimization
1 0.0095 0.0305 0.0058 –0.0040 No CCP
2 0.0136 0.0419 0.0082 –0.0060 No CCP
3 0.0166 0.0492 0.0099 –0.0076 No CCP
4 0.0188 0.053 0.0112 –0.0091 No CCP

Linear systems
1 0.0064 0.0221 0.0043 –0.0032 0.0056
2 0.0080 0.0280 0.0054 –0.0039 0.0069
3 0.0085 0.0297 0.0058 –0.0043 0.0074
4 0.0085 0.0298 0.0058 –0.0042 0.0075
5 0.0085 0.0301 0.0059 –0.0042 0.0075
6 0.0086 0.0304 0.0059 –0.0043 0.0076

Fig. 8. Molecular graph of C6H6. . .HF complex, the configuration
in minimum, big circles correspond to attractors, small ones to cri-
tical points.
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overlap and, according to numerous studies, it is responsible
for the existence of the X–H���Y hydrogen bond. nY designa-
tes the lone electron pair of the proton acceptor and sXH

� is
an antibonding orbital of the proton-donating bond. The
nY ! sXH

� interaction is calculated as the energy of the sec-
ond-order perturbation theory according to the following re-
lation (eq. [2]:

½2� DEðnY!sXH
�Þ ¼�2hnYjFjsXH

�i2=
�
3ðsXH

�Þ� 3ðnYÞ
�

hnYjFjsXH
�i designates the Fock matrix element and

ð3ðsXH
�Þ � 3ðnYÞÞ is the orbital energy difference. Such en-

ergy contributions are calculated for typical hydrogen bonds
as, for example, for the F–H���F systems existing in the
C6H6���(HF)n complexes. However, for hydrogen bonds
where p-electrons act as proton acceptors, the modified ex-
pression should be taken into account since the correspond-
ing energy term is connected with the charge transfer from
the pCC-bond orbital to the sXH

� antibonding orbital:

½3� DEðpCC ! sXH
�Þ ¼ �2hpCCjFjsXH

�i2=
�
3ðsXH

�Þ � 3ðpCCÞ
�

Such a situation was analyzed recently for the
C2H2���(HF)n and C2H4���(HF)n complexes.25 However, for
the latter systems, QTAIM shows that the bond paths be-
tween the acetylene or ethylene molecule and the hydrogen
fluoride link the approximate middle part of CC bond, i.e.,
the bond-critical point of the CC bond, and the attractor of
the H-atom. For the benzene complexes analyzed here, the
bond path concerns H���C contacts. However, the NBO ap-
proach indicates that the pCC ! sFH

� charge transfer with
the energy term corresponding to eq. [3].

This means that NBO indicates a situation similar to that
found earlier in the case of acetylene and ethylene com-
plexes. The DEðpCC ! sFH

�Þ energy contributions for the
fully optimized complexes are greatest if the CC bond con-
tains the carbon atom that is closest to the HF molecule .
Thus it is in line with QTAIM because the latter theory
shows the bond paths for the closest H���C distances. The
DEðpCC ! sFH

�Þ contributions amount to 0.99, 2.49, 11.56,
and 14.77 kcal/mol for increasing numbers of HF molecules,
from one to four HF. The other such contributions are much
lower being in the range 0.1–0.2 kcal/mol. Similarly, these
contributions are much lower for linear complexes being in
the range 0.1 – 0.5 kcal/mol. However, all results show that
the greatest energy connected with the charge transfer to the
antibonding orbital of HF molecule concern the shortest
H���C intermolecular contacts.

Summary
The results for the C6H6���(HF)n complexes presented here

show the enhancement of F–H���benzene interactions as the
number of HF molecules increases. Different geometrical,
energetic, and QTAIM parameters support this tendency.
Benzene acts as the Lewis base and more specifically as the
proton acceptor in hydrogen bonding. It is not clear whether
the p-electrons of benzene, i.e., the whole aromatic electron

sextet, may be treated as the proton acceptor or whether it is
the CC bond proton acceptor or a single carbon atom.
QTAIM reveals that, for fully optimized complexes, there is
only one bond path connecting benzene with the nearest HF
molecule; this is the H���C bond path with the bond critical
point (see Fig. 1). The nonlinear benzene–HF complex is the
only exception because the BP links the BCP of the p–CC
bond with the H-atom attractor. This is indicative of the ex-
istence of F–H���C hydrogen bonds for some of the species
considered here (n = 2,3,4). The other results support such
an idea because the BPs correspond to the shortest intermo-
lecular H���C distances and the C-atoms corresponding to
such paths possess the greatest negative charges when com-
pared to the remaining carbons of benzene. The molecular
graphs for the so-called linear complexes, i.e., those of C6v
symmetry show six symmetrical bond paths connecting the
H-atom with each of the six carbon atoms of the benzene
ring (see Fig. 2). Additionally, for linear complexes, there
exists a bond path between the H-atom and the ring critical
point of benzene with the cage critical point situated on this
path.

The NBO calculations support this QTAIM analysis. Spe-
cifically, for the nonlinear complexes, the largest energy
contribution for the charge transfer from benzene to the
nearest HF molecule is connected with the most negative
carbon atom; for linear complexes, there are six equivalent
contributions involving each of the six carbon atoms of the
benzene ring.
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Fig. 9. The dependence between the binding energy (in kcal/mol)
and the electron density at BCP (in au); full circles correspond to
the fully optimized complexes ande the empty circles to the linear
ones; the dependence between the binding energy and the electron
density at the cage critical point (triangles) is also included.
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J. J. Phys. Chem. B 2006, 110 (13), 6444. doi:10.1021/
jp0600817. PMID:16570938.

(16) Grabowski, S. J.; Bilewicz, E. Chem. Phys. Lett. 2006, 427
(1-3), 51. doi:10.1016/j.cplett.2006.06.060.

(17) Alkorta, I.; Blanco, I.; Deyá, P. M.; Elguero, J.; Estarellas,
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Theoretical study of the rovibrational spectrum of
He2–OCS

Xiao-Gang Wang and Tucker Carrington, Jr.

Abstract: We report calculated microwave and infrared rovibrational transitions of the van der Waals complex He2–OCS.
The calculations were done using a product basis, a Lanczos eigensolver, and potentials built from He–OCS, and He–He
potential functions taken from the literature. All five of the large amplitude coordinates are treated exactly and calculations
are done for J values up to five. All rovibrational levels are converged to 0.001 cm–1 by using basis sets with as many as
87 million funcions. Good agreement is found with previously reported experimental results. Although we assume that the
dipole moment is along the OCS axis, we find transitions with appreciable intensity between different torsion states.

Key words: rovibrational spectroscopy, quantum dynamics, van der Waals clusters, doped helium clusters, Lanczos algo-
rithm.

Résumé : Nous avons calculé des transitions rovibrationnelles du complexe de van der Waals He2–OCS. Le calcul a été
fait en utilisant une base de produit, l’algorithme de Lanczos et des potentiels construits à partir de fonctions de potentiel
pour He–OCS et He–He. Les cinq coordonnées qui décrivent le mouvement de grande amplitude ont été traitées de ma-
nière explicite et des niveaux d’energie sont calculés pour des valeurs de J jusqu’à cinq. Tous les niveaux rovibrationnels
ont été convergés jusqu’à 0,001 cm–1 en utilisant des bases ayant jusqu’à 87 millions de fonctions. Il y a un bon accord
avec les résultats expérimentaux rapportés antérieurement. Même si on fait l’hypothèse que le moment dipolaire est selon
l’axe OCS, nous trouvons des transitions avec des intensités appréciables entre différents états de torsion.

Mots-clés : spectroscopie rovibrationnelle, dynamique quantique, agrégats de van der Waals, agrégats de hélium, algo-
rithme de Lanczos.

Introduction

Infrared and microwave spectra of several small mole-
cules embedded in helium clusters have been observed1–8

and calculated.9–17 In this paper, we present theoretical re-
sults for He2–OCS obtained by using a product basis set,
the symmetry adapted Lanczos method (SAL),18,19 and a
simple potential built from pairwise interactions. Similar
calculations have demonstrated that three-body potential
terms are small for other dopant molecules. OCS is consid-
ered an ideal probe molecule for studies of helium clusters
and nanodroplets,2,20 and clusters with as few as one and as
many as thousands of He atoms have been investi-
gated.1–4,21–24 Calculations on small clusters are important
because they confirm the accuracy of interaction potentials.
The same interaction potentials can be used to study (for ex-
ample with Monte Carlo methods) clusters with as many as
thousands of He atoms. Experiments on such clusters are
now possible.23,25 Calculations are also useful because they
guide experimentalists as they search for unobserved transi-
tions, confirm and explain proposed assignments, and make
new assignments possible. Because the frequency of the
OCS intramolecular vibrations is much higher than the other

frequencies, an adiabatic approximation is accurate, and we
have therefore computed spectra for the He2–OCS cluster by
treating explicitly the two OCS–He stretch coordinates, three
dopant-He bend coordinates, and the three Euler angles de-
scribing the orientation of the cluster (eight in total). Differ-
ent potentials are used for different vibrational states of
OCS.

HeN–OCS clusters have been studied experimentally in
the infrared (IR) region of the CO fundamental band and in
the microwave (MW) region.1,2,21,22,24 More details about the
experiments, including more results for He2–OCS, in both
regions were published later.3,4 Theoretical calculations, us-
ing quantum Monte Carlo techniques, have successfully ex-
plained many of the observed trends as function of cluster
size.26–28

Calculations

Kinetic energy operator and basis functions
We use the approach of ref. 14 and assume an adiabatic

separation between the fast intra-dopant coordinates and the
He-dopant coordinates. In atomic units, the kinetic energy
operator (KEO) is14,29,30
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2010.
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½1� T ¼ Ts þ Tb;diag þ Tb;off þ TCor

with

½2� Ts ¼ �
1

2m1

@2

@r2
1

� 1

2m2

@2

@r2
2

Tb;diag ¼ �½BL þ B1ðr1Þ�
@2

@q2
1

þ cot q1

@

@q1

� 1

sin q2
1

ðJz � l2zÞ2
� �

þ ½BL þ B2ðr2Þ�l22 þ BL½J2 � 2ðJz � l2zÞ2 � 2Jzl2z�

Tb;off ¼ BL½l2þa�
1
þ l2�aþ

1
�

TCor ¼ �BL½J�aþ1 þ Jþa�1 þ J�l2þ þ Jþl2��

where

½3� BiðriÞ ¼
1

2mir
2
i

; l2� ¼ l2x � 1l2y;

J� ¼ Jx � 1Jy; a�1 ¼ �
@

@q1

� cot q1ðJz � l2zÞ

The vector along OCS is r0. OCS vibrational coordinates
do not appear in the KEO because we assume they can be
adiabatically separated. r1 and r2 are the lengths of Radau,
or orthogonalized satellite, vectors r1 and r2 that are linear
combinations of Jacobi (or satellite) vectors, b1 and b2,
from the He atoms to the centre of mass of OCS,31 see
Fig. 1. The polyspherical angles (q1, q2, and f2) are deter-
mined by the three vectors (r0, r1, and r2). m1 = m2 is the
mass of the He atom. When q1 = 0, He atom one is aligned
with OCS as OCS–He . BL is an OCS rotational constant;
different BL values are used for different vibrational states
of OCS. J is the total angular momentum. The l2 angular
momentum operator is defined in terms of the polar angles
(q2 and f2) of the Radau vector associated with He atom 2.

For the stretch coordinates, we use discrete variable repre-
sentation (DVR) functions,32–35 and for the bend and rota-
tional coordinates, we use the parity-adapted rovibrational
functions36,37 (m2 ¼ �m2 and K ¼ �K)

½4� juJMP
l1l2m2;Ki

¼ Nm2;K
1ffiffiffi
2

p ½jl1l2m2; JKMi þ ð�1ÞJþPjl1l2m2; JKMi�

with

Nm2;K ¼ ð1þ dm2;0dK;0Þ�1=2

The ket in this equation is defined by

½5� hq1; q2;f2;a;b; gjl1l2m2; JKMi

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2J þ 1

8p2

r
Q
m1

l1
ðq1ÞYm2

l2
ðq2;f2ÞDJ�MKða;b; gÞ

with

½6� Ym2

l2
ðq2;f2Þ ¼

1ffiffiffiffiffiffi
2p

p Q
m2

l2
ðq2Þeim2f2

m1 � K � m2

where Qm
l ðqÞ is a normalized associated Legendre function

with the (–1)m Condon–Shortley phase factor. DJMK is a

Wigner function38 and (a, b, and g) are the Euler angles.
For the parity-adapted functions, K ‡ 0 and P = 0, and 1
correspond to even and odd parity. If K = 0, it is necessary
to apply the constraint m2 ‡ 0. The combination m2 = K = 0
and (–1)J+P = –1 is not allowed. In our calculations, l1, l2,
and m2 all have the same maximum value. The parity-
adapted basis makes it possible to calculate even and odd
parity levels separately. The symmetry-adapted Lanczos al-
gorithm18,19 (SAL) is used within each parity block to com-
pute states that are symmetric (A) and antisymmetric (B)
with respect to exchange of the two He atoms. For more de-
tails, see ref. 14. A complete product basis function is

½7� fa1
ðr1Þfa2

ðr2ÞuJMP
l1l2m2Kðq1; q2;f2; a;b; gÞ

where fakðrkÞ is a DVR function.

Computing rovibrational energy levels and intensities
Using the SAL algorithm, it is possible, for each parity

block, to do a single calculation that yields both the sym-
metric and antisymmetric states with respect to permuting
the two He atoms: A+ and B+ for even parity, A– and B–
for odd parity. A and B label symmetries with respect to per-
mutation of the He atoms. For 4He2–OCS only, A+ and A–
states are physically allowed because of the zero nuclear
spin of the 4He nucleus. Eigenvalues and eigenvectors are
obtained by computing matrix–vector products. Matrix–vector
products are evaluated by doing sums sequentially.34,39–42

Similar techniques have been used to compute energy levels
of many molecules.34,43–46 Kinetic energy matrix elements
are given in ref. 14. Potential matrix–vector products are
evaluated by using quadrature and doing sums sequentially,
as explained in ref. 14.

To compute intensities, we use standard equations14 and
assume that the dipole moment is along the OCS axis. Spe-
cifically, the line strength (S) and intensity (I) for MW and
IR transitions are computed from the wave functions using
eqs. [28] and [34] of ref. 14, respectively. In our previous
papers on helium-doped clusters,14–16 we inadvertently omit-
ted the G(J, J’ –J) factor in eq. [34] of ref. 14. The intensites
in those papers are therefore off by small factors. In this pa-
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per, the G(J, J’ – J) factor is included correctly. Note that
the line strength does not depend on the temperature. The
wave functions are obtained from eigenvectors of the Ham-
iltonian matrix that are computed as described previ-
ously.37,47

Details specific to He2–OCS
We use different rotational constants for v = 0 and v = 1;

v is the quantum number associated with the normal coordi-
nate that corresponds to the CO stretch. The OCS rotational
constants are fixed to the experimental values48 of
0.202856 cm–1 and 0.202251 cm–1 for v = 0 and for v = 1,
respectively, following ref. 26. The potential we use is a
sum of two He–OCS potentials and a He–He potential. Dif-
ferent He–OCS potentials are used for the v = 0 and v = 1
calculations. The He–OCS potentials are the VMP40 and
VMP41 potentials of ref. 26, obtained by averaging over 1D
CO stretch normal-coordinate vibrational wave functions of
OCS, computed for a free OCS molecule. Having the vibra-
tionally averaged potential allows us to predict the vibra-
tional band centre shift. See ref. 26 for an assessment of
other potentials of He–OCS. The He–He potential is taken
from ref. 49. The He2–OCS potential is zero when all three
of the constituents of the complex are far apart. The masses
are the same as those used in ref. 26.

To accelerate the convergence of the Lanczos calculation,
we apply a potential ceiling value.46 A ceiling of 1000 cm–1

changes low-lying energy levels by less than 0.001 cm–1.
For the angular basis, we use lmax = mmax = 26 (the same
lmax for l1 and l2). We use 35 Gauss–Legendre quadrature
points for q1 and q2, and 64 equally spaced points in the
range from 0 to 2p for f2. For r1 and r2, we use 35
PODVR(potential-optimized DVR) functions.50,51 The refer-
ence potential that defines the PODVR functions is obtained
by minimizing the potential, for each r1 point, with respect
to r2 and f2. q1 and q2 are fixed at equilibrium values to en-
sure smoothness of the minimized potential. When minimiz-

ing, the initial values of r2 and f2 are equilibrium values.
The minimized potential is similar to the cut potential ob-
tained by setting r2, f2, q1, and q2 to equilibrium values.
For values of r1 for which the cut potential is larger than
100 cm–1 (above the dissociation energy), the reference poten-
tial is set equal to the cut potential. The 1D Schrödinger
equation for the reference potential is solved with 150 sinc
DVR basis functions52,53 in the range from 3.2 to 20 b (1 b =
5.291 77 � 10–11 m). The basis size and the number of quad-
rature points have been chosen to ensure that the levels we
report are converged to within 0.001 cm–1. The size of the
product basis defined above is 8.5 million for the case of
J = 0, even parity. The size grows by a factor of 2J + 1 if
J > 0. The largest basis size is 87 million for J = 5, odd par-
ity. We used T = 0.7 K for IR spectra and MW spectra. The
experimental spectra are obtained from several scans, and
there is therefore no clear experimental temperature.

To compare our computed energy levels directly with ex-
perimental results, we calculate IR rovibrational transition
wavenumbers from

½8� ~n ¼ ~n0ðHe2OCSÞ þ Eðv ¼ 1Þ � Eðv ¼ 0Þ

where E(v = 0) and E(v = 1) are calculated wavenumbers mea-
sured from the v = 0 and v = 1 ground states and ~n0ðHe2OCSÞ
is the vibrational band center of He2–OCS. It can be computed
from

½9� ~n0ðHe2OCSÞ ¼ ~n0ðOCSÞ þD;D ¼ E
zpe
v¼1 � E

zpe
v¼0

where Ezpe
v¼0 and Ezpe

v¼1 are zero-point energies (zpe) obtained on
the adiabatic n = 0 and n = 1 surfaces, respectively, measured
relative to the dissociation asymptote (and are therefore nega-
tive), and ~n0ðOCSÞ is the vibrational frequency of the free OCS
molecule. Using E

zpe
v¼0 ¼ �32:2110 cm–1, E

zpe
v¼1 ¼ �32:0221

cm–1, and ~n0ðOCSÞ ¼ 2062:2012 cm–1 in eq. [9],24 one finds
that the band centre is ~n0ðHe2OCSÞ ¼ 2062:398 cm�1. This is
very close to the experimental value (2062.426 cm–1).3 The
results we present are computed using the experimental va-
lue. The difference between the band centre and ~n0ðOCSÞ is
the frequency shift. It is 0.1968 cm–1, which is close to the
frequency shift obtained from a quantum Monte Carlo calcu-
lation on the same potential.26

Theoretical results
In Tables 1 and 2, we report n = 0 energy levels for J = 0

and J = 1, 2, 3, respectively, and give torsional and rota-
tional assignments jnt; JKaKci. Those for n = 1 are very sim-
ilar. Levels up to J = 5 and wave functions up to J = 4 have
been computed. The lowest vibrational frequency of the
complex is that of the He2 torsion. For each J, the lowest
set of 2J + 1 levels is assigned to the vt = 0 state. The next
set is assigned to the nt = 1 levels and so on. Within each nt
set, (Ka,Kc) = (J,0), (J,1), . . ., (0,J) are assigned to levels in
order of decreasing energy. In this fashion, it is possible to
link irrep labels and nt,JKaKc labels. This works remarkably
well at least up to nt = 4. From the permutation inversion
group symmetries of the three J = 1 levels, the fact that the
symmetry of the nt = 1 torsional factor is B–, and assuming
that each state is a product of a torsional factor and a rota-
tional factor, one can deduce the relationship between the

Fig. 1. B is the canonical point for the Radau vectors. b1 and b2 are
Jacobi vectors. r1 and r2 are Radau vectors. f2 is a dihedral angle
between r1 and r2 around r0. q1 (q2) are angles between r0 and r1

(r2). The angles are not shown.
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evenness or oddness of the (KaKc) labels and permutation in-
version group symmetries given in Table 3. This relationship
holds for all the jnt; JKaKci states we assigned. Because the
symmetries associated with (ee, oe, oo, and eo) are different
for nt = 0 and nt = 1, the principal axes, which, if used with

the asymmetric top-symmetry rule,54 would give the relation
between JKaKc and irrep labels, are different for nt = 0 and
nt = 1. Results for IR and MW transitions are reported in
Tables 4 and 5. Intensities have been scaled so that the in-
tensity of the transition (for nt = 0) 101 / 000 equals 1.

In Fig. 2, we show the probability density computed from
some of the n = 0 and J = 0 wave functions. Coupling be-
tween the torsion and other coordinates is weak enough that
a clear torsional progression is evident. The probability den-
sities are obtained by integrating over coordinates except q2
and f2. To avoid a coordinate transformation, we use the
Radau angles. It is remarkable that it is possible to identify
torsional states up to nt = 7. This indicates that the torsion is
only weakly coupled to other coordinates.

Comparison of theory and experiment
The dipole moment of He2–OCS is almost parallel to the

the OCS axis. In conjunction with the fact that the a-inertia
axis of He2–OCS is close to OCS, this means that the domi-
nant transitions in the experimental (IR and MW) spectra
are a-type transitions with DKa = 0 and DKc = ±1.

In the IR study,3 Ka = 0 nt = 0 lines were all assigned for
P(3), P(2), . . ., R(3), and R(4). These lines are marked with
an asterisk in Table 4 and also indicated on the stick spec-
trum of Fig. 3. According to the calculations, all of these ex-
perimental lines are correctly assigned.

Because rotational wave functions with Ka even (odd) are
symmetric (antisymmetric) with respect to exchange of the
He atoms, Tang and McKellar (TM), in ref. 3, argue that
only states with even values of Ka are allowed for nt = 0
and only odd values of Ka are allowed for nt = 1. This is
consistent with the assignments of Table 4 derived from the
assignment procedure outlined in the previous section. Ta-
ble 4 contains lines that TM were unable to fully assign,
but report in their Table 4.3 These are P and R lines that
TM assumed were either Ka = 1 or Ka = 2 transitions. All
these lines were matched with our computed levels. More-
over, Ka = 1 transitions are for nt = 1 state and Ka = 2 tran-
sitions are for nt = 2 state, again confirming the TM
symmetry argument.

TM do assign four Q lines close to the band centre (near
2062.4 cm–1), see Fig. 2 of ref. 3. The outer pair was assigned
to Q2(2) (the notation is QKaðJÞ) lines using the parameters
fitted to the Ka = 0 lines assuming that all transitions with
even Ka must occur between levels with nt = 0. TM propose
that the inner pair may be Q1(1) lines of the nt = 1 state. One

Table 3. The relationship between (nt; JKaKc)
labels and permutation inversion group symme-
tries for two torsional states. It is derived from
J = 0 and 1 levels and expected to hold for
higher J levels. The symmetry of |nt = 1i tor-
sional state is B–. The physically allowed sym-
metries are in bold face.

State eea oe oo eo
jnt ¼ 0i A+ B+ B– A–
jnt ¼ 1i B– A– A+ B+

aEvenness and oddness of KaKc.

Table 1. J = 0 vibrational levels (in cm–1)
with the assigned torsional quantum number
(vt) in the parenthesis. B+ and B– levels are
forbidden.

A+ B+ A– B–
0.000(0) 8.095 9.536 0.430(1)
1.584(2) 3.540(3)
6.007(4) 8.988(5)
8.163 10.175
9.636 12.088
9.996 13.246
11.484(6) 14.068

15.119
16.220(7)

Table 2. J = 1, 2, 3 rovibrational levels (in cm–1) for v = 0 state of
He2–OCS with assignments (vt; JKaKc) giving the torsional (vt)
and rotational (JKaKc) quantum numbers. B+ and B– levels are
forbidden.

A+ B+ A– B–

J = 1
0.745(1; 111) 0.337 (0; 110) 0.250 (0; 101) 0.293 (0; 111)
3.827(3; 111) 0.668(1; 101) 0.751 (1; 110) 1.887 (2; 111)

1.922 (2; 110) 1.836 (2; 101) 6.309 (4; 111)
3.782 (3; 101) 3.856 (3; 110)
6.337 (4; 110) 6.246 (4; 101)

J = 2
0.724 (0; 202) 0.747 (0; 212) 1.000 (0; 221) 0.871 (0; 211)
1.018 (0; 220) 1.468 (1; 221) 1.219 (1; 212) 1.145 (1; 202)
1.237 (1; 211) 2.354 (2; 212) 2.602 (2; 221) 1.469 (1; 220)
2.331 (2; 202) 4.522 (3; 221) 4.285 (3; 212) 2.463 (2; 211)
2.617 (2; 220) 6.757 (4; 212) 6.975 (4; 221) 4.258 (3; 202)
4.373 (3; 211) 4.533 (3; 220)
6.718 (4; 202) 6.842 (4; 211)
6.983 (4; 220)

J = 3
1.730 (0; 322) 1.637 (0; 312) 1.399 (0; 303) 1.409 (0; 313)
1.932 (1; 313) 1.857 (0; 330) 1.791 (0; 321) 2.047(0; 331)
2.578 (1; 331) 2.050 (1; 303) 1.930 (0; 312) 2.196 (1; 322)
3.357 (2; 322) 2.198 (1; 321) 2.577 (1; 330) 3.060 (2; 313)
4.968 (3; 313) 3.280 (2; 312) 3.058 (2; 303) 3.690 (2; 331)
5.575 (3; 331) 3.696 (2; 330) 3.430 (2; 321) 5.251 (3; 322)
7.691 (4; 322) 4.954 (3; 303) 5.142 (3; 312) 7.425 (4; 313)

5.300 (3; 321) 5.577 (3; 330) 8.001 (4; 331)
7.593 (4; 312) 7.409 (4; 303)
8.003 (4; 330) 7.728 (4; 321)
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Table 4. Strong IR rovibrational transitions (with I ‡ 0.10, except for the first four transitions and the nt = 2 line at
2062.912 cm–1, which are weaker) for He2–16O12C32S (in cm–1) at a temperature of 0.7 K. The experimental data are from
ref. 3. Transitions marked by an asterisk were assigned as Ka = 0; the four Q lines are marked by a dagger; the remainging
experimental lines were assigned as Ka = 1 or 2 by Tang and McKellar.3 Their Ka assigments agree with our assignments.

n0t; J
0
K 0aK

0
c
� n00t ; J 00K 00a K 00c E0i E00i Calculated Observed Observed – Calculated S I

0; 220 – 0; 321 1.015 1.791 2061.650 2061.633 –0.017 0.19 0.04
0; 221 – 0; 322 0.997 1.730 2061.693 2061.681 –0.012 0.18 0.05
1; 211 – 1; 312 1.232 1.960 2061.698 2061.681 –0.016 0.28 0.04
1; 212 – 1; 313 1.215 1.932 2061.709 2061.687 –0.023 0.29 0.05
0; 202 – 0; 303 0.723 1.399 2061.751 2061.744* –0.006 0.31 0.15
1; 110 – 1; 211 0.747 1.237 2061.936 2061.924 –0.013 0.16 0.11
1; 111 – 1; 212 0.741 1.219 2061.947 2061.930 –0.018 0.16 0.11
0; 101 – 0; 202 0.250 0.724 2061.951 2061.946* –0.005 0.21 0.41
0; 000 – 0; 101 0.000 0.250 2062.176 2062.174* –0.002 0.11 0.60
0; 221 – 0; 220 0.997 1.018 2062.406 2062.403{ –0.003 0.36 0.39
1; 111 – 1; 110 0.741 0.751 2062.416 2062.413{ –0.003 0.15 0.29
1; 110 – 1; 111 0.747 0.745 2062.428 2062.429{ 0.000 0.15 0.29
0; 220 – 2; 221 1.015 1.000 2062.441 2062.441{ 0.001 0.36 0.41
0; 101 – 0; 000 0.250 0.000 2062.676 2062.677* 0.003 0.11 1.00
1; 212 – 1; 111 1.215 0.745 2062.896 2062.895 –0.002 0.16 0.30
0; 202 – 0; 101 0.723 0.250 2062.900 2062.902* 0.002 0.21 1.10
1; 211 – 1; 110 1.232 0.751 2062.907 2062.902* –0.005 0.16 0.30
2; 202 – 2; 101 2.321 1.836 2062.912 0.22 0.05
0; 303 – 0; 202 1.397 0.724 2063.099 2063.100* 0.002 0.31 0.61
1; 313 – 1; 212 1.927 1.219 2063.133 2063.129 –0.004 0.29 0.20
1; 312 – 1; 211 1.954 1.237 2063.143 2063.145 0.002 0.29 0.20
0; 322 – 0; 221 1.727 1.000 2063.152 2063.160 0.008 0.18 0.20
0; 220 – 0; 101 1.015 0.250 2063.191 ?? 0.02 0.10
0; 321 – 0; 220 1.787 1.018 2063.195 ?? 0.19 0.20
0; 404 – 0; 303 2.260 1.399 2063.287 2063.288* –0.001 0.42 0.21
0; 505 – 0; 404 3.314 2.263 2063.477 2063.469* –0.008 a a

Note: ??: Srong and unobserved lines. a: Not computed.

Table 5. Calculated MW transitions of He2–OCS (in cm–1) with I ‡ 0.97 at a temperature of 0.7 K, except for two weak
Dnt = 1 transitions (marked with an asterisk) that may be observable. Transitions marked with a dagger are nt = 1 transi-
tions that may be observable. Observed transitions are measured by Xu and Jäger.4

n0t; J
0
K 0aK

0
c
� n00t ; J 00K 00a K 00c E0i E00i Calculated Observed Observed – Calculated S I

0; 101 – 0; 000 0.250 0.000 0.250 0.252 0.002 0.945 1.00
0; 202 – 0; 101 0.724 0.250 0.474 0.479 0.005 1.737 3.23
1; 212 – 1; 111 1.219 0.745 0.475{ 1.441 0.97
1; 211 – 1; 110 1.237 0.751 0.485{ 1.443 0.99
0; 303 – 0; 202 1.399 0.724 0.675 0.679 0.004 2.527 3.04
1; 313 – 1; 212 1.932 1.219 0.712{ 2.568 1.21
1; 312 – 1; 211 1.960 1.237 0.724{ 2.585 1.20
0; 322 – 0; 221 1.730 1.000 0.730 1.495 1.14
0; 321 – 0; 220 1.791 1.018 0.773 1.577 1.26
0; 404 – 0; 303 2.263 1.399 0.864 3.401 1.45

1; 110 – 0; 000 0.751 0.000 0.751* 0.04 0.19
1; 211 – 0; 101 1.237 0.250 0.987* 0.10 0.18
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would normally expect the two Q a-type transitions between
J = 2 levels to be closer than the Q transitions between J =
1 levels because, for a given J, the separation between JJ,0
and JJ,1 decreases as J increases. TM conjecture that J = 1
Q transitions are closer because the spectroscopic para-
meters for the nt = 1 differ significantly from those of the
nt = 0 state, due to coupling. TM’s assignments of the Q
branches are all confirmed by our calculations, see Table 4.

None of the calculated Dnt = 1 IR transitions were strong
(such transitions were found in He2–N2O14) and are not ob-
served experimentally. According to the calculation, the
strongest nt = 2 line is at 2062.912 cm–1. Its intensity is sen-
sitive to the temperature. This line is not observed experi-
mentally. Some calculated strong lines (marked by ?? in
Table 4) were not observed and may have been obscured by
nearby strong lines of complexes with different N.55

Fig. 2. Probability function plots for torsional states. (a), (b), (c), (d), (e), (f), (g), and (h) are the nt = 0, 1, 2, 3, 4, 5, 6, and 7 torsional
states, respectively. The torsional states are not strongly coupled to other modes although there are other states between them. Coupling
becomes important starting at about nt = 6. For (g), the contour interval is 0.05, and for all others, it is 0.1.
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The agreement of the observed and calculated IR relative
intensities (for T = 0.7 K) in Table 4 is quite satisfactory.
This is also demonstrated in Fig. 3, which shows the ob-
served and calculated spectra in the form of a stick diagram.
The intensity pattern of the four Q lines is in excellent
agreement with the experiment.

Xu and Jäger observed a few Ka = 0 MW transitions.4

They agree well with our calculations (see Table 5). It
would be interesting to attempt to detect the two transitions
with Dnt = 1 that are marked with an asterisk in Table 5. In
addition, two strong transitions with nt = 1 (marked with a
dagger in Table 5) are very close to an observed transition
at 0.479 cm–1, shifted to the blue by only 0.01 cm–1 and
0.1 cm–1, respectively. As MW experiments are very sensi-
tive, it seems likely that they, and other weaker transitions
between levels in Tables 1 and 2, could be detected.

Conclusion
An understanding of small doped helium clusters facili-

tates the analysis of larger ones, which are used to develop
a better understanding of superfluid effects. One important
general conclusion is the high quality of the potential ob-
tained by adding two-body interactions. It is remarkable
that one can obtain such good agreement with experiment
without including three-body interactions. The quality of the
potential can only be determined by doing accurate rovibra-
tional calculations that properly account for the interaction
of the large amplitude vibrations and vibration and rotation.
Several complexes with two helium atoms and a linear dop-
ant have been studied, and in all cases, two-body potentials
are excellent.
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Density functional theory study on the electron
spectra of naphthalene and azulene vapours

Delano P. Chong

Abstract: The ionization and excitation spectra of valence and core electrons of naphthalene and azulene in the gas phase
are studied with density functional theory. The results are compared with available experimental data and previous calcula-
tions. New estimates are proposed for the ionization energies of both valence and core electrons and the calculated excita-
tion energies are consistent with experiment.

Key words: ionizations, photoelectron spectra (PES), excitations, UV–vis absorption, electron spectra, core-electron bind-
ing energies, naphthalene, azulene, electron spectroscopy for chemical analysis (ESCA), X-ray photoelectron spectroscopy
(XPS), density functional theory (DFT).

Résumé : Faisant appel à la théorie de la fonctionnelle de la densité, on a étudié les spectres d’ionisation et d’excitation
de valence et des électrons de coeur du naphtalène et de l’azulène en phase gazeuse. On a comparé les résultats de ces cal-
culs avec les données expérimentales disponibles et avec les résultats de calculs antérieurs. De nouvelles évaluations sont
proposées pour les énergies d’ionisation de valence ainsi que des électrons de coeur et les énergies d’excitation calculées
sont en accord avec les données expérimentales.

Mots-clés : ionisations, spectres photoélectroniques (SPE), excitations, absorption UV–vis, spectres électroniques, énergies
de liaison d’électron de cœur, naphtalène, azulène, spectroscopie électronique pour l’analyse chimique (SEAC), spectrosco-
pie photoélectronique des rayons X (SPX), théorie de la fonctionnelle de la densité (TFD).

[Traduit par la Rédaction]

Introduction

In the absence of the universal density functional, our ef-
forts in density functional theory (DFT) continue to be di-
rected towards the development of the best DFT procedure
for each property of interest, such as the core-electron spec-
tra of molecules containing heavier elements. For the ioniza-
tion and excitation spectra of valence and core electrons of
organic and other small molecules, we have developed reli-
able methods within DFT, with a limited number of test
cases in benchmark databases. Naturally, more test cases
are desirable and the accuracy of such additional calcula-
tions would enhance our confidence in the developed proce-
dures and in the reliability of predictions of data not yet
available experimentally.

The molecular structures and spectra of naphthalene and
azulene have been the subject of many studies. Azulene has
been particularly interesting to chemists as well as to the dye
industry because of its absorption in the visible region, lead-
ing to its blue color. In some of the earlier investigations, the
absorption spectra of azulene were studied in solutions or
solid state.1–7 Now, with the exception of the core-electron
binding energies (CEBEs) of azulene, experimental results
on ionization and excitation of both valence and core elec-
trons of gas-phase naphthalene and azulene, including excita-
tions to many Rydberg-like states, are available. Therefore,

we can assess the reliability of various DFT procedures by
comparing calculations on single molecules to observed data
of naphthalene and azulene vapours.

For the interpretation of the photoelectron spectra of va-
lence electrons, the procedure of outer-valence Green’s
function (OVGF)8 is usually the most reliable. However,
OVGF may not be as accurate as one wishes in two situa-
tions: (i) when the basis set, usually limited by computa-
tional facilities, is not large enough and (ii) when the pole
strength is small due to significant shake-up effects, in
which case the method known as third-order algebraic dia-
grammatic construction ADC(3)9 is more reliable, provided
a sufficiently large basis set is used. The average absolute
deviation (AAD) of OVGF and ADC(3) results from experi-
ment can be as low as 0.2 eV or better. In some cases, how-
ever, the AAD can be greater than 0.3 eV; for example, the
seven vertical ionization energies (VIEs) of s-triazine.10 On
the other hand, DFT offers alternative procedures. The
meta-Koopmans’ theorem (mKT) is a shortcut approxima-
tion, usually giving an AAD of 0.4 eV,11 considerably better
than the usual application of Koopman’s theorem in
Hartree–Fock calculations, but this method also performs
poorly for s-triazine, with an AAD of 0.58 eV.10 Another
DFT procedure recently developed12 can be abbreviated as
DPBE0(SAOP), which means the energy difference calcu-
lated with the parameter-free Perdew–Burke–Ernzerhof
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functional (PBE0) exchange-correlation functional, Exc,13–15

using the electron density obtained with the exchange-
correlation potential, Vxc, known as the statistical average of
orbital potentials (SAOP).16–18 This procedure succeeded in
giving an AAD of 0.21 eV for over 100 cases of nonper-
fluoro molecules.12 For s-triazine, this DPBE0(SAOP) was
also successful, with an AAD of 0.23 eV.10 It is our inten-
tion to test mKT and DPBE0(SAOP) again on naphthalene
and azulene.

For excitation of valence electrons, the comparison with
experiment is more difficult. In the lower-energy region, the
absorptions are broadened by vibrations and, in the higher-
energy region, there are so many Rydberg-like states that as-
sociation of calculated values with observed energies may
be unreliable. On the theoretical side, some studies on naph-
thalene and azulene are based on semiempirical methods
such as Hückel molecular orbitals (MO),19 the complete ne-
glect of differential overlap with modified parameters
(CNDO/M),20 and Zerner’s intermediate neglect of differen-
tial overlap (ZINDO),21 all using subminimal basis sets, with
no hope of predicting higher energy excitations. More recent
approaches include second-order multiconfigurational per-
turbation theory (CASPT2),22 time-dependent density func-
tional theory (TDDFT) with parameter free Exc = PBE0,23

and second-order polarization propagator approximation
(SOPPA).24 Our own preference is time-dependent DFT us-
ing Vxc = SAOP, which has been shown to give reliable re-
sults.10,25

Finally, the spectroscopy of core electrons of naphthalene
and azulene has not been as well-studied as that of valence
electrons. The established procedure for CEBEs is relatively
simple: DE(PW86-PW91) with localized core hole has been
shown to give excellent results.26,27 For inner-shell excita-
tions, a similar procedure has been developed for small mol-
ecules,28,29 but symmetric molecules such as naphthalene
and azulene are more difficult and we have to resort to shift-
ing the results for transitions between symmetry MOs by the
difference between the CEBEs of symmetry and localized
core holes.

The object of this work is to compare the results of DFT
calculations on the ionization and excitation spectra of both
valence and core electrons with experiment to gain a better
overall view of the protocol developed in our continuing
studies.

Computational details
The symmetry labels for both naphthalene and azulene

molecules are ambiguous. In this work, we put both mole-
cules on the y–z plane (with the p-MOs being mainly linear
combinations of px AOs). For naphthalene, atoms C9 and
C10 lie on the z axis. This choice of symmetry axes agrees
with most of the earlier studies. On the other hand, in the
theoretical papers by Rubio et al.,22 Adamo et al.,23 and
Packer et al.,24 naphthalene lies on the x–y plane with x and
y being the long and short molecular axes, respectively.
Therefore, we need to translate their symmetry labels into
our choice of axis system. For azulene, the numbering is as
follows: the carbon atoms C9 and C10 shared by both rings
lie on the y axis, with the smaller ring labeled C1–C2–C3–
C10–C9 and the larger one C4–C5–C6–C7–C8–C9–C10.

All the calculations in this work are carried out at the ex-
perimental geometry of naphthalene30 and azulene31 with the
Amsterdam density functional (ADF) program32 using a
large even-tempered (et) basis set of Slater-type orbitals of
polarized valence quadruple-zeta (pVQZ) quality.33 For the
description of valence electrons, the exchange-correlation
potential of Vxc = SAOP is our preferred choice. For exam-
ple, the resulting dipole moment from SAOP/et-pVQZ is
0.923 D, compared to 0.929 D from multireference singles
and doubles configuration interaction (MR-SDCI),34 and the
observed value of 0.882 ± 0.002 D.31 Both theoretical values
are closer to experiment than the recent result of 1.024 D
from B3LYP/6-311++G(3d,2p).35

The DFT procedures we recommend can be abbreviated
as follows: (i) DPBE0(SAOP)/et-pVQZ for valence ioniza-
tion, (ii) TDDFT(SAOP)/et-pVQZ for valence excitations,
(iii) DPW86-PW91/et-pVQZ + Crel for core-electron ion-
izations, and (iv) DPW86-PW91/et-pVQZ + Crel for core-
electron excitation energies, with approximate f values
obtained with truncated TDDFT(SAOP)/et-pVQZ. For core-
electron spectra, a small relativistic correction, Crel, in allo-
metric form derived empirically in 1995,36 is added:

½1� Crel ¼ KXN
nr

with K = 0.2198 � 10–6, N = 2.178, and Xnr is the nonrelati-
vistic result. For approximate f values, the time-saving pro-
cedure of truncated TDDFT follows the proposal of Stener
et al.37 and allows only excitations from core MOs.

It should be mentioned that, when there is a choice be-
tween maintaining symmetry and insisting on integral num-
ber of electrons in a cationic calculation, the latter has been
found to lead to better prediction of VIEs (except for per-
halo systems).

Results and discussions

Valence ionizations
There have been several experimental measurements of

the ionization energies of gas-phase naphthalene and azu-
lene. For naphthalene, Lindholm et al.38 presented the photo-
electron spectrum (PES) without giving the numerical
values. Therefore, their spectrum is enlarged and the ioniza-
tion energies are measured to the nearest 0.02 eV in this
study. Eland39 also reported the PES of naphthalene, but the
spectrum recorded by Klasinc et al.40 appears to have a
higher resolution. We combine the various studies and give
the best estimate of the VIEs in Table 1, together with the
results from the DFT methods mentioned above. It is disap-
pointing to find the poor results from the mKT/et-pVQZ
approximation. We are happy to see the excellent results
from DPBE0(SAOP)/et-pVQZ, with an AAD of 0.15 eV for
naphthalene, even surpassing the OVGF/6-311G(d,p) method
with an AAD of 0.27 eV for the first 16 VIEs.42 Conse-
quently, the assignment of the VIEs to symmetry species has
been partly based on the DPBE0(SAOP)/et-pVQZ results.

Similarly, experimental and theoretical data for azulene
are displayed in Table 2. Since some VIEs of azulene are
known only to 0.1 eV accuracy, the unreliable second deci-
mal place of the AADs are given as subscripts. Contrary to
expectations, the AAD of 0.39 eV from ADC(3) in Table 2
can be greater than that from the OVGF/6-311G(d,p)
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Table 1. Vertical ionization energies (in eV) of naphthalene vapour.

Observed VIEs This work

MO 1968a 1972b 1972c 1983d Best estimate mKTe DPBE0(SAOP)f

1au (p) 8.13 8.18 8.12 8.09 8.13 9.57 8.00 (–0.13)
2b3u (p) 8.84 8.91 8.81 8.85 10.32 8.83 (–0.02)
1b2g (p) 10.04 10.08 9.95 10.02 11.22 9.95 (–0.07)
1b1g (p) 10.94 10.85 10.85 10.88 12.22 11.13 (+0.25)
9ag 11.28 11.05 11.03 11.12 12.10 11.26 (+0.14)
6b3g 11.60 11.35 11.36 11.44 12.09 11.30 (–0.14)
7b2u 12.46 11.90 11.86 12.07 12.98 12.23 (+0.16)
1b3u (p) 12.70 12.5 12.56 12.59 13.81 12.92 (+0.33)
7b1u 13.42 13.5 13.46 13.74 13.06 (–0.40)
6b2u 13.62 13.7 13.77 13.70 14.09 13.50 (–0.20)
5b3g 13.90 13.90 14.22 13.58 (–0.32)
8ag 14.38 14.37 14.38 14.87 14.33 (–0.05)
6b1u 14.54 14.45 14.50 15.04 14.47 (–0.03)
7ag 15.84 15.9 15.85 15.86 16.12 15.69 (–0.17)
4b3g 16.30 16.25 16.35 16.30 16.55 16.13 (–0.17)
5b2u 16.50 16.50 16.74 16.32 (–0.18)
6ag 18.72 18.72 18.87 18.70 (–0.02)
5b1u 19.04 19.04 19.16 19.04 (0.00)
4b2u 19.42 19.42 19.54 19.43 (+0.01)
AAD (0) 0.65 0.15

aKitagawa.41

bLindholm et al.38

cEland.39

dKlansinc et al.40

emeta-Koopmans’ theorem = –"(SAOP).
fDeviations from best estimates are shown in parentheses.

Table 2. Vertical ionization energies (in eV) of azulene vapour.

Observed VIEs ADC(3) Present work

MO 1968a 1972b 1974c 1980d Best estimate 2002e mKTf DPBE0(SAOP)g

2a2 (p) 7.41 7.42 7.43 7.42 7.42 7.08 8.93 7.32 (–0.10)
3b1 (p) 8.52 8.50 8.52 8.51 8.24 10.00 8.51 (0)
1a2 (p) 10.0 10.07 10.1 10.07 10.15 11.53 10.38 (+0.31)
2b1 (p) 11.0 10.85 11.1 10.85 11.00 12.21 11.19 (+0.34)
17a1 11.35 11.35 11.65 11.98 11.24 (–0.11)
12b2 12.43 12.60 11.95
16a1 12.87 13.07 12.43
11b2 12.5 12.5 12.94 13.06 12.46 (–0.04)
1b1 (p) 12.52 13.66 12.83
15a1 13.47 13.56 12.97
10b2 13.2 13.2 13.87 13.79 13.25 (+0.05)
9b2 14.5 14.5 15.18 15.03 14.7 (+0.20)
14a1 15.35 15.15 14.67
13a1 15.7 15.7 16.30 16.15 15.75 (+0.05)
8b2 16.89 16.61 16.35
AAD 0.39 0.95 0.13

aKitagawa.41

bEland.39

cBoschi et al.43

dDougherty et al.44

eDeleuze.45

fmeta-Koopmans’ theorem = –"(SAOP).
gDeviations from best estimates are shown in parentheses.
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Table 3. Vertical excitation energies for dipole-allowed transitions of naphthalene vapour (in eV) and f values in parentheses.

CASPT2 SOPPA
TDDFT
(PBE0) TDDFT(SAOP) Observed

1994a 1996b 1999c 2010d 1968e 1968f 1968g 1971h 1972i 1972j 1981k 2003l 2006m

1B2u 4.03 (0.000) 1B2u 3.86 (0.000) 4.48 1B2u 4.25 (0.000) 3.97 (0.002) B2u 4.12
1B1u 4.56 (0.050) 1B1u 4.44 (0.100) 4.58 1B1u 4.04 (0.047) 4.45 (0.102) B1u 4.45 B1u

5.62 1B3g 4.94 5.22
5.59 5.60 5.52 5.56
5.63

2B2u 5.54 (1.337) 2B2u 5.68 (1.62) 6.23 2B2u 5.57 (1.234) 5.89 (1.0) B2u 5.87 B2u 5.89 B2u 5.89 B2u 5.99
5.50 1Au 5.74
7.00 2Ag 5.78

2B1u 5.93 (0.313) 2B1u 5.87 (0.304) 5.99 2B1u 5.87 (0.142) 6.14 (0.3) 6.13 B1u 6.0 6.05 6.46
5.84 1B2g 5.96
5.84 1B1g 5.97
6.35 2B3g 6.06
6.62 2B2g 6.09
6.24 3Ag 6.16
0.68 2B1g 6.23
7.01 4Ag 6.47

1B3u 6.03 (0.003) 1B3u 5.97 (0.014) 6.29 1B3u 6.49 (0.008) 6.53 6.53 (0.1) B2u 6.52 6.57 6.58
3B2g 6.77
3B1g 6.79
2Au 6.81
3B1g 6.84

2B3u 6.50 (0.007) 2B3u 6.39 (0.009) 6.44 2B3u 6.87 (0.016) 6.91 6.78 6.78 6.78 6.79 6.80
3B3u 6.88 (0.005)
4B2g 6.98 7.01 7.01
3B3g 7.08 7.09 7.07 7.07
3Au 7.09 7.26 7.19 7.20

3B1u 6.34 (0.002) 3B1u 6.55 (0.003) 6.93 3B1u 7.31 (0.575) 7.31 7.37 7.37 7.36 7.35 7.35
4Au 7.38
5B2g 7.39
4B1g 7.43
4B3u 7.48 (0.008) 7.50
6B2g 7.48
4B3g 7.52
5B3u 7.57 (0.002) 7.57 7.54

6.58 (0.018) 6.57 (0.010) 7.23 3B2u 7.57 (0.031) 7.62 7.62 7.63 7.62
5Au 7.59
6Au 7.63
7Au 7.67 7.68 7.68
8Au 7.74 7.74
6B3u 7.82 (0.009) 7.77 7.78 7.77 7.77

790
C

an.
J.

C
hem

.
V

ol.
88,

2010

Published
by

N
R

C
R

esearch
Press

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

U
ni

ve
rs

ity
 o

f 
E

le
ct

ro
ni

c 
an

d 
Sc

ie
nc

e 
T

ec
ho

no
lo

gy
 o

f 
C

hi
na

 o
n 

09
/1

7/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



method with an AAD of 0.27 eV42 in the case of azulene.
The VIEs from the shortcut method of mKT are even poorer
for azulene than for naphthalene. Again, the recommended
procedure of DPBE0(SAOP)/et-pVQZ does extremely well,
with an AAD of 0.13 eV. For the combined results on both
molecules, DPBE0(SAOP)/et-pVQZ leads to an AAD of
0.14 eV for a total of 28 valence-electron ionizations.

Although valence ionization energies are often given to
the nearest 0.01 eV, the probable error is more likely to be
0.05–0.10 eV due to calibration errors and vibrational ef-
fects. Therefore, our AAD of 0.14 eV, approaching experi-
mental reliability, is a pleasant surprise but could
conceivably be the result of a cancellation of errors.

The procedure we recommend is not perfect for every
molecule. When the effect of shake-up satellites is signifi-
cant, the single configuration used in our DFT calculation
may not be able to give an accurate enough description of
the cation; and we do not have intensities like the pole
strengths in OVGF and ADC(3). Moreover, the same proce-
dure did not perform as well for the limited database of 13
VIEs of perhalo molecules. Instead, choosing symmetry
rather than the integer number of electrons gave a reason-
able AAD of 0.25 eV.12

Valence excitations
There have been many measurements of the excitations of

valence electrons of naphthalene and azulene vapours. For a
comparison of various theoretical and experimental data, we
list the excitations according to the order given by our
TDDFT(SAOP)/et-pVQZ calculation. Data from observed ul-
traviolet absorptions4,41,46–50 are compared to calculated ener-
gies of singlet excitations. Electron energy loss results51 are
also included in Table 3, although the intensity does not strictly
follow transition dipole rules. Two-photon spectroscopy52 is
different and may lead to dipole-forbidden excited states.
Similarly, the so-called Rydberg fingerprint spectroscopy,53

whether it is performed with 4-photon off-resonance ioniza-
tion54 or 3-photon double-resonance ionization scheme,55 can
also produce dipole-forbidden states. Therefore, the observed
energies are placed near the closest calculated energies. The re-
sults are summarized in Table 3 for naphthalene and Table 4
for azulene. It appears that the results from our preferred
procedure of TDDFT(SAOP)/et-pVQZ can be matched with
most of the observed excitations. The only poor results are the
first two excited singlets of naphthalene, for which the high-
power method of SOPPA24 is probably more reliable. For
naphthalene, Table 3 shows that TDDFT(SAOP)/et-pVQZ
appears to be competitive to the recent methods of CASPT2,
TDDFT(PBE0), and SOPPA.

Core-electron ionization
Little is known about the C1s ionization of naphthalene

and azulene. For naphthalene, Crenshaw and Banna57 re-
ported an average CEBE of 290.12 eV. With the approach
of localized core holes, we find the values of 290.33,
290.06, and 290.03 eV for C9, C2, and C1, respectively,
averaging to 290.10 eV as shown in Table 5. In comparison,
the CI results of Hollauer et al.58 give an average CE-
BE(C1s) of 292.46 eV. For the purpose of determining the
inner-shell excitation energies, the results from symmetry
core-hole treatment are also included in Table 5.T
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As far as we know, the CEBE of azulene has not been
determined experimentally. Hitchcock et al.59 estimated the
CEBE of azulene to be the same as naphthalene to calculate

the term values. We believe that our calculated value of
289.76 eV presented in Table 6 would be a more reliable es-
timate.

Table 4. Vertical excitation energies (in eV) of azulene to singlets with f values in parentheses.

HMO-CI CNDO/M CIS(D) TDDFT (SAOP) Observed

1956a 1995b 2005c 2010d 1962e 1966f 1987g 1995h 2003i 2006j

1.73(0.017) 2.35(0.030) 2.33 1B2 2.30(0.007) 1.76–2.36 1.77 2.32

3.08(0.002) 3.68(0.075) 4.33 1A1 3.46(0.009) 3.54–3.57 3.57 3.67

4.11(0.116) 4.50(0.285) 4.94 2B2 4.42(0.039) 4.50

4.69(1.243) 5.03(1.767) 5.21 2A1 4.73(0.997) 5.07

7.45 1A2 5.03

6.51 1B1 5.23(0.000) 5.26

2B1 5.59(0.000)

5.60(0.365) 6.36 3B2 5.59(0.165)

7.39 2A2 5.72

5.99(0.003) 6.87 3A1 5.72(0.002)

7.50 3A2 5.79 5.80

4A2 5.96

6.19(0.014) 4B2 6.02(0.081) 6.01 6.07

3B1 6.10 (0.002)

6.87(0.215) 4A1 6.20(0.179) 6.26 6.28

5A2 6.23

6A2 6.25

4B1 6.31(0.000) 6.36 6.36

5B1 6.37(0.022) 6.38

7A2 6.53

7.02(0.278) 5B2 6.54(0.107) 6.62 6.46 6.47

6B1 6.64(0.001) 6.71 6.60 6.59

8A2 6.67 6.67

7B1 6.80(0.000)

8B1 6.81(0.006) 6.84 6.84

9A2 6.93

10A2 7.02

6B2 7.06(0.134) 6.90

9B1 7.08(0.001)

11A2 7.09

7.02(0.199) 5A1 7.09(0.024)

10B1 7.12(0.000)

6A1 7.14(0.040)

7B2 7.20(0.092) 7.04

11B1 7.32(0.012)

aPariser.19

bElblidi et al.20

cHinchliffe and Soscún.35

dThis work.
eHunt and Ross.4

fKitagawa et al.46

gSuzuki and Ito.56

hExperimental data cited by Elblidi et al.20

iKuthirummal and Weber.54

jKuthirummal and Weber.55
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Inner-shell excitations
The calculation of inner-shell excitation spectra of highly

symmetric molecules, such as naphthalene and azulene, is
not an easy task because we cannot use the localized core-
hole approximation, which would destroy the symmetry of
the excited states. Instead, we must resort to shifting the re-
sults for transitions between symmetry MOs by the differ-
ence between the CEBEs of symmetry and localized core
holes. Our first step is to limit the excitation to only those
from core electrons in a truncated TDDFT(SAOP)/et-pVQZ
computation.35 Guided by the approximate oscillator
strengths from such TDDFT calculations, we compute the
dipole-allowed inner-shell excited states by the method of
DE(PW86-PW91)/et-pVQZ + Crel. As shown in Tables 5
and 6, the difference between the CEBEs for localized and
symmetry core holes is 12.50 eV for naphthalene and
7.02 eV for azulene. These values are used to shift the inner-
shell excitation energies calculated for transitions between
symmetry MOs calculated by DPW86-PW91/et-pVQZ +
Crel and the final results are summarized in Tables 7 and 8.

Another difficulty lies in the fact that there are many core
MOs in each symmetry: 1ag–3ag, 1b1u and 2b1u, 1b2u–3b2u,
1b3u and 2b3u for naphthalene, and 1a1–6a1 and 1b2–4 b2 for
azulene. For naphthalene, the virtual MOs in increasing en-
ergies are 2b1g(p), 2b2g(p), 3b3u(p), 10ag, 8b2u, 8b1u, 2au(p),
etc. and the virtual MOs of azulene in increasing energies
are 4b1(p), 3a2(p), 18a1, 5b1(p), 13b2, 19a1, 20a1, 14b2,
6b1(p), etc. With the ADF program, we cannot compute the
excitation energy of 2a1–4b1(p) for azulene by DPW86-
PW91/et-pVQZ, for example. The f values obtained from
truncated TDDFT(SAOP)/et-pVQZ calculations for all a1
core MOs to 4b1(p) are therefore summed and listed as be-

longing to 1a1–4b1(p) in Table 8. Similar procedure is fol-
lowed for all the other transitions listed in Tables 7 and 8.

Still another difficulty is the poor resolution of the exper-
imental spectra. This makes the comparison of theory with
experiment very uncertain. One possible way to overcome
this last difficulty is to average the calculated results
weighted by the approximate f values. This procedure is
used for Tables 7 and 8. As can be seen from Tables 7 and
8, our calculated results seem to underestimate the core-
electron excitation energies by an average of 0.3 eV. Some
possible causes of the underestimation are the difficulties
mentioned above. If we assume that the underestimation is
experiment, it is reduced to a remarkable 0.1 eV.

Conclusions

In summary, the results of DPBE0(SAOP)/et-pVQZ for
valence ionization of naphthalene and azulene are excellent,
as can be seen from the AAD of 0.14 eV. The results from
our preferred procedure of TDDFT(SAOP)/et-pVQZ can be
matched with most of the observed excitations of valence
electrons. Because the Vxc = SAOP is asymptotically correct,
it is our belief that it leads to a reliable description of va-
lence electrons and good distribution of orbital energies for
both occupied and vacant MOs. Hence, the nice prediction
of excitation spectra is not surprising. On the other hand,
from the excellent results of VIEs, we draw the tentative
conclusion that, given the electron density, Exc = PBE0 can
provide excellent energy differences.

There is only one experimental CEBE of naphthalene at
290.12 eV with which we can compare our average calcu-
lated value of 290.10 eV from applying DPW86-PW91/et-
pVQZ + Crel on the localized core holes. For azulene, we
believe that our average CEBE(C1s) of 289.76 eV is more
reliable than the estimate based on the observed 290.12 eV
for naphthalene. Finally, although the difficulties in predict-
ing core-electron excitation spectra do not allow us to make
definitive conclusions on naphthalene and azulene, the re-
sults are extremely encouraging.

Such excellent performance of the recommended proce-
dures for the ionization and excitation spectra of valence

Table 5. Core-electron binding energies
(in eV) of naphthalene vapour.

Atom CEBE Deviation
Observeda 290.12 (0)

Localized core hole
C1=C4=C5=C8 290.03

C2=C3=C6=C7 290.06

C9=C10 290.33

Average 290.10 –0.02

Symmetry core hole
1ag 277.61

1b1u 277.60

1b2u 277.61

1b3g 277.60

Average 277.60 –12.52

CI (2005)b

C1 292.40

C2 292.40

C9 292.70

Average 292.46 +2.34

aCrenshaw and Banna.57

bHollauder et al.58

Table 6. Core-electron binding energies
(in eV) of azulene vapour.

Atom CEBE

Localized core hole
C1=C3 289.17

C2 289.53

C4=C8 290.13

C5=C7 289.75

C6 290.02

C9=C10 289.96

Average 289.76

Symmetry core hole
1a1 282.74

1b2 282.74

Average 282.74
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and core electrons of naphthalene and azulene could be
due to the large basis sets employed, and (or) to the low
level of charge transfer between carbon and hydrogen in

naphthalene and azulene, unlike perhalo systems. There-
fore, more test cases should be investigated in future
studies.

Table 7. Inner-shell excitation energies (in eV) of naphthalene vapour with approximate f values in
parentheses.

From To DE Shifteda Averageb Observedc CId

B3u 1b2u 2b1g (p) 272.40 284.90 (0.00323) 285.0 285.1

B3u 1b1u 2b2g (p) 272.96 285.46 (0.00320) 285.7 285.8

B3u 1ag 4b3u (p) 273.72 286.22 (0.00112)

B1u 1b3g 10b2u 273.88 286.38 (0.00091)

B2u 1ag 10b2u 273.89 286.39 (0.00164)

B3u 1ag 3b3u (p) 274.02 286.52 (0.00330) 286.42 (0.00697) 286.9 (sh) 286.5

B1u 1b1u 10ag 274.44 286.94 (0.00145)

B2u 1b2u 10ag 274.45 286.95 (0.00152)

B1u 1b3g 8b2u 274.57 287.07 (0.00029)

B2u 1ag 8b2u 274.58 287.08 (0.00276)

B2u 1b3g 8b1u 274.72 287.22 (0.00013)

B1u 1ag 8b1u 274.73 287.23 (0.00367) 287.10 (0.00982) 287.2 287.9

B2u 1b1u 7b3g 275.19 287.69 (0.00261)

B1u 1b2u 7b3g 275.20 287.70 (0.00240)

B1u 1b1u 11ag 275.24 287.74 (0.00137)

B2u 1b2u 11ag 275.25 287.75 (0.00042)

B3u 1b3g 2au 275.38 287.88 (0.00429)

Weighted average 287.77 (0.01109)

B2u 1b3g 12b1u 275.69 288.19 (0.00028)

B2u 1b3g 9b1u 275.77 288.27 (0.00297)

B1u 1ag 9b1u 275.78 288.28 (0.00047)

B1u 1b3g 9b2u 275.89 288.39 (0.00215)

B2u 1ag 9b2u 275.91 288.41 (0.00089)

B1u 1b1u 12ag 275.92 288.42 (0.00127)

B2u 1b2u 12ag 275.93 288.43 (0.00041)

Weighted average 288.34 (0.00844)

B2u 1b1u 8b3g 276.22 288.72 (0.00145)

B1u 1ag 11b1u 276.39 288.89 (0.00382)

B2u 1b3g 11b1u 276.58 289.08 (0.00045)

B3u 1b1u 3b2g (p) 276.62 289.12 (0.00087)

B3u 1b2u 3b1g (p) 276.83 289.33 (0.00078)

Weighted average 288.27 (0.02690) 288.5

B2u 1b1u 8b3g 276.22 288.72 (0.00145)

B1u 1ag 11b1u 276.39 288.89 (0.00382)

B2u 1b3g 11b1u 276.58 289.08 (0.00045)

B3u 1b1u 3b2g (p) 276.62 289.12 (0.00087)

B3u 1b2u 3b1g (p) 276.83 289.33 (0.00078)

B1u 1b1u 13ag 277.29 289.79 (0.00175)

B2u 1b2u 13ag 277.30 289.80 (0.00174)

B1u 3b1u 14ag 277.67 290.17 (0.00115)

B2u 1b2u 14ag 277.67 290.17 (0.00100) 289.94 (0.00564) 290.3 290.4

aPresent work: shift = CEBE (loc) – CEBE (sym) = 290.10 – 277.60 = 12.50 eV.
bAverage weighted by f values.
cGordon et al.60

dHollauer et al.58 with an empirical shift of 3.9 eV.
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Prototypical arsine–triel adducts (R3AsEX3 for
E = B, Al, and Ga)

Eamonn Conrad, Janet Pickup, Neil Burford, Robert McDonald, and
Michael J. Ferguson

Abstract: Complexes of arsine ligands (R3As, R = Me, Et, Ph) and Lewis acids of group-13 elements of the form EX3

(E = B, X = Ph, C6F5; E = Al, X = Cl, Br, I; E = Ga, X = Cl) have been isolated and characterized by X-ray crystallogra-
phy, infrared spectroscopy, 1H, 13C{1H}, 11B{1H}, and 27Al NMR spectroscopy. The compounds are compared with rare
arsine–triel adducts.

Key words: arsine–triel (boron, aluminum, gallium) Lewis adducts.

Résumé : Les complexes des ligands d’arsine (R3As, R = Mé, Ét, Ph) et des acides de Lewis du groupe des éléments 13
de la forme EX3 (E = B, X = Ph, C6F5; E = Al, X = Cl, Br, I; E = Ga, X = Cl) ont été isolés et caractérisés par la cristal-
lographie aux rayons-X, la spectroscopie infrarouge, et la spectroscopie RMN de 1H, 13C{1H}, 11B{1H} et 27Al. Les com-
posés sont comparés aux adduits rares d’arsine–triel.

Mots-clés : adduits de Lewis d’arsine–triel (bore, aluminium, gallium).

[Traduit par la Rédaction]

Introduction

Compounds involving bonds between tetracoordinate
group-13 elements and tetracoordinate group-15 elements
represent prototypical examples of Lewis acid–base adducts
and are well-known for compounds involving nitrogen or
phosphorus donors. In contrast, examples of adducts involv-
ing arsine ligands on Lewis acids of group-13 elements are
rare despite the importance of arsenic in the development of
semiconducting materials such as gallium arsenide.

Compounds containing a coordinatively unsaturated ar-
senic center bound to a coordinatively unsaturated boron cen-
ter are known,1 but adducts of tetracoordinate arsenic bound
to tetracoordinate boron have not been reported. Moreover,
although examples of complexes of arsines with alanes,2–4

gallanes,5–7 or indanes7,8 have been spectroscopically or crys-
tallographically characterized, there are limited data available
and few acyclic complexes are known that represent proto-
typical examples of arsines with Lewis acids of group-13
elements and provide fundamental data for the As–E bonds.

Prompted by the recent use of arsine ligands to stabilize
pnictogenium cations (PnR2+)9 and diphosphenium dications
(RPPR2+),10 we report crystallographic and NMR spectro-
scopic data for compounds of the form R3AsEX3 for E = B,
Al, and Ga. Comparisons are made with the rare examples
that have been previously reported.

Results and discussion

Reaction mixtures containing an alkyl- or aryl-arsine
(R3As, R = Me, Et, Ph) and an arylborane (BX3, X = Ph,
C6F5) in CH2Cl2 exhibit a single signal in the 11B{1H}
NMR spectra (Table 1). The chemical shifts are consistent
with those observed for the corresponding solids that are
isolated from reaction mixtures and redissolved in CD2Cl2
(or CD3CN). Derivatives containing X = C6F5 have chemical
shifts in the range observed for those compounds involving
B(C6F5)3 moieties.11 Reaction mixtures of arsines (R3As, R =
Me, Et, Ph) with haloalanes (AlX3, X = Cl, Br, I) in CH2Cl2
show a single chemical shift in the 27Al NMR spectra
(Table 1) with chemical shifts that are in the range of tetra-
coordinate aluminum centers.12

Crystalline samples of Me3AsBPh3, Et3AsB(C6F5)3,
Ph3AsAlCl3, and Ph3AsAlI3 have been isolated from the
reaction mixtures described above and Ph3AsGaCl3 was isolated
from the reaction of Ph3As and GaCl3. The compounds have
been crystallographically characterized as adducts of arsine
ligands on group-13 Lewis acids. The structures all involve
slightly distorted tetrahedral geometries at the arsenic and
group-13 element centers, as illustrated in Figs. 1–5. There are
no significant intermolecular interactions in any of the structures.
Selected bond distances and angles are presented in Table 2
and torsional angles are available as Supplementary data.
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The As–B bond lengths in Me3AsBPh3 (2.148(3) Å) and
Et3AsB(C6F5)3 (2.1905(18) Å) are longer than the sum of
the covalent radii for arsenic and boron (2.09 Å). Both
adducts adopt a close to eclipsed conformation (smallest
C–As–B–C torsion angle in Me3AsBPh3 = 24.03(8)8, in
Et3AsB(C6F5)3 = 9.89(13)8), which compares with the con-
formation observed in the phosphine–borane analogue,
Et3PB(C6F5)3 (smallest C–P–B–C torsion angle = 15.7(3)8).11

Adducts Ph3AsAlCl3 and Ph3AsAlI3 are isomorphous with
both Ph3PGaI3 and Ph3AsGaI3.7 As for the arsine–borane ad-
ducts, the As–Al bond lengths (Ph3AsAlCl3, 2.5191(9) Å;
Ph3AsAlI3, 2.517 Å) are slightly longer than the sum of the co-
valent radii for aluminum and arsenic (2.47 Å). Nevertheless,
the As–Al bonds are shorter than those in i-Pr3AsAl-t-Bu3
(2.839(1) Å) and TMS3AsAl-t-Bu3 (2.654(2) Å),3 likely due

to the lower steric repulsion in the organoalane derivatives
and the inductive influence of the halogens on the Lewis acid-
ity of the alane in the haloalane. The alane adducts Ph3AsAlCl3
and Ph3AsAlI3 adopt a more staggered conformation about
the As–Al bond axis (smallest C–As–Al–C torsion angle in
Ph3AsAlCl3 = 32.58(6)8, in Ph3AsAlI3 = 38.83(6)8) than the
borane adducts Me3AsBPh3 and Et3AsB(C6F5)3.

Crystals of Ph3AsGaCl3 are isomorphous with both
Ph3PGaI3 and Ph3AsGaI3

7 and there are two crystallographi-
cally independent molecules in the unit cell (Fig. 5). The
As–Ga bond lengths (2.540(6) Å and 2.449(6) Å) are close
to the sum of the covalent radii for arsenic and gallium

Table 1. 11B{1H} NMR and 27Al NMR chemical
shifts (ppm) in reaction mixtures of R3As with
EX3 and for crystalline samples of adducts redis-
solved.

Compound 11B{1H} or 27Al (d, ppm)
Me3AsBPh3 53.6 (s)
Et3AsBPh3 36.3 (s)
Ph3AsBPh3 67.8 (s)
Me3AsB(C6F5)3 –11.0 (s)
Et3AsB(C6F5)3 –11.8 (s)
Ph3AsB(C6F5)3 –11.6 (s)
Me3AsAlCl3 104.3 (s)
Et3AsAlCl3 110.3 (s)
Ph3AsAlCl3 104.1 (s)
Me3AsAlBr3 112.9 (s)
Et3AsAlBr3 104.8 (s)
Ph3AsAlBr3 108.4 (s)
Me3AsAlI3 110.5 (s)
Et3AsAlI3 111.2 (s)
Ph3AsAlI3 103.8 (s)

Fig. 1. Crystallographic view of Me3AsBPh3. Nonhydrogen atoms
are represented by Gaussian ellipsoids at the 50% probability level.

Fig. 2. Crystallographic view of Et3AsB(C6F5)3. Nonhydrogen
atoms are represented by Gaussian ellipsoids at the 50% probability
level.

Fig. 3. Crystallographic view of the Ph3AsAlCl3 molecule showing
the atom labelling scheme. Nonhydrogen atoms are represented by
Gaussian ellipsoids at the 50% probability level. Hydrogen atoms
are shown with arbitrarily small thermal parameters.
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(2.47 Å), and to that in Ph3AsGaI3.7 The torsion angles
about the As–Ga bond (smallest C–As–Ga–Cl torsion angles
for molecule A = 29.9(3)8, for molecule B = –53.4(3)8) are
more staggered than in the arsine–borane adducts.

Summary
Prototypical examples of compounds containing As ? B,

As ? Al, and As ? Ga coordinate bonds have been iso-
lated from reaction mixtures of an arsine Lewis base with a
triel Lewis acid. The compounds provide fundamental spec-
troscopic and structural data. While bond length trends are
as expected, As ? B < As ? Al < As ? Ga, the torsion
angles are generally smaller for As ? B complexes than
for the As ? Al and As ? Ga complexes.

Experimental procedures
Reactions were carried out in an MBraun glovebox under

atmosphere of dry N2. Solvents were dried on an MBraun
solvent purification system and stored over 4 Å molecular
sieves. Deuterated solvents were purchased from Sigma-
Aldrich and were used as received. Experimental details
relating to the single crystal X-ray diffraction studies are
summarized in Table 3. X-ray diffraction data were col-
lected on a Bruker APEX II CCD area detector/D8 diffrac-
tometer. Crystals were coated with Paratone-N oil, mounted
on glass fibres, and placed in a cold stream of N2. Structures
were solved by direct methods (SHELXS-97) 14 or Patterson
search/structure expansion (DIRDIF-2008), 15 and refined us-
ing full-matrix least-squares on F2 (SHELXL-97).14 Hydro-
gen atom positions were calculated from the sp2 or sp3

hybridization geometries of their attached atoms. NMR
spectra were obtained at room temperature, unless otherwise
stated, on a Bruker AVANCE 500 1H (500.13 MHz, 11.7 T)
and Bruker/Tecmag AC250 1H (250.06 MHz, 5.9 T).
13C{1H} NMR (125.76 MHz) chemical shifts were refer-
enced to dTMS = 0.00, as were 11B{1H} NMR (160.42 MHz)
and 27Al-NMR (130.29 MHz). Chemical shifts (d) are re-
ported in ppm. NMR spectra of samples were obtained by

transferring an aliquot of sample in an appropriate deuterated
solvent into a 5 mm sample tube. The tubes were capped and
sealed with Parafilm prior to removal from the inert atmos-
phere. IR spectra were obtained from powdered and crystal-
line samples dissolved in CH2Cl2 and spotted on CsI plates.
Data collection was on a Bruker Vertex FTIR spectrometer.
Peaks are reported in wavenumbers (cm–1) with ranked in-
tensities in parenthesis beside the value, where a value of
one is indicative of the most intense peak in the spectrum.
Melting points were recorded on an Electrothermal melting
point apparatus in sealed capillary tubes under N2.

Caution
All arsines are known carcinogens and must be handled

using appropriate procedures.

Preparation of Me3AsBPh3

A solution of Me3As (52.0 mL, 0.50 mmol) in CH2Cl2
was added to a solution of BPh3 (121.0 mg, 0.50 mmol) in
CH2Cl2 and the mixture was stirred for 30 min. The solution
was layered with hexanes and stored at –25 8C overnight. A
white precipitate was isolated and washed with hexanes
(3 � 3 mL). Crystals were obtained by CD3CN/ether diffu-
sion at –25 8C over 48 h. Yield: 65%, 117 mg; mp 144–
146 8C. FTIR (CsI plates, ranked intensities, cm–1): 3058
(1), 2917 (3), 2849 (4), 1590 (12), 1430 (13), 1261 (11),
1238 (10), 1096 (9), 1020 (8), 802 (5), 746 (6), 696 (2),
636 (7). 1H NMR (CD2Cl2, 273 K, 500 MHz, ppm) d: 1.23
(s, 9H), 7.52–7.57 (m, 6H), 7.58–7.63 (m, 3H), 7.65–7.70
(m, 6H). 13C{1H} NMR (CD2Cl2, 273K, 125.76 MHz) d:
8.4 (s), 128.0 (s), 130.6 (s), 138.3 (s). 11B{1H} NMR
(CD2Cl2, 273 K, 160.42 MHz) d: 53.6 (s).

Preparation of Me3AsB(C6F5)3

A solution of Me3As (52.0 mL, 0.50 mmol) in CH2Cl2
was added to a solution of B(C6F5)3 (256.0 mg, 0.50 mmol)
in CH2Cl2 and stirred for 30 min. A white precipitate
formed immediately. The solid was isolated and washed
with ether (3 � 3 mL) and has poor solubility. Crystals
were obtained by CD3CN/ether diffusion at –25 8C over
48 h. Yield: 78%, 236 mg; mp 257–259 8C. FTIR (CsI
plates, ranked intensities, cm–1): 2917 (1), 2703 (14), 1644
(10), 1516 (4), 1446 (1), 1370 (6), 1163 (16), 1117 (15),
1087 (5), 979 (3), 960 (2), 780 (9), 770 (8), 730 (17), 667
(7), 617 (11). 1H NMR (CD3CN, 273 K, 500 MHz, ppm) d:
0.96 (s, 9H). 11B{1H} NMR (CD3CN, 273 K, 160.42 MHz)
d: –11.0 (s).

Preparation of Et3AsBPh3

A solution of Et3As (70.5 mL, 0.50 mmol) in CH2Cl2 was
added to a solution of BPh3 (121.0 mg, 0.50 mmol) in
CH2Cl2 and stirred for 30 min. The solution was layered
with ether and stored at –25 8C overnight. Clear colourless
crystals were obtained by CD3CN/ether diffusion at –25 8C
over 48 h and were isolated and washed with ether (3 �
3 mL). Yield: 66%, 133 mg; mp 86–88 8C. FTIR (CsI
plates, ranked intensities, cm–1): 3666 (14), 3061 (1), 2425
(4), 1953 (13), 1642 (2), 1554 (12), 1462 (11), 1453 (10),
1260 (5), 1098 (7), 1020 (6), 847 (3), 699 (9), 613 (8). 1H
NMR (CD2Cl2, 273 K, 500 MHz, ppm) d: 1.17 (t, 3JHH =
7.0 Hz, 9H), 1.68 (q, 3JHH = 7.0 Hz, 6H), 7.48–7.54 (m,

Fig. 4. Crystallographic views of Ph3AsAlI3. Nonhydrogen atoms
are represented by Gaussian ellipsoids at the 50% probability level.
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8H), 7.60–7.65 (m, 7H). 13C{1H} NMR (CD2Cl2, 273 K,
125.76 MHz, ppm) d: 10.2 (s), 16.1 (s), 127.9 (s), 129.1 (s), 137.8
(s), 136.3 (s). 11B{1H} NMR (CD2Cl2, 273 K, 160.42 MHz, ppm)
d: 36.3 (s).

Preparation of Et3AsB(C6F5)3

A solution of Et3As (70.5 mL, 0.50 mmol) in CH2Cl2 was
added to a solution of B(C6F5)3 (256.0 mg, 0.50 mmol) in
CH2Cl2 and stirred for 30 min. A white precipitate formed
immediately. The solid was redissolved in CH3CN and crys-
talline material was obtained by CH3CN/ether diffusion
at –25 8C over 48 h. Yield: 44%, 142 mg; mp 204–206 8C.
FTIR (CsI plates, ranked intensities, cm–1): 2918 (12), 1645
(7), 1518 (4), 1460 (1), 1374 (6), 1283 (8), 1100 (5), 979
(2), 965 (3), 772 (11), 731 (10), 669 (9). 1H NMR d:
(CD3CN, 273 K, 500 MHz, ppm) d: 1.19 (t, 3JHH = 7.5 Hz,
9H), 1.86 (q, 3JHH = 7.5 Hz, 6H). 11B{1H} NMR (CD3CN,
273 K, 160.42 MHz, ppm) d: –11.8 (s).

Preparation of Ph3AsBPh3

A solution of Ph3As (151.5 mg, 0.50 mmol) in CH2Cl2
was added to a solution of BPh3 (121.0 mg, 0.50 mmol) in
CH2Cl2 and stirred for 30 min. The solution was layered
with hexanes and stored at –25 8C overnight. A white pow-
der was isolated and washed with ether (3 � 3 mL). Yield:
55%, 150 mg; decomposes above 100 8C. FTIR (CsI plates,
ranked intensities, cm–1): 3059 (1), 2429 (10), 2283 (11),
1980 (12), 1642 (2), 1260 (7), 1097 (6), 1019 (5), 910 (4),
804 (3), 734 (9), 694 (8). 1H NMR (CD2Cl2, 273 K,
500 MHz, ppm) d: 7.28–8.27 (m, 30H). 13C{1H} NMR
(CD2Cl2, 273 K, 125.76 MHz, ppm) d: 128.2 (s), 129.4 (s),
132.1 (s), 134.4 (s), 136.4 (s), 139.2 (s), 140.5 (s), 143.9 (s).
11B{1H} NMR (CD2Cl2, 273 K, 160.42 MHz, ppm) d: 67.8
(s).

Preparation of Ph3AsB(C6F5)3

A solution of Ph3As (151.5 mg, 0.50 mmol) in CH2Cl2
was added to a solution of B(C6F5)3 (256.0 mg, 0.50 mmol)
in CH2Cl2 and stirred for 30 min. A white precipitate
formed immediately. The solid was redissolved in CH3CN
and then precipitated by ether diffusion at –25 8C over
48 h. The solid was washed with ether (3 � 3 mL). Yield:
51%, 201 mg; mp 155–157 8C. FTIR (CsI plates, ranked in-
tensities, cm–1): 3001 (1), 2342 (17), 1895 (16), 1645 (12),
1464 (2), 1389 (4), 1366 (3), 1260 (9), 1230 (6), 1011 (11),
1020 (10), 950 (7), 923 (8), 888 (15), 850 (14), 802 (13),

Fig. 5. Crystallographic views of the two crystallographically independent conformers (a and b) of the disordered structure of Ph3AsGaCl3.
Nonhydrogen atoms are represented by Gaussian ellipsoids at the 50% probability level.

Table 2. Selected bond lengths (Å) and angles (8) in Ph3BAsMe3,
Et3AsB(C6F5)3, Ph3AsAlCl3, Ph3AsAlI3, Ph3AsGaCl3, and related
compounds.

Compound E—As (Å) C–As–E (8) X–E–As (8)
Me3AsBPh3 2.148(3) 115.80(6) 104.83(10)
Et3AsB(C6F5)3 2.1905(18) 114.70(7) 103.35(10)

112.75(8) 107.52(10)
117.02(7) 104.56(11)

{(t-Bu)2As}2BPh1 2.064(5) 106.9(2) 124.3(5)
Ph3AsAlCl3a 2.5191(9) 114.17(5) 101.76(4)

108.76(4)
Ph3AsAlI3 2.5140(10) 113.78(6) 102.48(2)
Ph3AsGaCl3b 2.540(6) 113.1(2) 106.29(16)

2.449(6) 113.4(2) 107.40(16)
Ph3AsGaI3

7 2.490(1) 113.21(7) 102.97(2)
TMS3AsGaI3

13 2.509 — —
i-Pr3AsAl-t-Bu3

3 2.839(1) 106.3(1) 111.5(2)
100.5(1) 121.8(1)
105.4(1) 110.2(1)

TMS3AsAlEt3 3 2.654(2) Si–As–Al C–Al–As
113.5(1) 106.0(2)
113.3(1) 102.9(2)
113.2(1) 104.2(2)

[TMS2AsAlEt2]2
4 2.539(2) Si–As–Al C–Al–As

114.10(6) 112.5(2)
114.79(6) 114.7(2)

110.3(2)
112.5(2)

TMS3AsGaPh3
6 2.671(1) Si–As–Ga C–Ga–As

114.45(7) 103.3(2)
110.74(7) 104.6(2)
113.98(7) 105.3(2)

aDisorder in structure.
bTwo crystallographically independent molecules in the asymmetric unit.
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Table 3. Crystallographic data for Ph3BAsMe3, Et3AsB(C6F5)3, and Ph3AsEX3 (E = Al and Ga; X = Cl and I).

Compound Ph3BAsMe3 Et3AsB(C6F5)3 Ph3AsAlCl3 Ph3AsAlI3 Ph3AsGaCl3
Formula C21H24AsB C24H15AsBF15 C18H15AlAsCl3 C18H15AlAsI3 C18H15AsCl3Ga
Formula weight 362.13 674.09 439.55 713.90 482.29
Crystal system Trigonal Monoclinic Trigonal Trigonal Trigonal
Space group P�3 (No. 147) P21/n R�3 (No. 148) R�3 (No. 148) R�3 (No. 148)
a (Å) 11.3230 (6) 12.5167 (4) 13.9920 (12) 14.8705 (6) 14.0065 (7)
b (Å) 11.3230 (6) 10.5712 (3) 13.9920 (12) 14.8705 (6) 14.0065 (7)
c (Å) 8.1329 (4) 18.2940 (5) 16.8498 (14) 16.7263 (6) 16.8497 (9)
a (8) 90 90 90 90 90
b (8) 90 90.2369 (3) 90 90 90
g (8) 120 90 120 120 120
Crystal size (mm3) 0.43 � 0.21 � 0.19 0.32 � 0.29 � 0.28 0.67 � 0.60 � 0.34 0.49 � 0.41 � 0.31 0.48 � 0.36 � 0.29
Reflections collected 7754 19 870 7861 9448 8386
Independent reflections (R(int)) 1387 (Rint = 0.0219) 5564 (Rint = 0.0178) 1452 (Rint = 0.0196) 1644 (Rint = 0.0162) 1470 (Rint = 0.0152)
GoFa 1.106 1.046 1.072 1.119 1.158
Z 2 4 6 6 6
V (Å3) 903.02 (8) 2420.58 (12) 2856.8 (4) 3203.2 (2) 2862.7 (3)
rcalcd (mg m–3) 1.332 1.850 1.533 2.221 1.679
R1 0.0199 0.0256 0.0196 0.0147 0.0171
wR2 0.0534 0.0683 0.0508 0.0358 0.0509

aS ¼ ½
Pw ðF2

o � F2
c Þ2=ðn� pÞ�1=2 (n = number of data; p = number of parameters varied; w ¼ ½s2ðF2

oÞ þ ð0:0259PÞ2 þ 0:3085P��1, where P ¼ ½MaxðF2
o ; 0Þ þ 2F2

c �=3).
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729 (5). 1H NMR d: (CD3CN, 273 K, 500 MHz, ppm) d:
7.34–7.41 (m, 15H). 11B{1H} NMR (CD3CN, 273 K,
160.42 MHz, ppm) d: –11.6 (s).

Preparation of Me3AsAlCl3
A solution of Me3As (52.0 mL, 0.50 mmol) in CH2Cl2

was added to a solution of AlCl3 (61.5 mg, 0.50 mmol) in
CH2Cl2 and stirred for 30 min. The solution was layered
with hexanes and stored at –25 8C overnight. A white pow-
der formed and was isolated and washed with ether (3 �
3 mL). Yield: 70%, 89 mg; mp 143–145 8C. FTIR (CsI
plates, ranked intensities, cm–1): 3094 (1), 2921 (2), 2850
(3), 2432 (12), 2361 (11), 1642 (5), 1462 (14), 1412 (10),
1261 (9), 1100 (13), 1018 (8), 925 (4), 848 (7), 651 (6). 1H
NMR (CD2Cl2, 273 K, 500 MHz, ppm) d: 2.21 (s, 9H).
13C{1H} NMR (CD2Cl2, 273 K, 125.76 MHz, ppm) d: 7.9
(s). 27Al NMR (CD2Cl2, 273 K, 130.29 MHz, ppm) d: 104.3
(s).

Preparation of Me3AsAlBr3

A solution of Me3As (52.0 mL, 0.50 mmol) in CH2Cl2
was added to a solution of AlBr3 (133.5 mg, 0.50 mmol) in
CH2Cl2 and stirred for 30 min. The solution was layered
with hexanes and stored at –25 8C overnight. A white pow-
der formed and was isolated and washed with ether (3 �
3 mL). Yield: 71%, 137 mg. FTIR (CsI Plates, ranked inten-
sities, cm–1): 3016 (7), 2918 (8), 2848 (9), 1414 (4), 1269
(10), 1011 (11), 989 (12), 962 (13), 921 (1), 835 (6), 790
(2), 698 (3), 626 (5). 1H NMR (CD2Cl2, 273 K, 500 MHz,
ppm) d: 1.59 (s, 9H). 13C{1H} NMR (CD2Cl2, 273 K,
125.76 MHz, ppm) d: 6.9 (s). 27Al NMR (CD2Cl2, 273 K,
130.29 MHz, ppm) d: 112.9 (s).

Preparation of Me3AsAlI3

A solution of Me3As (52.0 mL, 0.50 mmol) in CH2Cl2
was added to a solution of AlI3 (204.0 mg, 0.50 mmol) in
CH2Cl2 and stirred for 30 min. Upon completion, the solu-
tion was layered with hexanes and allowed to sit at –25 8C
overnight. White powder was obtained and washed with
ether (3 � 3 mL) and solvents removed in vacuo. Yield:
69%, 184 mg; mp 138–140 8C. FTIR (CsI plates, ranked in-
tensities, cm–1): 3000 (1), 2918 (2), 2849 (3), 1641 (9), 1462
(4), 1389 (8), 1365 (7), 1261 (15), 1230 (10), 1094 (14),
1019 (11), 923 (12), 802 (13), 729 (5), 719 (6). 1H NMR
(CD2Cl2, 273 K, 500 MHz, ppm) d: 1.57 (bs, 9H). 13C{1H}
NMR (CD2Cl2, 273 K, 125.76 MHz, ppm) d: 7.1 (s). 27Al
NMR (CD2Cl2, 273 K, 130.29 MHz, ppm) d: 110.5 (s).

Preparation of Et3AsAlCl3
A solution of Et3As (70.5 mL, 0.50 mmol) in CH2Cl2 was

added to a solution of AlCl3 (61.5 mg, 0.50 mmol) in
CH2Cl2 and stirred for 30 min. The solution was layered
with hexanes and stored at –25 8C overnight. A white pow-
der formed and was isolated and washed with ether (3 �
3 mL). Yield: 65%, 96 mg; mp 160–162 8C. FTIR (CsI
plates, ranked intensities, cm–1): 3341 (14), 2972 (4), 2938
(6), 2879 (7), 2304 (13), 2197 (14), 1459 (3), 1416 (9),
1387 (10), 1238 (8), 954 (2), 876 (16), 794 (12), 696 (1),
678 (5). 1H NMR (CD2Cl2, 273 K, 500 MHz, ppm) d: 1.36
(t, 3JHH = 7.85 Hz, 9H), 2.06 (q, 3JHH = 7.85 Hz, 6H).
13C{1H} NMR (CD2Cl2, 273 K, 125.76 MHz, ppm) d: 9.3

(s), 13.6 (s). 27Al NMR (CD2Cl2, 273 K, 130.29 MHz, ppm)
d: 110.3 (s).

Preparation of Et3AsAlBr3

A solution of Et3As (70.5 mL, 0.50 mmol) in CH2Cl2 was
added to a solution of AlBr3 (133.5 mg, 0.50 mmol) in
CH2Cl2 and stirred for 30 min. The solution was layered
with hexanes and stored at –25 8C overnight. A white pow-
der formed and was isolated and washed with ether (3 �
3 mL) and solvents removed in vacuo. Yield: 62%, 133 mg.
FTIR (CsI plates, ranked intensities, cm–1): 2973 (1), 2940
(2), 2880 (3), 2849 (8), 2431 (16), 1640 (14), 1459 (4),
1416 (12), 1389 (13), 1240 (11), 1093 (15), 1022 (9), 923
(17), 793 (3), 744 (10), 706 (5), 678 (5). 1H NMR (CD2Cl2,
273 K, 500 MHz, ppm) d: 1.59 (t, 3JHH = 9.0 Hz, 9H), 3.07
(q, 3JHH = 9.0 Hz, 6H). 13C{1H} NMR (CD2Cl2, 273 K,
125.76 MHz, ppm) d: 8.7 (s), 26.3 (s). 27Al NMR (CD2Cl2,
273 K, 130.29 MHz, ppm) d: 104.8 (s).

Preparation of Et3AsAlI3

A solution of Et3As (70.5 mL, 0.50 mmol) in CH2Cl2 was
added to a solution of AlI3 (204.0 mg, 0.50 mmol) in
CH2Cl2 and stirred for 30 min. The solution was layered
with hexanes and stored at –25 8C overnight. A pale brown
oil was obtained and washed with ether (3 � 3 mL). 1H
NMR (CD2Cl2, 273 K, 500 MHz, ppm) d: 1.36 (t, 3JHH =
7.95 Hz, 9H), 2.06 (q, 3JHH = 7.90 Hz, 6H). 13C{1H} NMR
(CD2Cl2, 273 K, 125.76 MHz, ppm) d: 9.3 (s), 13.4 (s). 27Al
NMR (CD2Cl2, 273 K, 130.29 MHz, ppm) d: 111.2 (s).

Preparation of Ph3AsAlCl3
A solution of Ph3As (151.5 mg, 0.50 mmol) in CH2Cl2

was added to a solution of AlCl3 (61.5 mg, 0.50 mmol) in
CH2Cl2 and stirred for 30 min. The solution was layered
with hexanes and stored at –25 8C overnight. A white pow-
der formed and was isolated and washed with ether (3 �
3 mL). Crystals were obtained by CH2Cl2/pentane layering
at –25 8C over 48 h. Yield: 65%, 142 mg; mp 57–59 8C.
FTIR (CsI plates, ranked intensities, cm–1): 3064 (1), 2432
(14), 1886 (20), 1642 (5), 1578 (11), 1480 (6), 1433 (4),
1336 (18), 1305 (16), 1261 (17), 1184 (14), 1156 (15),
1083 (8), 1074 (9), 1023 (13), 998 (11), 844 (10), 735 (2),
692 (3), 613 (2). 1H NMR (CD2Cl2, 273 K, 500 MHz, ppm)
d: 7.69–7.75 (m, 6H), 7.73–7.83 (m, 6H), 7.86–7.91 (m,
3H). 13C{1H} NMR (CD2Cl2, 273 K, 125.76 MHz, ppm) d:
131.6 (s), 133.1 (s), 133.7 (s), 135.4 (s). 27Al NMR (CD2Cl2,
273 K, 130.29 MHz, ppm) d: 104.1 (s).

Preparation of Ph3AsAlBr3

A solution of Ph3As (151.5 mg, 0.50 mmol) in CH2Cl2
was added to a solution of AlBr3 (133.5 mg, 0.50 mmol) in
CH2Cl2 and stirred for 30 min. The solution was layered
with hexanes and stored at –25 8C overnight. Yellow glassy
material was obtained and washed with ether (3 � 3 mL).
Yield: 60%, 171 mg. FTIR (CsI plates, ranked intensities,
cm–1): 3060 (1), 2905 (2), 2870 (3), 2427 (10), 1642 (4),
1515 (13), 1451 (12), 1260 (8), 1097 (7), 1019 (6), 845 (5),
730 (9), 696 (11). 1H NMR (CD2Cl2, 273 K, 500 MHz,
ppm) d: 7.76–7.77 (m, 6H), 7.83–7.87 (m, 6H), 7.93–7.98
(m, 3H). 13C{1H} NMR (CD2Cl2, 273 K, 125.76 MHz,
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ppm) d: 131.8 (s), 133.3 (s), 133.5 (s), 135.8 (s). 27Al NMR
(CD2Cl2, 273 K, 130.29 MHz, ppm) d: 108.4 (s).

Preparation of Ph3AsAlI3
A solution of Ph3As (151.5 mg, 0.50 mmol) in CH2Cl2

was added to a solution of AlI3 (204.0 mg, 0.50 mmol) in
CH2Cl2 and stirred for 30 min. The solution was layered
with hexanes and stored at –25 8C overnight. Small yellow
crystals were obtained and were washed with ether (3 �
3 mL). Yield: 50%, 179 mg; mp 86–88 8C. FTIR (CsI
plates, ranked intensities, cm–1): 3052 (11), 2994 (10), 2917
(9), 2849 (8), 1578 (12), 1481 (4), 1433 (3), 1365 (17), 1261
(13), 1184 (14), 1158 (15), 1082 (5), 1022 (6), 997 (7), 799
(16), 735 (1), 694 (2). 1H NMR (CD2Cl2, 273 K, 500 MHz,
ppm) d: 7.69–7.72 (m, 2H), 7.81–7.85 (m, 2H), 7.93–7.97
(m, 1H). 13C{1H} NMR (CD2Cl2, 273 K, 125.76 MHz,
ppm) d: 130.9 (s), 132.2 (s), 134.4 (s), 135.6 (s). 27Al NMR
(CD2Cl2, 273 K, 130.29 MHz, ppm) d: 103.8 (s).

Preparation of Ph3AsGaCl3
The procedures were described by Reid and co-workers,5a

and the characterization data was consistent. Crystalline ma-
terial was obtained by CH2Cl2/pentane layering at –25 8C
over 48 h.

Supplementary data
Supplementary data for this article are available on the

journal Web site (canjchem.nrc.ca). CCDCs 759512–759516
contain the X-ray data in CIF format for this manuscript.
These data can be obtained, free of charge, via www.ccdc.
cam.ac.uk/conts/retrieving.html (Or from the Cambridge
Crystallographic Data Centre, 12 Union Road, Cambridge
CB2 1EZ, UK; fax +44 1223 336033; or deposit@ccdc.
cam.ac.uk).
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A DFT study on the catalytic mechanism of
UDP-glucose dehydrogenase

WenJuan Huang, Jorge Llano, and James W. Gauld

Abstract: Uridine 5’-diphosphate glucuronic acid (UDPGlcUA) is a key intermediary metabolite in many species, includ-
ing pathogenic bacteria and humans. It is biosynthesized from UDP-glucose (UDPGlc) by uridine diphosphate glucose
dehydrogenase (UDPGlcDH) via a twofold two-electron–one-proton oxidation that successively transforms the 6-hydroxy-
methyl of glucopyranose into a formyl, and the latter into the final carboxylic function. The catalytic mechanism of
UDPGlcDH was investigated using a large enzyme active-site model in combination with the B3LYP method and the po-
larizable continuum model (IEF-PCM) self-consistent reaction field. The latter was used to correct for the long-range elec-
trostatic effect of the protein environment. The overall mechanism consists of four catalytic steps: (i) NAD+-dependent
oxidation of glucose to glucuronaldehyde, (ii) nucleophilic addition of Cys260–SH to glucuronaldehyde to form a 6-thiohe-
miacetal intermediate, (iii) NAD+-dependent oxidation of the 6-thiohemiacetal to form a 6-thioester intermediate, and fi-
nally, (iv) hydrolysis of the 6-thioester to give glucuronic acid. In addition, this study also provides insight into the
debated roles of Lys204 and Asp264, and the most likely protonation state of a reactive Michaelis complex of UDPGlcDH.

Key words: density functional theory (DFT), uridine diphosphate glucose dehydrogenase (UDPGlcDH), NAD, thioester
hydrolysis, acid–base, electron transfer, proton transfer.

Résumé : L’acide uridine-5’-diphosphate glucuronique (UDPGlcUA) est un métabolite intermédiaire clé dans plusieurs es-
pèces incluant les humains et quelques bactéries pathogènes. L’UDPGlcUA est biosynthétisé à partir de l’uridine-diphos-
phate glucose (UDPGlc) par l’enzyme uridine-diphosphate glucose déshydrogénase (UDPGlcDH) au cours d’une double
oxydation à deux électrons et un proton qui transforme successivement le groupe 6-hydroxyméthyle du glucopyranose en
formyle, et puis, en le groupe fonctionnel carboxyle. On a étudié le mécanisme catalytique du UDPGlcDH avec un modèle
de grande taille du site actif de l’enzyme et au moyen des méthodes de calcul quantique B3LYP et IEF-PCM. On a em-
ployé le champ réactionnel autocohérent IEF-PCM pour corriger l’effet électrostatique à longue distance de l’environ-
nement de la protéine. Le mécanisme global de réaction comprend quatre étapes catalytiques : (i) oxydation du glucose en
glucuronaldéhyde par le NAD+, (ii) addition nucléophile du Cys260-SH sur le glucuronaldéhyde pour donner un intermé-
diaire 6-thiohémiacétal, (iii) oxydation du 6-thiohémiacétal par le NAD+ pour donner un intermédiaire 6-thioester, et fina-
lement, (iv) hydrolyse du 6-thioester pour former l’acide glucuronique. Notamment, cette étude de modélisation nous a
permis d’établir les rôles mécanistiques de la Lys204 et l’Asp264, ainsi que l’état le plus probable de protonation du com-
plexe réactif de Michaelis entre l’UDPGlcDH et l’UDPGlc.

Mots-clés : théorie de la fonctionnelle de la densité (« DFT »), uridine-diphosphate glucose déshydrogénase (UDPGlcDH),
NAD, hydrolyse de thioester, acide–base, transfert d’électron, transfert de proton.

Introduction

Carbohydrates have key roles in cellular biochemistry in-
cluding biosignalling, energy storage, membrane structural
assemblage, and metabolic intermediation as nucleotides,
glycolipids, and glycoproteins. In fact, several carbohydrate-
containing precursors are common to unrelated metabolic
pathways in different species.1,2 For instance, uridine 5’-
diphosphate glucuronic acid (UDPGlcUA, in Scheme 1) is
an essential precursor in the syntheses of many polysacchar-
ides. In mammalian cells, UDPGlcUA bonds to certain waste
products and toxic substances, thereby increasing their water

solubility, so that they may be excreted from the body.3,4

UDPGlcUA is also an essential precursor in the making of
antiphagocytic capsular polysaccharides of pathogenic bacte-
ria. In Streptococcus pneumoniae, for example, UDPGlcUA
is a key intermediary in the synthesis of the polysaccharide
capsule. This capsule acts as an antiphagocytic protector and
is responsible for the toxicity and extent of the antibiotic re-
sistance observed in many organisms.5–7 UDPGlcUA is syn-
thesized by uridine diphosphate glucose dehydrogenase
(UDPGlcDH),3,8 which regulates the glycoprotein biosynthe-
sis and other pathways. Thus, UDPGlcDH is a logical target
for the development of new antibacterial drugs.
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The catalytic performance of UDPGlcDH is unique in
several aspects. First, it should be noted that the chemical
oxidation of glucose is not specific, as the terminal 1-formyl
and 6-hydroxymethyl groups of the open-chain form can be
oxidized to carboxylic groups in the presence of moderate
oxidizing agents such as transition metal ions, halogens, and
warm dilute nitric acid. However, within a single active site,
UDPGlcDH is able to perform an overall four-electron oxi-
dation by successively transforming the 6-hydroxymethyl
group into a formyl group, and the latter into the final
carboxylic function.9,10 In addition, UDPGlcDH uses two
NAD+ molecules as the final electron acceptors, and this
type of redox reaction path is rarely found in the enzymatic
chemistry of carbohydrates.11 Finally, UDPGlcDH belongs
to the family of sugar nucleotide-modifying enzymes, and
hence, various molecular details of the UDPGlcDH enzy-
matic mechanism may be common to other enzymes of the
family.12,13

The first breakthrough in the elucidation of the catalytic
mechanism of UDPGlcDH was obtained by Oppenheimer
and Handlon8 who found that the catalytic pathway was a
NAD+-dependent twofold oxidation. Thereafter, based on
their X-ray crystallography, site-directed mutagenesis, and
kinetic isotope effect studies, Ge et al.10 proposed two possi-
ble catalytic pathways with the difference being the identity
of mechanistically required acid–base active-site residues.
More specifically, they proposed that either an active site as-
partate or possibly a neutral lysyl residue is the mechanistic
base. While the latter is directly adjacent to the substrate,
the aspartate interacts indirectly via a possible H2O bridge
with substrate. Recently, studies combining gene encoding
and kinetics,3,14 and the crystal structures of UDPGlcDH
from several species (e.g., human, cows, bacteria, and
plants) have been reported.15

The proposed mechanism of UDPGlcDH involves multi-
ple steps and is shown in Scheme 2. The first step is the ox-
idation of the 6-hydroxymethyl to a formyl group via
hydride transfer to NAD+ with concomitant deprotonation
of O6 by a general base B (Lys204–NH2 or Asp264–
COO–). Then, Cys260 in concurrence with Glu145 attacks
the carbonyl group to form a covalent thiohemiacetal ad-
duct, while the conjugated acid HB donates the proton back
to O6. In the second stage, NADH leaves to allow a new
NAD+ to enter the active site. The latter, assisted by the
same general base B, further oxidizes the thiohemiacetal ad-
duct intermediate to form a thioester. In the final step, the
thioester is hydrolyzed to give the final UDPGlcUA product.

While the proposed mechanism outlined in Scheme 2

shows fair agreement with the experimental evidence, there
remains, unsatisfactorily, the question of the identity of the
base that initiates the acid–base catalytic pathway.8,10,11,16,17

This study aims to explore the potential energy surfaces of
the catalytic mechanism of UDPGlcDH by applying density
functional theory methods to assess the feasibility of these
pathways and to clarify the role of active-site residues.

Computational methods
The hybrid density functional B3LYP,18–20 as implemented

in the Gaussian 03 program,21 was used in all calculations.
This functional combines Becke’s18,19 three-parameter hybrid
exchange functional and the correlation functional of Lee et
al.20 The B3LYP/6-31G(d) level of theory was used for geo-
metry optimizations, harmonic vibrational frequencies, and
zero-point vibrational energy (ZPVE) corrections. Single-point
calculations at the B3LYP/6-311+G(2df,p)//B3LYP/6-31G(d)
level were done to compute relative total energies. In addition,
the long-range dielectric effect of the protein environment that
surrounds the active site was estimated by performing single-
point calculations on the optimized geometries using the polar-
izable continuum model in the integral equation formalism
(IEF-PCM) at the B3LYP/6-31G(d) level of theory. The di-
electric constant, 3, was set to 4.0 in these calculations.

Our active-site model was extracted from the crystallo-
graphic structure of the mutated UDPGlcDH (with Ser re-
placing Cys260) complexed with glucuronic acid (Protein
Data Bank (PDB) accession code: 1DLJ).10 Key amino acid
residues were replaced as follows: Asp264 and Glu145 by
acetate ions, Cys260 by ethanethiol, Asn208 by acetamide,
and Thr118 by methanol. In the case of Lys204, the side
chain of the residue was replaced by the ethylammonium
ion in model A and by ethylamine in model B, as illustrated
in Fig. 1. The substrate UDP-glucose was modelled as a-D-
glucopyranose, and NAD+ as an N-hydroxyethyl-nicotinami-
dium ion. The two water molecules present in the crystal
structure were kept in the active-site model. One H2O forms
a hydrogen-bond bridge between Asp264 and the 6-hydroxy-
methyl of glucose, and the other H2O between Glu145 and
the thiol of Cys260. For both active-site models, NADH
leaves the catalytic cleft during the last step, allowing
Glu141 (modelled as butyrate) to approach the substrate. To
keep the spatial arrangement of catalytic residues in the ac-
tive site, selected atoms were held at their positions in the
crystal structure (Fig. 1). The applicability of the present
computational approach to the study of enzymatic reactions
has been previously reviewed in detail.22–27

Results and discussion

Protonation state of the active site of UDPGlcDH in the
Michaelis complex

The proposed catalytic mechanism of UDPGlcDH is initi-
ated by oxidation of the 6-hydroxymethyl to a formyl group
by a hydride transfer to NAD+ with concomitant deprotona-
tion of O6 by either Lys204 or Asp264. In the case of
Asp264, the experimental evidence suggests that it occurs
as an aspartate rather than an aspartic group.10 However,
there is no unambiguous experimental evidence for the side
chain of Lys204 occurring as either a neutral amine or a
positively charged ammonium group.16,17 As a result, we be-

Scheme 1. Uridine 5’-diphosphate glucuronic acid, abbreviated
UDPGlcUA.
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gan our investigation by constructing the two alternate mod-
els of the active site with bound substrate and cofactor, the
Michaelis complex, shown in Fig. 1. Then, we estimated the
proton affinities and basicities of the side chain of Lys204
under four different electrostatic conditions to investigate
the effect of the local electrostatic environment of the en-
zyme on the side chain of Lys204.

The proton affinities (PA) were estimated as the negative
change in the internal energy of protonation of the side
chain at 0 K with the proton coming from the vacuum state,
i.e., PA = –[E0(BH+) – E0(B) – E0(H+)], where E0(H+) = 0.
The basicities were estimated as the negative change in the
internal energy of protonation of the side chain at 0 K with
the proton coming from an aqueous ideal-dilute solution at
pH 7. The standard energy of bulk solvation of the proton

in aqueous solution was taken to be –1097.9 kJ mol–1

because this value is the only one consistent with the Born–
Haber-type cycles of both hydrogen and the electron.28,29

That is, basicity = PA – 1097.9 kJ mol–1.
The proton affinities and basicities of ethylamine, the

model chosen for the side chain of Lys204, within four dif-
ferent electrostatic environments are reported in Table 1. In
a first approximation, the protonation of isolated ethylamine
was considered in vacuum and in a homogeneous medium
with a dielectric constant of 4. The latter value being chosen
as it is typically used as an appropriate estimate of the aver-
age electrostatic dielectric constant found within a bulk pro-
tein environment.30,31 The proton affinity of 941.7 kJ mol–1

indicates that protonation of the side chain in vacuum is
thermodynamically feasible. However, the side chain in a

Scheme 2. The proposed catalytic mechanism of UDP-glucose dehydrogenase (UDPGlcDH).10

Fig. 1. Structural models of the active site: (a) Arrangement of the catalytically active residues of UDP-glucose dehydrogenase according to
the crystal structure (PDB accession code: 1DLJ). (b) Catalytic groups replacing the residues and glucose replacing UDP-glucose with pro-
tonated Lys204 residue. (c) Catalytic groups replacing the residues and glucose replacing UDP-glucose with neutral Lys204 residue. Atoms
marked with an asterisk were held fixed during geometry optimizations.

Table 1. Proton affinities and basicities (in kJ mol–1) of the side chain of Lys204, modelled as
ethylamine, within environments of different polarity.

B + H+ ? BH+ Proton affinity (a = vac.) Basicity (a = aq.)

Isolated
Lys (3 = 1) + H+ (a) ? LysH+ (3 = 1) 941.7 –156.1
Lys (3 = 4) + H+ (a) ? LysH+ (3 = 4) 1141.1 43.1

Within the active-site model
Lys (3 = 1) + H+ (a) ? LysH+ (3 = 1) 1280.4 182.4
Lys (3 = 4) + H+ (a) ? LysH+ (3 = 4) 1208.2 110.5

806 Can. J. Chem. Vol. 88, 2010
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homogeneous medium with a dielectric constant of 1 cannot
abstract a proton from the bulk of an ideal-dilute aqueous
solution, according to the basicity of –156.1 kJ mol–1. How-
ever, the situation changes if the side chain of lysine is placed
under conditions simulating the average effect of the bulk
protein environment. In particular, the proton affinity of the
lysine increases such that its estimated basicity now becomes
positive at 43.1 kJ mol–1. This suggests that when embedded
in the average protein environment, the lysine side chain
amino group is thermodynamically able to gain a proton
from the bulk of an ideal-dilute aqueous solution at pH 7.

We then placed the model of lysine within our chosen ac-
tive-site model and recalculated its proton affinity and basic-
ity (Table 1). First, we only considered the anisotropic
electrostatic environment generated by the first shell of resi-
dues found in the catalytic cleft with the surrounding elec-
trostatic environment set to a dielectric constant (3) of 1
(i.e., the vacuum state). It is found that the protonation of
the side chain of Lys204 becomes even more feasible, as in-
dicated by the now larger proton affinities and basicities of
1280.4 and 182.4 kJ mol–1, respectively. In contrast to that
observed for isolated lysine, however, increasing the polarity
of the surrounding environment to that resembling the bulk
protein (i.e., increasing 3 from 1 to 4) decreases the proton
affinity and basicity of the lysine. Indeed, its PA decreases
by approximately 80 kJ mol–1 to 1208.2 kJ mol–1 with the
same decrease in basicity to 110.5 kJ mol–1.

Thus, in summary, the three electrostatic conditions simu-
lating the electrostatic environment felt by the side chain of
Lys204 in the active site of UDPGlcDH unambiguously
show that Lys204 is very likely to be protonated. Therefore,
the protonation state of the active site of UDPGlcDH in the
enzyme–substrate–cofactor complex is most likely to corre-
spond to the structural model A (Fig. 1), with Asp264 bound
to water acting as the general base in the initial step of the
catalytic mechanism.

Substrate binding the active site of UDPGlcDH
Since model A (Fig. 1) represents the most likely Michae-

lis complex for UDPGlcDH, it was selected as the reactant
complex (RC, Fig. 2) for our mechanistic study. Model A
was extracted from a crystallographic structure of the en-
zyme (PDB accession code: 1DLJ),16 with b-glucopyranose
as the substrate.10,16 This chemical model was then carefully
optimized to preserve the hydrogen-bonded network ob-
served in the crystallographic model, as it has been suggested
that this network is essential for the enzyme to carry out its
catalytic mechanism.10 The optimized structure of our chem-
ical model shows that the 6-hydroxymethyl group of glucose
hydrogen-bonds to the oxygen of an H2O (1.64 Å), and this
water to Asp264 and Thr118 (1.66 and 1.71 Å, respectively),
forming a ring. As in the crystal structure, Lys204–NH3

+

forms a hydrogen-bonded bridge to the 6-hydroxymethyl
and the carbonyl group of Asn208. In addition, one of the
6-position C–H bonds points directly to the 4-position of the
pyridine ring of NAD+ at a distance of 2.78 Å.

On the opposite side of the cleft, water forms hydrogen
bonds that enable the bridge Glu145–COO–���H2O���HS–
Cys260 at 1.97 and 2.08 Å, respectively. It has been debated
whether Cys260 is in the thiol (Cys260–SH) or thiolate
(Cys260–S–) form in the active site.16 Our computational

model of the enzyme–substrate complex shows that the thio-
late form of Cys260 causes the orientation of Glu145 to
change such that it flips into the binding region of the sub-
strate, hydrogen bonding to glucose and NAD+. Hence, the
thiol form of Cys260 is the only alternative that makes pos-
sible a stable Glu145–water–Cys260 bridge and that is in
agreement with the crystallographic structure.

First catalytic step: oxidation of glucose to form
glucuronaldehyde

The first catalytic step of UDPGlcDH (Fig. 3) is the oxida-
tion of the 6-hydroxymethyl group of glucopyranose to form
the 6-formyl terminus. This process begins with a proton
transfer from the substrate’s 6-hydroxymethyl group to the
H2O bound to the carboxylate of Asp264. Concomitantly,
this bridging water transfers a proton to Asp264 (RC in
Fig. 2). This deprotonation has a barrier of 28.2 kJ mol–1,
with the resulting 6-oxymethyl anion intermediate, IC1
(Fig. 4), lying 35.5 kJ mol–1 above both RC and IC1 (Fig. 3).
It is noted that the energy of TS1 is lower than that of IC1
due to the inclusion of ZPVE. This is a commonly occurring
artifact for flat potential energy surfaces (PES) and merely in-
dicates that the reaction proceeds without any barrier. Conse-
quently, the deprotonation brings about a C6–O bond-length
shortening from 1.43 to 1.39 Å and a disruption of the hydro-
gen-bonded network originally found in the Michaelis com-
plex. More specifically, the original hydrogen-bonded chain
Asp264–COO–���H2O���HO–CH2–Glc in RC changes direc-
tionality to form the Asp264–COOH���OH2���–O–CH2–Glc
chain in IC1, with hydrogen-bonding distances of 1.59 and
1.44 Å, respectively. In addition, the distance between the
6-position C–H bond that points to the 4-position of the pyri-
dine ring decreases from 2.78 to 2.67 Å. (IC1 in Fig. 4). The
6-oxymethyl anion is further stabilized by accepting a hydro-

Fig. 2. Optimized structure of the reactant complex (RC): substrate
and cofactor bound to the active-site model of UDPGlcDH.
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gen bond from Lys204–NH3
+, which keeps bridging to the

carbonyl group of Asn208.
Then, the 6-oxyanion undergoes a formal hydride transfer

from the methyleneoxyanion of IC1 to NAD+ through TS2
with a barrier of 106.5 kJ mol–1, leading to formation of glu-
curonaldehyde, i.e., the 6-formyl intermediate, IC2 (Fig. 4).
Thermodynamically, IC2 lies 33.1 kJ mol–1 above RC
(Fig. 3). Moreover, the C–O bond has shortened from 1.39 Å
in IC1 to 1.24 Å in IC2, indicating the formation of the
6-formyl derivative. The oxidation process to give IC2 does
not alter the hydrogen-bonding pattern relating to the active-

site residues, i.e., Asp264–COOH���OH2���O=CH–Glc. In ad-
dition, the formyl terminus accepts a hydrogen bond (1.65 Å)
from Lys204–NH3

+, which keeps the bridge to the carbonyl
group of Asn208 (1.90 Å).

Second catalytic step: nucleophilic addition to form the
6-thiohemiacetal intermediate

Glucuronaldehyde, i.e., the 6-formyl intermediate, IC2,
then undergoes nucleophilic addition of thiol from Cys260
to form a rather stable 6-thiohemiacetal intermediate
(Fig. 5). This is achieved through the attack of the sulfur

Fig. 3. Potential energy surface for the oxidation of the 6-hydroxymethyl group of glucopyranose (RC) to form glucuronaldehyde (IC2)
through the 6-oxymethyl anion intermediate (IC1).

Fig. 4. Optimized geometries of the 6-oxyanion intermediate (IC1) and the 6-formyl intermediate (IC2) in the active-site model.
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centre of Cys260 at the carbonyl carbon of IC2 with con-
comitant formal transfer of the thiol proton of Cys260–SH
to the carboxylate of Glu145. This process occurs at a cost
of just 11.0 kJ mol–1 to give the thiohemiacetal anion inter-
mediate, IC3, lying 32.1 kJ mol–1 lower in energy than IC2.
In fact, the formation of IC3 is essentially thermoneutral
with respect to the initial active-site bound substrate com-
plex RC���NAD+.

In IC3, the S–C bond forms at 1.94 Å, whereas the C6–O

bond lengthens to 1.36 Å (Fig. 6). Both the bond lengthen-
ing and increase of negative charge on O6 (i.e., from +0.05
in IC2 to –0.55 in IC3) indicate the formation of the highly
basic oxyanion structure C6–O–. This oxyanion is further
stabilized by accepting a hydrogen bond from Lys204–
NH3

+, which has now broken the bridge to the carbonyl
group of Asn208. Then, the oxyanion of IC3 abstracts a pro-
ton back from Asp264 through the bridging water molecule
(at a cost of 5.3 kJ mol–1) to form the neutral thiohemiacetal

Fig. 5. Potential energy surface for the nucleophilic addition of the Cys260 thiol group to the 6-formyl end of glucuronaldehyde to form a
6-thiohemiacetal intermediate (IC4).

Fig. 6. Optimized structures of the thiohemiacetal anion (IC3) and neutral (IC4) intermediates.
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intermediate, IC4 (Glc–C6H(S–Cys260)OH), lying 31.8 kJ mol–1

below IC2. Predictably, the proton transfer causes the C6–O
bond to elongate to 1.41 Å and the C6–S bond to shorten to
1.86 Å in IC4 with respect to IC3. Finally, the hydrogen-
bonding network around the O6–H group in IC4 (Fig. 6) is
restored to the pattern found in the enzyme–substrate com-
plex RC (Fig. 2). However, even when the C6–OH group in
IC4 is stabilized by accepting a hydrogen bond from
Lys204–NH3

+, the bridge to the carbonyl group of Asn208 re-
mains broken in the optimized structure of this intermediate.

Third catalytic step: second oxidation to form the 6-
thioester intermediate

The first oxidation step produces an enzyme–intermediate–
cofactor complex, which, for the sake of simplicity, we repre-
sent as IC2���NADH. An experiment with the Cys260 ? Ala
mutant complexed with labelled UDP-[6’’,6’’-di-2H]-D-glucose
in a solution containing NAD+ and excess NADH showed
that the NAD2H formed in the first oxidation step did not
exchange with free NADH.10 Thus, according to this evi-
dence, the reduced cofactor remains bound to the active site
until the thiohemiacetal neutral intermediate, IC4���NADH,
is formed. Then, the NADH can be exchanged for NAD+,
which then binds and continues oxidizing the 6-position of
glucose.5,10,11

The optimized geometries of the 6-thiohemiacetal com-
plex, IC4, with the reduced and the replacing oxidized
cofactor molecules (i.e., IC4���NADH and IC4���NAD+, re-
spectively, in Fig. 7) show high structural similarity, includ-
ing the hydrogen-bonding pattern to Lys204. Furthermore, it
was found that the IC4���NADH complex together with an
infinitely separated NAD+ ion is only 4.0 kJ mol–1 more sta-
ble than the IC4���NAD+ complex together with an infinitely
separated NADH molecule.

Once the fresh, oxidized cofactor molecule is appropriately
bound to the active site, the IC4���NAD+ complex is ready to
proceed with the second oxidation reaction (Fig. 8). This be-
gins with the formation of a 6-thiohemiacetal anion inter-
mediate by way of a proton transferring from the 6-hydroxyl

group to Asp264–COO– through the bridging water molecule.
The barrier of this step is just 1.9 kJ mol–1, with the 6-thiohe-
miacetal oxyanion intermediate, IC5, lying 0.3 kJ mol–1 lower
in energy with respect to IC4���NAD+. The proton transfer
reverses the directionality of the hydrogen-bonded chain
from Glc–C6H(S–Cys260)OH���OH2���–OOC–Asp264 in IC4
to Glc–C6H(S–Cys260)O–���H2O���HOOC–Asp264 in IC5
(Fig. 9); the hydrogen-bonding distances in the latter being
1.60 and 1.65 Å. The 6-oxyanion is further stabilized by ac-
cepting a hydrogen bond from Lys204–NH3

+, which itself
keeps the bridge to the carbonyl group of Asn208 broken.
Moreover, the C6–H bond in IC5 is left directed more pre-
cisely to the reduction centre of the cofactor, with the hydro-
gen located 2.48 Å apart from the 4-position of the NAD+

pyridine ring. In this geometrical arrangement, the two-elec-
tron one-proton transfer occurs from a C6–H group to NAD+,
to give the 6-thioester intermediate, IC6. In the thioester inter-
mediate, the C6=O link has a typical carbonyl bond distance
of 1.23 Å, while the C6–S bond is shortened to 1.78 Å. This
formal hydride transfer has a barrier of 72.3 kJ mol–1 with
respect to IC4���NAD+, and the 6-thioester intermediate,
IC6���NADH, lies 19.3 kJ mol–1 lower in energy than
IC4���NAD+. In the IC6���NADH complex, the 6-carbonyl
group accepts a hydrogen bond from Lys204–NH3

+, and the
latter restores the bridge to the carbonyl group of Asn208.

Fourth catalytic step: hydrolysis of the 6-thioester
intermediate to form glucuronic acid

It has been proposed that hydrolysis of the 6-thioester in-
termediate, IC6, is catalyzed by the strictly conserved
Glu141 residue.16,17 However, the crystallographic structure
of the UDPGlcDH Cys260 ? Ser mutant with bound UDP-
GlcUA and NADH shows that Glu141 lies behind the nico-
tinamide ring, which blocks the interaction of Glu141 with
the 6-position of the thioester intermediate.16 It has been hy-
pothesized that, in the absence of NADH, Glu141 could ex-
tend into the active site and deliver an activated water
molecule to the 6-position of the thioester intermediate.16 In
view of these ideas, we studied the hydrolysis of the thio-

Fig. 7. Optimized structures of the 6-thiohemiacetal complex with both NADH and NAD+.
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ester in both the NADH-bound active-site complex and in a
complex in which NADH was exchanged by a glutamate ion
bound to two water molecules.

First, we probed into the feasibility of hydrolysis of the 6-
thioester within the IC6���NADH complex in the absence of
nearby negatively charged groups that polarize the attacking
water molecule. To this end, we devised chemical models of
IC6���NADH that included one water molecule into the ac-
tive site and computed 4-, 6-, and 8-membered ring transi-
tion structures. The calculated barrier heights to hydrolysis
(i.e., 189.0, 197.6, and 188.2 kJ mol–1, respectively) showed
a better agreement with a nonenzymatic thioester hydrolysis

reaction. For example, at the B3LYP/6-311+G(2df,p)//
B3LYP/6-31G(d) level of theory, the barrier to hydrolysis of
CH3(C=O)SCH3 with a single water molecule is 184.7 kJ mol–1.
It is noted that our barrier height is in disagreement with that
of 44.3 kJ mol–1 reported for the same chemical model but
calculated at the HF/6-31++G** level of theory.32 In contrast,
the MP2/6-311++G(2d,2p)//B3LYP/6–31++G(d,p) barrier to
the OH– catalyzed hydrolysis of CH3(C=O)SCH3, including
four explicit water molecules and the bulk solvent IPCM
correction, was found to be 51.5 kJ mol–1.33

Next, our chemical model of the 6-thioester intermediate
was modified by removing NADH from the IC6���NADH

Fig. 9. Optimized structures of the 6-thiohemiacetal oxyanion intermediate (IC5) and the 6-thioester intermediate (IC6).

Fig. 8. Potential energy surface for the oxidation of the 6-thiohemiacetal intermediate (IC4) to the 6-thioester intermediate (IC6) through a
6-thiohemiacetal oxyanion intermediate (IC5).
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complex and by incorporating glutamate and two water mol-
ecules to generate the IC6���Glu141�2H2O complex, which is
illustrated in Fig. 10. The optimized structure of the
IC6���Glu141–COO–�2H2O complex consists of an eight-
membered hydrogen-bonded ring, in which the Glu141 car-
boxylate accepts one hydrogen bond from each water mole-
cule at 1.84 and 1.99 Å, respectively. The two water
molecules are hydrogen bonded to each other at 1.82 Å
(Fig. 11). The displacement of NADH from the IC6���NADH
complex by the eight-membered hydrogen-bonded ring com-
plex, Glu141–COO–�2H2O, to form the IC6���Glu141–
COO–�2H2O complex is highly exoergic by 122.6 kJ mol–1.
In other words, the Glu141–COO–�2H2O complex binds
stronger than NADH to the intermediate–active-site com-
plex, and this provides a thermodynamic pull favoring the
displacement of NADH from the active site.

In the geometric arrangement of the IC6���Glu141–
COO–�2H2O complex, the 6-carbonyl group accepts a hydro-
gen bond from the Lys204–NH3

+, which itself also hydro-
gen-bonds to the carbonyl group of Asn208. Importantly,
the nearest water oxygen is initially located 3.28 Å from C6
of the thioester intermediate. This H2O then nucleophilically
adds to the carbonyl carbon of the thioester intermediate to
form the 6-thioether-6,6-diol anion intermediate, IC7. The
formation of IC7 is endoergic by 80.9 kJ mol–1, with a bar-
rier of 102.1 kJ mol–1 with respect to the IC6���Glu141�2H2O
complex (Fig. 10). In IC7, the four-centre hydrogen-bonded
ring changes slightly with the newly formed 6-hydroxyl
group accepting a hydrogen bond from Glu141–COOH,
while the other two hydrogen bonds remain the same as in
the parent IC6���Glu141–COO–�2H2O complex. The 6-oxyan-

ion is further stabilized by accepting a hydrogen bond from
Lys204–NH3

+, which has now broken the bridge to the car-
bonyl group of Asn208. The arrangement of the substituents
around the 6-position of the 6-thioether-6,6-diol anion inter-
mediate, IC7, is tetrahedral, with typical bond lengths of
1.44 and 1.33 Å for the C6–OH and C6–O– bonds, respec-
tively. Predictably, the C6–S bond lengthens from 1.79 Å in
IC6 to 1.96 Å in IC7 because of formation of the geminal
diol intermediate (Fig. 11).

Finally, the formation of GlcUA occurs by scission of the
C6–S bond in concert with two proton transfers mediated by
bridging water molecules: one occurring from Asp264–COOH
to the C6–O– group and the other occurring from Glu145–
COOH to the S atom of Cys260 (Fig. 10). This step has a
barrier of 69.6 kJ mol–1 and leaves the product complex (PC)
14.2 kJ mol–1 lower in energy than the IC6���Glu141�2H2O
complex. In the PC, it was found that the geometry around
C6 is trigonal planar with typical bond lengths for the carbox-
ylate group of 1.23 and 1.32 Å for the C=O and C–OH bonds,
respectively (Fig. 11). Lys204–NH3

+ forms a bridge to the
6-carbonyl group of GlcUA and the carbonyl group of
Asn208 in the optimized product complex. Notably, the
hydrogen-bonded chain Glu145–COO–���H2O���HS–Cys260
is regenerated for the next catalytic cycle.

Conclusions
The potential energy surface (PES) for the catalytic mech-

anism of UDPGlcDH was investigated for an active-site
model of this enzyme and calculated with the B3LYP den-
sity functional method in conjunction with the IEF-PCM
self-consistent reaction field, to correct for the long-range

Fig. 10. Potential energy surface for hydrolysis of the 6-thioester intermediate (IC6) assisted by Glu141 and two water molecules, and sub-
sequent formation of a product complex containing GlcUA (PC).
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electrostatic effect of the protein environment. An overall
PES for the catalytic mechanism of UDPGlcDH, with ener-
gies referenced to our active-site model of the enzyme–sub-
strate–cofactor complex, is included in the Supplementary
data for this paper (Fig. S1).

This study made it possible to give microscopic insight
into the catalytic roles of the residues along the reaction
path, and mainly, unravel the roles of the Lys204 and
Asp264 residues. To this end, we applied three electrostatic
conditions simulating the electrostatic environment felt by
the side chain of Lys204 in the active site of UDPGlcDH to
unambiguously show (by the calculated basicities of the side
chain of lysine) that (i) Lys204 is very likely to be proto-
nated in the active site and (ii) the reactive form of the en-
zyme–substrate–cofactor complex most likely contains
Asp264–COO– bound to water, which acts as the general
base in the initial step of the catalytic mechanism. More-
over, the stationary structures along the reaction path show
that Lys204–NH3

+ assists in decreasing the rotational free-

dom of the 6-terminus of glucopyranose and in stabilizing
the 6-oxyanion intermediates and transition states.

The catalytic mechanism consists of two NAD+-dependent
oxidation stages. The calculations show that the first two-
electron one-proton transfer from the activated 6-oxymethyl
anion of glucopyranose to NAD+ forming glucuronaldehyde
is the rate-controlling step, with a barrier of 106.5 kJ mol–1.
Within the computational error for an active-site model,27

this barrier is in good agreement with the experimental acti-
vation energy of 72 kJ mol–1, which was estimated from the
catalytic constant for wild-type UDPGlcDH with UDP-glu-
cose under saturating conditions (kcat = 1.8 ± 0.1 s–1).10

Moreover, we showed that in order for the 6-thioester inter-
mediate to be hydrolyzed and form GlcUA in the last cata-
lytic step, hydrated Glu141–COO– has to displace the NADH
molecule formed in the second oxidation step. This statement
is supported by the following: (i) Calculated high barriers to
hydrolysis of the 6-thioester intermediate within the NADH-
bound active-site complex larger than 180 kJ mol–1, which

Fig. 11. Optimized structures of the 6-thioester intermediate incorporating glutamate and two water molecules (IC6���Glu141�2H2O), the 6-
thioether-6,6-diol anion intermediate (IC7), and the product complex with GlcUA (PC).
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are unusual in enzymatic reaction mechanisms. (ii) The
exoergic character (–122.6 kJ mol–1) of displacement of
NADH from the 6-thioester intermediate–active-site com-
plex by a Glu141–COO–�2H2O complex, which suggests
that the Glu141–COO– dihydrate binds stronger than NADH
to the intermediate–active-site complex. (iii) The lower bar-
rier height (102.1 kJ mol–1) for the hydrolysis of the acti-
vated 6-thioester intermediate within the active-site complex
including the Glu141–COO– dihydrate residue.

Supplementary data
Supplementary data for this article are available on the

journal Web site (canjchem.nrc.ca).
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The assessment of density functionals for
DNA–protein stacked and T-shaped complexes

Lesley R. Rutledge and Stacey D. Wetmore

Abstract: The present work uses 129 nucleobase – amino acid CCSD(T)/CBS stacking and T-shaped interaction energies
as reference data to test the ability of various density functionals with double-zeta quality basis sets, as well as some
semi-empirical and molecular mechanics methods, to accurately describe noncovalent DNA–protein p–p and p+–p inter-
actions. The goal of this work is to identify methods that can be used in hybrid approaches (QM/MM, ONIOM) for large-
scale modeling of enzymatic systems involving active-site (substrate) p–p contacts. Our results indicate that AMBER is a
more appropriate choice for the lower-level method in hybrid techniques than popular semi-empirical methods (AM1,
PM3), and suggest that AMBER accurately describes the p–p interactions found throughout DNA–protein complexes. The
M06–2X and PBE-D density functionals were found to provide very promising descriptions of the 129 nucleobase – amino
acid interaction energies, which suggests that these may be the most suitable methods for describing high-level regions.
Therefore, M06–2X and PBE-D with both the 6–31G(d) and 6–31+G(d,p) basis sets were further examined through poten-
tial-energy surface scans to better understand how these techniques describe DNA–protein p–p interactions in both mini-
mum and nonminimum regions of the potential-energy surfaces, which is critical information when modeling enzymatic
reaction pathways. Our results suggest that studies of stacked nucleobase – amino acid systems should implement the
PBE-D/6–31+G(d,p) method. However, if T-shaped contacts are involved and (or) smaller basis sets must be considered
due to limitations in computational resources, then M06–2X/6–31G(d) provides an overall excellent description of both nu-
cleobase – amino acid stacking and T-shaped interactions for a range of DNA–protein p–p and p+–p interactions.

Key words: DNA–protein interactions, noncovalent interactions, benchmarking, density functional theory (DFT), p–p
stacking interactions, T-shaped interactions.

Résumé : Dans ce travail, on utilise l’empilement de la nucléobase 129 – acide aminé CCSD(T)/CBS et les énergies
d’interaction en forme de T comme données de référence pour vérifier l’utilité potentielle de diverses fonctionnelles de
densité à ensembles de bases de qualité double-zêta ainsi que méthodes semi-empiriques de mécanique moléculaire pour
décrire adéquatement les interactions p–p et p+–p non covalentes entre l’ADN et une protéine. Le but de ce travail est
d’identifier des méthodes qui pourraient être utilisées dans des approches hybrides (QM/MM, ONIOM) pour le modelage
à grande échelle de systèmes enzymatiques impliquant des contacts p–p du site actif avec un substrat. Nos résultats indi-
quent que la méthode AMBER serait plus appropriée que les méthodes semi-empiriques populaires (AM1, PM3) comme
la méthode de faible niveau dans les techniques hybrides et ils suggèrent que la méthode AMBER décrit d’une façon cor-
recte les interactions p–p que retrouve systématiquement dans les complexes entre l’ADN et une protéine. On a trouvé
que les fonctionnelles de densité M06–2X et PEB-D permettent d’obtenir des descriptions très prometteuses des énergies
d’interaction de la nucléobase 129 – acide aminé, ce qui suggère qu’elles pourraient être les méthodes les plus appropriées
pour décrire des régions de hauts niveaux. En conséquence, on a effectué un examen plus approfondi des fonctionnelles
M06–2X et PEB-D avec les ensembles de base 6–31G(d) et 6–31+G(d,p) en faisant appel à des balayages de l’énergie po-
tentielle de surface afin de mieux comprendre comment ces techniques décrivent les interactions p–p ADN-protéine dans
les régions tant minimales que non minimales des surfaces d’énergie potentielle qui est une information critique lorsqu’on
effectue un modelage des voies réactionnelles des réactions enzymatiques. Nos résultats suggèrent que les études de systè-
mes empilés de nucléobase et d’acide aminé devraient faire appel à la méthode PBE-D/6–31+G(d,p). Toutefois, si les
contacts en forme de T sont impliqués et (ou) des ensembles de bases plus simples doivent être impliqués en raisons des
limitations des facilités de calcul, la méthode M06–2X/6–31G(d) fournit alors une excellente description globale à la fois
de l’empilement nucléobase – acide aminé et des interactions en forme de T pour un large éventail d’interactions p–p et
p+–p d’ADN et de protéine.

Mots-clés : interactions ADN–protéine, interactions non covalentes, repérage, théorie de la fonctionnelle de la densité
(« DFT »), interactions d’empilement p–p, interactions en forme de T.
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Introduction

As we strive to truly understand vital biochemical proc-
esses, it is clear that a detailed knowledge of protein func-
tion and enzymatic catalysis is essential. Experimental
biochemists use many methodologies (such as protein crys-
tallography, NMR, fluorescence, site-specific mutagenesis,
and kinetic isotope effects) to understand how enzymes
function under a variety of conditions. However, in recent
years, computational methodologies have also become key
tools for determining complete mechanisms of enzymatic re-
actions (see for example refs. 1–6 and references therein).
Computational modeling provides a unique approach be-
cause of the capability to characterize both the structure and
energetics of short-lived intermediates and transition states,4

which are challenging to investigate through experimental
means without interfering with the natural reaction condi-
tions.4 Nevertheless, enzymatic systems also present a
unique computational challenge, where many studies have
concentrated on determining how to efficiently and accu-
rately model such large systems (for examples, see refs. 1–
35 and references therein).

Promising computational approaches for studying en-
zymes involve hybrid techniques,26,36–38 which combine two
or more methods and (or) levels of theory. These approaches
allow for an accurate quantum mechanical description of the
chemistry in a localized (high-level) region (such as an ac-
tive site), while describing the rest of the protein with a low
computational method (low-level region).36 These schemes
can be applied in a variety of different ways. The QM/MM
methodology, which combines a quantum mechanical (QM)
technique with a molecular mechanics (MM) method, is the
most common class of hybrid approaches.26,36 For example,
it was reported that over 600 QM/MM articles were pub-
lished in 2007.29 However, ONIOM (our Own N-layer Inte-
grated molecular Orbital molecular Mechanics) is another
promising hybrid technique that is also used to study enzy-
matic systems.37,38 This is perhaps a more general scheme
due to its ability to combine any number of molecular orbi-
tal, as well as molecular mechanics, methods.37,38

Most of the current QM/MM and ONIOM studies on
enzymatic systems use density functional theory (DFT) to
describe the quantum mechanical region due to its greater
efficiency compared with popular wave-function-based
approaches (see, for example, refs. 8, 12, 15–21, 23–25,
28, 30, and 32). The most common density functional
used in hybrid methods is arguably B3LYP, where this
functional has been used for a wide variety of sys-
tems.8,12,15,16,19,21,24,28,30,32,34 Despite the good performance
of B3LYP for a range of systems and properties, it generally
underestimates barrier heights,39 and does not provide an ac-
curate description of dispersion interactions. Consequently,
this functional should not be used to describe high-level re-
gions of enzymes that rely heavily on dispersion-dominated
interactions (such as p–p stacking, X–H���p (X = C, N, S,
O), lone pair (lp)���p, and (or) p–p (edge-to-face) T-shaped
contacts). Therefore, until recently, studies on systems that
include these types of noncovalent interactions were limited
to ab initio electron correlation methods (such as MP2),
which are relatively computationally inefficient and there-

fore ultimately lead to the implementation of small model
systems.

Our group is particularly interested in studying the first
enzyme involved in the base excision repair (BER) mecha-
nism,40 a DNA glycosylase, which is responsible for recog-
nizing a specific type of damaged DNA nucleobase, flipping
this damaged nucleotide out of the DNA helix and into the
active site, and cleaving the glycosidic bond connecting the
nucleobase to the sugar-phosphate backbone.41,42 There are
many different DNA glycosylases, where each is responsible
for repairing a particular type of DNA damage and uses spe-
cific noncovalent contacts to identify, bind, and facilitate in
the excision of damaged nucleobase(s).41,42 One of the en-
zymes of interest to our group is human alkyladenine DNA
glycosylase (AAG), which removes 3-methyladenine, as
well as other (cationic) alkylated purines, and the (neutral)
hypoxanthine and 1,N6-ethenoadenine lesions.41–43 Due to
the wide substrate specificity of AAG, it has been proposed
that nonspecific noncovalent interactions might be responsi-
ble for the unique function of this glycosylase.43 Indeed,
crystal structures reveal that multiple p–p stacking and p–
p T-shaped interactions are exploited to bind substrates in
the AAG active site (Fig. 1).43 Although we are interested
in studying the glycosidic-bond-cleavage mechanism facili-
tated by AAG using hybrid techniques, it is currently un-
clear which methods should be used to model enzymes with
active sites that heavily rely on dispersion-dominated p–p
stacking and p–p T-shaped interactions between DNA and
protein components.

Recent work in the development of density functional
techniques has concentrated on methods capable of describ-
ing dispersion interactions (see, for example, refs. 39 and
44–58). Indeed, a very recent review discusses the descrip-
tion of dispersion interactions by density functional theory.58

Many approaches for including dispersion have emerged,
and it is very important to test each functional for the spe-
cific systems of interest. As a result, an abundance of bench-
marking studies have emerged in the literature (such as
refs. 59–81) where many use the high-level (CCSD(T)/
CBS) data sets of Hobza and co-workers82 to determine the
accuracy of new density functionals for noncovalent interac-
tions (see refs. 59, 63, 65, 66, 68, 74, 76, and 79 for exam-
ples). Nevertheless, these test sets,82 as well as others (such
as those examined in refs. 62, 64, 70–73, 75, 77, and 80), do
not include the DNA–protein interactions that can be impor-
tant for enzymatic applications. Therefore, our group previ-
ously characterized the potential-energy surfaces (PESs) of
p–p stacking and p–p (amino acid edge and nucleobase
edge) T-shaped interactions between: (i) the four aromatic
amino acids and the natural nucleobases83; (ii) the (cationic)
alkylated damaged nucleobase, 3-methyladenine (3MeA)
and the aromatic amino acids84; and (iii) the natural nucleo-
bases and protonated histidine (HIS+, see Fig. 2).85 These
studies identified the (47 stacked and 82 T-shaped) most sta-
ble dimers, whose binding strengths were further character-
ized with CCSD(T)/CBS calculations.83–85 Our test set of
129 nucleobase – amino acid interactions covers a wide va-
riety of noncovalent (stacked, amino acid edge T-shaped,
and nucleobase edge T-shaped) interactions involving both
neutral (p–p) and cationic (p+–p) systems.

The present work uses our large test set of DNA–protein
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interactions to investigate the performance of a number of
density functional methods in the hopes of identifying an ef-
ficient method and basis-set combination that is currently
readily available for describing the binding strengths and
potential-energy surfaces of p–p stacking and p–p T-shaped
DNA–protein interactions. This study first reports an inter-
action energy analysis of a variety of density functionals in
the current literature for our 129 nucleobase – amino acid

dimer interactions, where our previous CCSD(T)/CBS calcu-
lations were used as the benchmark for accuracy.83–85 This
study also investigates how select density functional meth-
ods describe the potential-energy surfaces of three represen-
tative stacked and three representative amino acid edge T-
shaped dimers. Our results are important for understanding
how current density functionals describe DNA–protein p–p
interactions in both minimum and nonminimum regions of
the potential-energy surfaces, which is rarely examined in
the literature.70 It is critical to understand how these meth-
ods describe both the energies and structures of p–p sys-
tems to accurately model enzymatic reaction pathways.

Computational details
In our previous works,83–85 a series of MP2/6–31G*(0.25)

single-point calculations were used to scan the potential-en-
ergy surfaces (PESs) for the stacked and T-shaped orienta-
tions of nucleobase – amino acid dimers according to
several geometric variables (Fig. 3). This modified basis set
replaces the standard d-exponent for second row atoms (0.8)
with 0.25.86 Initially, Cs-symmetric, MP2/6–31G(d)-opti-
mized monomers (Fig. 2) were placed such that the trun-
cated amino acid and nucleobase molecular planes were
parallel (stacked) or perpendicular (T-shaped). In stacked
dimers involving HIS, TYR and TRP, two relative orienta-
tions of the molecular planes were considered. The first was
obtained by stacking the amino acid and nucleobase orienta-
tions as shown in Fig. 2, while the second conformation was
obtained by mirror flipping the amino acid relative to Fig. 2
before stacking with the nucleobase (indicated using a prime
(’) throughout this manuscript). T-shaped dimers involving
either amino acid edges or nucleobase edges were consid-
ered. To define the ring edge (monomer edge) directed to-
wards the p-system (monomer face), the geometric variable
q (Fig. 3b) was introduced, where all edges considered are
shown in the Supplementary data (Figs. S1–S3). From these
initial structures, three geometric variables were considered
in our potential-energy surface scans using the increments
defined in Fig. 3: the vertical separation (R1), the angle of
rotation (a), and the horizontal displacement (R2) between
monomers, where our R2 scans shift one monomer relative
to the other in two directions that are perpendicular to the
R1 axis. A full description of our scanning procedure is pro-
vided in our previous manuscripts.83–85 Since our previous
work85 did not consider the interactions between uracil and
protonated histidine, all data for this dimer are presented in
the Supplementary data (Tables S1 and S2).

The 47 stacked and 82 T-shaped orientations (29 amino
acid edge and 53 nucleobase edge dimers indicated with
bold in Figs. S1–S3) with the strongest (most negative) in-
teraction energies were further studied with CCSD(T) at the
complete basis-set (CBS) limit.83–85 MP2/aug-cc-pVDZ and
MP2/aug-cc-pVTZ energies were used to extrapolate to MP2/
CBS using the procedure of Helgaker and co-workers.87,88

To account for errors in the MP2 electron correlation, the
difference between the MP2/6–31G*(0.25) and CCSD(T)/6–
31G*(0.25) energies (D(CCSD(T) – MP2)) was combined
with the MP2/CBS result to give an estimated CCSD(T)/
CBS interaction energy. We note that recent literature de-
notes these extrapolated interaction energies as CBS(T)

Fig. 1. Example of p–p stacking and p–p T-shaped interactions
between the substrate (1,N6-ethenoadenine, 3A7) and the aromatic
amino acids (His, Tyr) in the active site of the human alkyladenine
DNA glycosylase (AAG) (PDB code: 1EWN).43

Fig. 2. Models of the natural nucleobases (adenine (A), cytosine
(C), guanine (G), thymine (T), and uracil (U)), the aromatic amino
acids (histidine (HIS), phenylalanine (PHE), tyrosine (TYR), and
tryptophan (TRP)), the damaged nucleobase (3-methyladenine
(3MeA)), and protonated histidine (HIS+) considered in the present
work.
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(such as in refs. 89–91); however, we refer to these values
as CCSD(T)/CBS to be consistent with our previous
work,83–85 as well as previous stacking-interaction studies
(for example, refs. 82, 92, and 93).

In the present work, a variety of density functionals that
were previously shown to be promising for noncovalent in-
teractions were tested against our 129 nucleobase – amino
acid CCSD(T)/CBS dimer interaction energies. Specifically,
we considered MPWB1K,94 M05–2X,95 M06–L,96 M06–
2X,56 PBE-D,46 BLYP-D,46 TPSS-D,46 and B97-D.46 For
comparison, we also considered PBE, BLYP, and TPSS
without Grimme’s dispersion correction. We also include
B3LYP due to the popularity of this approach in QM/MM
and ONIOM hybrid calculations on enzymatic sys-
tems.8,12,15–16,19,21,24,28,30,32 All functionals were tested with a
variety of double-zeta Pople’s and Dunning’s basis sets (6–
31G(d), 6–31G(d,p), 6–31+G(d,p), cc-pVDZ, and aug-cc-
pVDZ).97 Most benchmarking studies test the performance
of these functionals using basis sets for which they were
originally designed. However, since these are typically large
(see, for example, refs. 61, 64, 69, 70, 72, 73, 75, 76, and
78), we focus our work on basis sets that are practical for
enzymatic systems, where the intended application is full
optimizations of enzyme-catalyzed reactions using hybrid
methods.

To provide a greater understanding of the relative per-
formance of the chosen DFT functionals, we include MP2
results for our 129 nucleobase – amino acid dimers. Owing
to the vast literature that has studied noncovalent complexes
with MP2, the shortfalls of this method are well-known, and
therefore MP2 provides a good quality comparison for other
methods. Additionally, we have considered the double-hybrid
density functionals B2PLYP47,50 and mPW2PLYP.51,74 Although
Grimme’s dispersion correction was originally designed for
other functionals,46 this empirical dispersion term has also been
applied to these double-hybrid functionals.51,74 Therefore,
B2PLYP-D and mPW2PLYP-D were also considered in the
present work. Although these methods are likely not practical
for studying large enzymatic systems, these functionals will pro-
vide a worthy comparison to the other methods tested in this

manuscript due to their promise for reliably describing noncova-
lent p–p interactions.51,74

In addition to active-site contacts, noncovalent p–p inter-
actions should be accurately described throughout the entire
enzymatic model. Therefore, we considered the performance
of the AMBER molecular mechanics method.98 AMBER
was selected, since it was originally designed to describe
both DNA and protein systems,98 and is commonly used in
hybrid techniques (see examples in refs. 16–25). To be con-
sistent with the original AMBER design, HF/6–31G(d) ESP
charges were calculated and used to describe each monomer,
which are truncated versions of those originally used to de-
velop the force field.98 AMBER atom types were assigned
according to the original AMBER manuscript.98 In our nu-
cleobase models, the hydrogen atom replacing the sugar-
phosphate backbone was defined as H. In the case of the
amino acids, this hydrogen atom was defined as H4 for his-
tidine (neutral and protonated) and tryptophan, and HA for
phenylalanine and tyrosine. ANTECHAMBER (Version
1.0)99 was used to define the atom types (Fig. S4) and pa-
rameters (Table S3) for the damaged base, 3-methyladenine.
Finally, since PM3 and AM1 are frequently used to describe
the lower-level regions of ONIOM calculations (for exam-
ple, see refs. 7, 8, 11, 12, 14, 15, and 31), these methods
were also included in our study.

All calculations were performed with Gaussian 09100 with
the exception of PBE, BLYP, and TPSS (with and without
dispersion corrections), which were performed with
GAMESS.101 Despite reports that default grid sizes for vari-
ous DFT methods can lead to false artifacts in the descrip-
tion of noncovalent interactions,102 the default grids in
Gaussian 09 and GAMESS were used. Additionally, all in-
teraction energies were calculated without BSSE correc-
tions103 (with the exception of MP2). We emphasize that
these choices were made due to our goal of understanding
how these functionals describe noncovalent interactions in
hybrid approaches, where large integration grid sizes and
BSSE-free optimizations are not currently feasible.

Results and discussion
As discussed in the Introduction, the present study focuses

on identifying suitable methodologies for hybrid QM/MM or
ONIOM calculations on enzyme-catalyzed reactions that in-
volve noncovalent p–p substrate – active site interactions.
In this light, the ability of a variety of DFT functional and
basis-set combinations, as well as some semi-empirical and
molecular mechanics methods, to reproduce CCSD(T)/CBS
interaction energies for our test set of 129 p–p stacked and
T-shaped nucleobase – amino acid dimers83–85 was investi-
gated. Owing to the large number of dimers and methodolo-
gies considered, our results (Tables 1–3) are reported in
terms of the mean unsigned error (MUE) and mean signed
error (MSE) with respect to the CCSD(T)/CBS results. We
also report the largest absolute deviation (MAX) and the
largest percent difference (MAX %) from CCSD(T)/CBS
observed among the dimers considered. Initially, we will
separately discuss the performance of the methods for each
of the two main types of p–p interactions (stacking and T-
shaped) considered and subsequently summarize the overall
performance of these methods for both noncovalent interac-

Fig. 3. Definition of the geometric variables considered and incre-
ments used in our previous (a) stacking and (b) T-shaped potential-
energy surface scans (angle of ‘‘edge’’ rotation (q), vertical separa-
tion distance (R1), angle of rotation (a), and horizontal displace-
ment (R2)).
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Table 1. Mean unsigned error (MUE, kJ mol–1), mean signed error (MSE, kJ mol–1), maximum absolute difference (MAX, kJ mol–1), and maximum percent error (MAX %) between
various methods and the CCSD(T)/CBS benchmark interaction energies for 47 nucleobase – amino acid stacked dimers.

Method Basis set MUE MSE MAX MAX % Method Basis set MUE MSE MAX MAX%

MP2a 6–31G*(0.25) 2.2 0.3 6.0 11.4 MPWB1K 6–31G(d) 10.4 10.4 15.9 –52.8
6–31G(d) 12.7 12.7 19.4 –58.0 6–31G(d,p) 10.3 10.3 15.8 –52.5
6–31G(d,p) 12.2 12.2 18.2 –54.8 cc-pVDZ 9.5 9.5 14.9 –46.4
cc-pVDZ 8.8 8.8 12.8 –39.2 6–31+G(d,p) 11.3 11.3 17.2 –61.2
6–31+G(d,p) 4.5 4.5 7.5 –22.8 aug-cc-pVDZ 10.1 10.1 15.0 –49.9
aug-cc-pVDZ 5.0 –5.0 10.0 35.2 M05–2X 6–31G(d) 4.5 4.4 8.8 –30.4

B3LYP 6–31G(d) 26.8 26.8 39.9 –133.2 6–31G(d,p) 4.4 4.3 8.7 –29.9
6–31G(d,p) 26.8 26.8 39.9 –132.5 cc-pVDZ 3.6 3.5 6.7 –25.4
cc-pVDZ 27.5 27.5 42.9 –135.3 6–31+G(d,p) 4.0 3.9 8.0 –31.3
6–31+G(d,p) 31.1 31.1 47.2 –156.2 aug-cc-pVDZ 2.5 2.3 5.5 –19.1
aug-cc-pVDZ 30.3 30.3 45.3 –149.1 M06–2X 6–31G(d) 1.9 –1.5 5.2 13.1

PBE 6–31G(d) 20.9 20.9 30.4 –100.7 6–31G(d,p) 1.9 –1.5 5.1 13.5
6–31G(d,p) 20.8 20.8 30.1 –99.8 cc-pVDZ 2.5 –2.5 6.2 15.1
cc-pVDZ 20.5 20.5 31.4 –97.3 6–31+G(d,p) 2.2 –2.1 4.4 14.3
6–31+G(d,p) 23.3 23.3 34.8 –114.6 aug-cc-pVDZ 3.3 –3.3 7.0 17.8

PBE-D 6–31G(d) 3.0 –3.0 8.4 21.5 M06–L 6–31G(d) 2.8 2.7 5.1 –17.0
6–31G(d,p) 3.1 –3.1 8.6 21.3 6–31G(d,p) 2.6 2.6 4.9 –15.8
cc-pVDZ 3.1 –3.1 8.6 21.3 cc-pVDZ 2.3 2.2 4.4 –12.2
6–31+G(d,p) 0.9 –0.6 4.2 14.0 6–31+G(d,p) 2.0 1.9 4.1 –13.6

BLYP 6–31G(d) 32.3 32.3 46.7 –152.2 aug-cc-pVDZ 1.3 1.1 3.5 –12.6
6–31G(d,p) 32.2 32.2 46.6 –151.4 B2PLYP 6–31G(d) 26.4 26.4 40.0 –135.8
cc-pVDZ 33.1 33.1 50.0 –156.0 6–31G(d,p) 26.4 26.4 39.9 –135.2
6–31+G(d,p) 38.1 38.1 55.9 –181.4 cc-pVDZ 27.2 27.2 43.0 –139.4

BLYP-D 6–31G(d) 6.0 –6.0 12.3 25.1 6–31+G(d,p) 30.8 30.8 47.4 –160.5
6–31G(d,p) 6.1 –6.1 12.4 24.8 aug-cc-pVDZ 29.7 29.7 45.0 –151.7
cc-pVDZ 5.2 –5.2 11.0 25.3 B2PLYP-D 6–31G(d) 9.3 9.3 14.7 –55.6
6–31+G(d,p) 1.0 –0.2 3.7 9.3 6–31G(d,p) 9.3 9.3 14.5 –55.1

TPSS 6–31G(d) 26.8 26.8 38.9 –127.4 cc-pVDZ 10.2 10.2 16.3 –59.3
6–31G(d,p) 26.7 26.7 38.8 –126.7 6–31+G(d,p) 13.7 13.7 20.6 –80.3
cc-pVDZ 26.1 26.1 39.9 –122.2 aug-cc-pVDZ 12.6 12.6 18.6 –71.5
6–31+G(d,p) 29.2 29.2 43.4 –141.1 mPW2PLYP 6–31G(d) 21.0 21.0 32.6 –111.5

TPSS-D 6–31G(d) 5.1 –5.1 11.2 23.7 6–31G(d,p) 21.0 21.0 32.5 –111.0
6–31G(d,p) 5.2 –5.2 11.4 23.5 cc-pVDZ 22.0 22.0 35.8 –116.2
cc-pVDZ 5.8 –5.8 11.9 25.5 6–31+G(d,p) 25.7 25.7 40.6 –138.2
6–31+G(d,p) 2.7 –2.7 7.1 16.5 aug-cc-pVDZ 24.7 24.7 38.2 –129.7

B97-D 6–31G(d) 4.7 –4.7 10.1 23.8 mPW2PLYP-D 6–31G(d) 8.6 8.6 14.2 –53.3
6–31G(d,p) 4.8 –4.8 10.2 23.6 6–31G(d,p) 8.5 8.5 14.0 –52.7
cc-pVDZ 4.8 –4.8 9.2 24.6 cc-pVDZ 9.6 9.6 16.5 –57.9
6–31+G(d,p) 1.1 –1.0 4.1 13.8 6–31+G(d,p) 13.2 13.2 21.1 –80.0
aug-cc-pVDZ 2.2 –2.2 5.8 18.4 aug-cc-pVDZ 12.3 12.3 18.8 –71.4

AM1 42.3 42.3 66.1 –184.4 AMBER 3.2 2.5 12.4 –29.5
PM3 41.8 41.8 69.3 –177.1

aMP2 interaction energies were calculated using the BSSE-corrected dimer energies.
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Table 2. Mean unsigned error (MUE, kJ mol–1), mean signed error (MSE, kJ mol–1), maximum absolute difference (MAX, kJ mol–1), and maximum percent error (MAX %) between
various methods and the CCSD(T)/CBS benchmark interaction energies for 82 nucleobase – amino acid T-shaped dimers.

Method Basis set MUE MSE MAX MAX % Method Basis set MUE MSE MAX MAX%

MP2a 6–31G*(0.25) 1.5 1.2 5.7 –19.3 MPWB1K 6–31G(d) 3.8 3.5 11.4 –57.9
6–31G(d) 6.2 6.2 12.1 –46.1 6–31G(d,p) 3.7 3.5 10.9 –55.6
6–31G(d,p) 6.1 6.1 11.6 –42.1 cc-pVDZ 4.0 3.8 9.8 –53.3
cc-pVDZ 5.9 5.9 11.8 –40.3 6–31+G(d,p) 6.2 6.2 11.6 –54.6
6–31+G(d,p) 4.4 4.4 8.4 –31.1 aug-cc-pVDZ 5.4 5.4 10.2 –45.3
aug-cc-pVDZ 1.0 –0.4 4.2 12.5 M05–2X 6–31G(d) 1.6 –0.6 7.5 –31.8

B3LYP 6–31G(d) 9.5 9.4 19.1 –99.2 6–31G(d,p) 1.7 –0.8 8.0 –29.6
6–31G(d,p) 9.7 9.6 19.2 –98.0 cc-pVDZ 1.7 –0.5 9.3 –27.1
cc-pVDZ 10.5 10.4 24.0 –98.4 6–31+G(d,p) 1.4 1.1 5.0 –21.8
6–31+G(d,p) 14.3 14.3 25.1 –112.3 aug-cc-pVDZ 1.1 –0.2 3.7 16.4
aug-cc-pVDZ 13.8 13.8 24.1 –101.6 M06–2X 6–31G(d) 1.9 –1.5 10.1 22.2

PBE 6–31G(d) 5.9 5.5 13.7 –73.6 6–31G(d,p) 2.0 –1.6 10.4 22.1
6–31G(d,p) 5.9 5.6 13.3 –71.8 cc-pVDZ 1.7 –1.4 11.3 15.5
cc-pVDZ 6.4 6.0 16.1 –71.1 6–31+G(d,p) 1.2 0.4 4.9 –17.0
6–31+G(d,p) 9.5 9.5 16.5 –75.4 aug-cc-pVDZ 1.3 –0.7 4.2 18.8

PBE-D 6–31G(d) 7.2 –7.2 12.8 47.2 M06–L 6–31G(d) 2.1 2.0 4.9 –23.0
6–31G(d,p) 7.1 –7.1 12.9 46.9 6–31G(d,p) 1.9 1.8 4.5 –20.0
cc-pVDZ 6.6 –6.6 13.7 42.8 cc-pVDZ 2.8 2.6 8.6 –27.5
6–31+G(d,p) 3.2 –3.2 6.7 23.9 6–31+G(d,p) 3.1 3.1 6.0 –24.3

BLYP 6–31G(d) 12.1 12.0 24.3 –114.6 aug-cc-pVDZ 2.9 2.9 6.1 –19.8
6–31G(d,p) 12.2 12.2 24.5 –113.6 B2PLYP 6–31G(d) 9.5 9.5 20.3 –101.8
cc-pVDZ 13.1 13.1 29.5 –115.4 6–31G(d,p) 9.7 9.6 20.0 –100.8
6–31+G(d,p) 18.2 18.2 31.8 –135.2 cc-pVDZ 10.4 10.4 23.3 –100.3

BLYP-D 6–31G(d) 8.3 –8.3 13.7 50.1 6–31+G(d,p) 13.8 13.8 24.4 –111.9
6–31G(d,p) 8.1 –8.1 13.6 49.2 aug-cc-pVDZ 13.2 13.2 22.7 –101.0
cc-pVDZ 7.3 –7.3 15.7 46.0 B2PLYP-D 6–31G(d) 1.7 0.2 7.1 –37.1
6–31+G(d,p) 2.2 –2.1 5.1 21.5 6–31G(d,p) 1.7 0.3 7.1 –36.1

TPSS 6–31G(d) 9.4 9.3 18.2 –96.7 cc-pVDZ 2.4 1.1 7.6 –35.5
6–31G(d,p) 9.4 9.3 17.8 –94.7 6–31+G(d,p) 4.5 4.5 8.4 –43.4
cc-pVDZ 9.8 9.8 21.4 –93.5 aug-cc-pVDZ 3.9 3.9 6.4 –32.5
6–31+G(d,p) 13.0 13.0 21.6 –105.0 mPW2PLYP 6–31G(d) 6.3 6.0 16.4 –81.8

TPSS-D 6–31G(d) 7.6 –7.6 13.0 49.7 6–31G(d,p) 6.5 6.2 16.1 –80.7
6–31G(d,p) 7.6 –7.6 13.2 49.6 cc-pVDZ 7.3 7.0 18.5 –80.4
cc-pVDZ 7.1 –7.1 13.5 42.3 6–31+G(d,p) 10.4 10.4 19.7 –86.4
6–31+G(d,p) 3.9 –3.9 8.9 27.5 aug-cc-pVDZ 9.8 9.8 17.9 –76.1

B97-D 6–31G(d) 6.9 –6.8 11.9 44.4 mPW2PLYP-D 6–31G(d) 1.8 –0.7 8.3 –34.7
6–31G(d,p) 6.9 –6.8 11.6 44.1 6–31G(d,p) 1.8 –0.6 8.3 –33.6
cc-pVDZ 6.0 –6.0 11.7 45.1 cc-pVDZ 2.4 0.2 8.8 –33.4
6–31+G(d,p) 2.7 –2.5 5.8 20.3 6–31+G(d,p) 3.7 3.6 8.1 –37.6
aug-cc-pVDZ 3.1 –2.9 6.6 31.5 aug-cc-pVDZ 3.2 3.1 6.3 –28.0

AM1 22.5 22.5 45.4 –128.0 AMBER 4.7 2.2 18.7 –82.3
PM3 22.5 22.5 46.4 –125.6

aMP2 interaction energies were calculated using the BSSE-corrected dimer energies.
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Table 3. Mean unsigned error (MUE, kJ mol–1), mean signed error (MSE, kJ mol–1), maximum absolute difference (MAX, kJ mol–1), and maximum percent error (MAX %) between
various methods and the CCSD(T)/CBS benchmark interaction energies for 129 nucleobase – amino acid noncovalent dimers.

Method Basis set MUE MSE MAX MAX % Method Basis set MUE MSE MAX MAX %

MP2a 6–31G*(0.25) 1.8 0.9 6.0 –19.3 MPWB1K 6–31G(d) 6.2 6.0 15.9 –57.9
6–31G(d) 8.6 8.6 19.4 –58.0 6–31G(d,p) 6.1 6.0 15.8 –55.6
6–31G(d,p) 8.3 8.3 18.2 –54.8 cc-pVDZ 6.0 5.9 14.9 –53.3
cc-pVDZ 6.9 6.9 12.8 –40.3 6–31+G(d,p) 8.1 8.1 17.2 –61.2
6–31+G(d,p) 4.5 4.5 8.4 –31.1 aug-cc-pVDZ 7.1 7.1 15.0 –49.9
aug-cc-pVDZ 2.5 –2.1 10.0 35.2 M05–2X 6–31G(d) 2.7 1.2 8.8 –31.8

B3LYP 6–31G(d) 15.8 15.8 39.9 –133.2 6–31G(d,p) 2.7 1.1 8.7 –29.9
6–31G(d,p) 15.9 15.8 39.9 –132.5 cc-pVDZ 2.4 1.0 9.3 –27.1
cc-pVDZ 16.7 16.7 42.9 –135.3 6–31+G(d,p) 2.3 2.1 8.0 –31.3
6–31+G(d,p) 20.4 20.4 47.2 –156.2 aug-cc-pVDZ 1.6 0.7 5.5 –19.1
aug-cc-pVDZ 19.8 19.8 45.3 –149.1 M06–2X 6–31G(d) 1.9 –1.5 10.1 22.2

PBE 6–31G(d) 11.2 10.9 30.4 –100.7 6–31G(d,p) 1.9 –1.6 10.4 22.1
6–31G(d,p) 11.1 10.9 30.1 –99.8 cc-pVDZ 2.0 –1.8 11.3 15.5
cc-pVDZ 11.3 11.1 31.4 –97.3 6–31+G(d,p) 1.6 –0.5 4.9 –17.0
6–31+G(d,p) 14.3 14.3 34.8 –114.6 aug-cc-pVDZ 2.0 –1.7 7.0 18.8

PBE-D 6–31G(d) 5.6 –5.6 12.8 47.2 M06–L 6–31G(d) 2.3 2.2 5.1 –23.0
6–31G(d,p) 5.6 –5.6 12.9 46.9 6–31G(d,p) 2.2 2.1 4.9 –20.0
cc-pVDZ 5.5 –5.5 13.7 42.8 cc-pVDZ 2.6 2.4 8.6 –27.5
6–31+G(d,p) 2.4 –2.3 6.7 23.9 6–31+G(d,p) 2.7 2.7 6.0 –24.3

BLYP 6–31G(d) 19.1 19.1 46.7 –152.2 aug-cc-pVDZ 2.3 2.2 6.1 –19.8
6–31G(d,p) 19.2 19.2 46.6 –151.4 B2PLYP 6–31G(d) 15.7 15.6 40.0 –135.8
cc-pVDZ 20.0 20.0 50.0 –156.0 6–31G(d,p) 15.7 15.7 39.9 –135.2
6–31+G(d,p) 25.1 25.1 55.9 –181.4 cc-pVDZ 16.6 16.5 43.0 –139.4

BLYP-D 6–31G(d) 7.4 –7.4 13.7 50.1 6–31+G(d,p) 20.0 20.0 47.4 –160.5
6–31G(d,p) 7.3 –7.3 13.6 49.2 aug-cc-pVDZ 19.2 19.2 45.0 –151.7
cc-pVDZ 6.5 –6.5 15.7 46.0 B2PLYP-D 6–31G(d) 4.5 3.5 14.7 –55.6
6–31+G(d,p) 1.7 –1.4 5.1 21.5 6–31G(d,p) 4.5 3.6 14.5 –55.1

TPSS 6–31G(d) 15.4 15.4 38.9 –127.4 cc-pVDZ 5.3 4.4 16.3 –59.3
6–31G(d,p) 15.4 15.4 38.8 –126.7 6–31+G(d,p) 7.8 7.8 20.6 –80.3
cc-pVDZ 15.5 15.5 39.9 –122.2 aug-cc-pVDZ 7.1 7.1 18.6 –71.5
6–31+G(d,p) 18.7 18.7 43.4 –141.1 mPW2PLYP 6–31G(d) 11.7 11.5 32.6 –111.5

TPSS-D 6–31G(d) 6.6 –6.6 13.0 49.7 6–31G(d,p) 11.7 11.6 32.5 –111.0
6–31G(d,p) 6.7 –6.7 13.2 49.6 cc-pVDZ 12.6 12.5 35.8 –116.2
cc-pVDZ 6.6 –6.6 13.5 42.3 6–31+G(d,p) 16.0 16.0 40.6 –138.2
6–31+G(d,p) 3.4 –3.4 8.9 27.5 aug-cc-pVDZ 15.3 15.3 38.2 –129.7

B97-D 6–31G(d) 6.1 –6.1 11.9 44.4 mPW2PLYP-D 6–31G(d) 4.3 2.7 14.2 –53.3
6–31G(d,p) 6.1 –6.1 11.6 44.1 6–31G(d,p) 4.2 2.7 14.0 –52.7
cc-pVDZ 5.6 –5.6 11.7 45.1 cc-pVDZ 5.0 3.6 16.5 –57.9
6–31+G(d,p) 2.1 –1.9 5.8 20.3 6–31+G(d,p) 7.2 7.1 21.1 –80.0
aug-cc-pVDZ 2.8 –2.7 6.6 31.5 aug-cc-pVDZ 6.5 6.4 18.8 –71.4

AM1 29.7 29.7 66.1 –184.4 AMBER 4.1 2.3 18.7 –82.3
PM3 29.6 29.6 69.3 –177.1

aMP2 interaction energies were calculated using the BSSE-corrected dimer energies.
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tions, as well as the relative performance for dimers involv-
ing neutral and cationic monomers. Subsequently, to assess
the ability of various functionals to accurately describe an
extended portion of the potential-energy surface, PES scans
of select dimers will be considered for the methods that
best-describe the 129 dimer interaction energies with the
current large-model goal in mind.

Calculation of accurate interaction energies

Stacking interactions
We will begin by discussing the performance of MP2

with the small basis sets considered in the present work,
which will illustrate how this widely used method for stack-
ing depends on the basis set used for our systems of interest.
These data will also provide a useful reference point for dis-
cussing the basis-set dependence of other methods. As men-
tioned in the Computational details, we have chosen to
consider two different basis-set designs of double-zeta qual-
ity, since our end goal is to use these methods to study
enzyme-catalyzed reactions through full (hybrid) optimiza-
tions. As previously noted in the literature,86 MP2 does not
adequately recover CCSD(T)/CBS stacking energies in the
absence of diffuse functions (6–31G(d), 6–31G(d,p), and cc-
pVDZ), while inclusion of diffuse functions improves the
quality of the results (Table 1). Nevertheless, when a modi-
fied basis set (6–31G*(0.25)) that was designed to study
stacking interactions between the DNA nucleobases is con-
sidered,86,104,105 both the MUE and MSE significantly de-
crease, and the MAX and MAX % drastically decrease.
These results emphasize that the 6–31G*(0.25)-modified ba-
sis set provides an excellent description of DNA–protein p–p
stacking interactions,83–85 and outperforms even the commonly
used aug-cc-pVDZ basis set.

As previously shown in the literature, DFT functionals
traditionally used in a variety of applications (structure, ki-
netics, and hydrogen-bond strengths) do not accurately de-
scribe p–p stacking interactions (Table 1).58 For stacking
between nucleobase and amino acid monomers, this includes
the widely used B3LYP functional. This result emphasizes
that this functional should be cautiously used in hybrid ap-
proaches for studying enzyme-catalyzed reactions, since
many high-level regions contain p–p contacts. Furthermore,
B3LYP should clearly not be used when stacking interac-
tions have been proposed to have direct implications in sub-
strate recognition or catalysis.

Although PBE, BLYP, and TPSS also fail to recover the
correct CCSD(T)/CBS stacking energies, the performance
of these functionals drastically improves when Grimme’s
dispersion correction is included (Table 1). B97-D also per-
forms very well, which further testifies to the usefulness of
empirical dispersion corrections in functional design. Other
tactics have also been proposed to develop DFT functionals
for noncovalent p–p interactions, such as dispersion correct-
ing potentials (DCPs).68 Alternatively, more commonly used
functionals (such as meta generalized gradient approxima-
tion (GGA) or hybrid-meta GGA methods MPWB1K,94

M05–2X,95 M06,56 M06–L,96 and M06–2X56) designed for
these interactions were also parameterized to describe other
properties (for instance, barrier heights or transition metals).
Among these functional, MPWB1K does not perform as

well as PBE-D for DNA–protein p–p interactions. However,
newer functionals (M05–2X,95 M06–L,96 and M06–2X56)
designed by the Truhlar group show improved performance.
Indeed, the M06–L and M06–2X functionals lead to the
smallest MUE and MSE among these methods.

The relative performance of the Pople’s (6–31G) and
Dunning’s (cc-pVDZ) basis sets depends on the functional
form considered. However, in most instances, the difference
is minimal when the performances of basis sets containing the
same types of (polarization, diffuse) functions are compared.
Methods that do not perform well for stacking (B3LYP, PBE,
BLYP, and TPSS) perform even worse as the basis-set size
increases. Although there is not a large difference in perform-
ance as polarization functions are added to the hydrogen
atoms, the description of stacking becomes much poorer
when diffuse functions are included for these methods. On
the contrary, drastic performance improvements are found
when diffuse functions are added to the basis set used with
PBE-D, BLYP-D, and TPSS-D. Interestingly, there is little
change in the performance of M05–2X and M06–2X with
an increase in the basis-set size, where inclusion of diffuse
functions leads to a slightly poorer description of stacking.
However, increasing the basis set for the M06–L functional
leads to improved stacking-interaction energies, where the
aug-cc-pVDZ basis sets leads to the smallest MUE and
MSE for these functionals.

A potential way to further improve upon the performance
of DFT methods for the calculation of p–p interactions is to
consider double-hybrid density functionals, such as B2PLYP
and mPW2PLYP. B2PLYP, in particular, provides an ex-
tremely small absolute mean deviation for the S22 test set
when Grimme’s dispersion correction is included and a large
triple-zeta basis set is used.74 Although we find that inclu-
sion of the dispersion correction improves the performance
of both B2PLYP and mPW2PLYP, these functionals are not
as accurate as the other dispersion-corrected methods con-
sidered above (Table 1). We acknowledge that this could be
in part due to the fact that we do not include BSSE correc-
tions in our reported binding energies, since these calcula-
tions would not be realistic during each optimization step
when enzyme-catalyzed reactions are considered.

Although we have discussed methods suitable for the
highest-level region of hybrid calculations, the performance
of the method used to describe the remainder of the protein
environment (low-level region) must also be carefully con-
sidered. Semi-empirical methods are sometimes employed
as a highly efficient molecular orbital method for describing
proteins (for examples, see refs. 7, 8, 11, 12, 14, 15, 31, and
35). For instance, these techniques can be used as the high-
level method, as the mid-layer region in multi-layer
approaches, or as the low-level method when truncated
enzyme models are used. However, our results indicate that
neither of the typically chosen semi-empirical techniques
(AM1, PM3) accurately describe stacking interactions be-
tween the DNA/RNA bases and aromatic amino acids
(Table 1). On the contrary, since AMBER was developed to
describe the structure of both DNA and proteins,98 this mo-
lecular mechanics method describes the stacking interactions
between their components exceptionally well (Table 1).
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T-shaped interactions
p–p T-shaped interactions have been less-studied com-

pared with the large number of stacked complexes examined
in the literature. These interactions have been proposed83 to
be less-dependent on dispersion than stacking, and therefore
more commonly used computational techniques may be able
to accurately describe these contacts. This statement is con-
firmed in the present work where the performance of MP2
with any of our chosen basis sets is better for T-shaped
(Table 2) than stacking (Table 1) interactions. Indeed,
although aug-cc-pVDZ is not the optimal choice for study-
ing stacked systems with MP2, this combination outper-
forms other basis sets for T-shaped interactions. However,
MP2/6–31G*(0.25), which was the best combination for the
stacked orientations, also performs very well for nucleo-
base – amino acid T-shaped contacts. These results justify
the use of MP2/6–31G*(0.25) for p–p T-shaped interactions
even though this basis set was originally designed for
stacked dimers.86,104,105

For all functionals, the basis-set effects on T-shaped bind-
ing strengths (Table 2) are the same as those discussed for
stacking interactions (Table 1). B3LYP more accurately de-
scribes T-shaped than stacking contacts with all basis sets
considered. However, B3LYP is still much less accurate
than the other functionals under analysis. Therefore, we re-
emphasize that B3LYP should be cautiously used in hybrid
approaches for studying enzyme-catalyzed reactions when
the high-level region contains p–p interactions. Once again,
we find that inclusion of an empirical dispersion correction
greatly improves the accuracy of GGA, meta-GGA, and
double-hybrid density functionals. This suggests that disper-
sion may play a larger role in dictating the magnitude of T-
shaped interactions than initially believed. We note that
although the MUE and MSE are smaller for PBE than PBE-
D, the MAX and MAX % are much larger for PBE, which
makes PBE a less reliable method. Nevertheless, M05–2X
and M06–2X yield interaction energies closer to the
CCSD(T)/CBS results, while M06–L does not perform as
well as these other functionals. Indeed, M06–2X performs
significantly better than PBE-D for nucleobase – amino acid
T-shaped interactions.

AM1 and PM3 more accurately predict nucleobase –
amino acid T-shaped interactions (Table 2) compared with
the stacking binding energies (Table 1). However, the devia-
tions from the CCSD(T)/CBS results are still very large, and
therefore these methods should be used with caution for sys-
tems that include many aromatic residues. The MUE is
slightly larger for AMBER T-shaped interactions (Table 2)
than AMBER stacking energies (Table 1), while the MAX
and MAX % are significantly larger for T-shaped contacts.
However, AMBER reasonably describes both types of inter-
actions, especially when the computational efficiency of this
method is taken into account.

Overall
We emphasize that our discussion of the performance of

DFT functionals presented thus far has provided general
conclusions based on the results of all dimers. However, er-
rors for the neutral versus cationic dimers were also deter-
mined (see Supplementary data, Tables S4–S6) and fully
analyzed. We found that all methods describe the binding

strengths of cationic dimers with slightly less accuracy than
neutral dimers. Nevertheless, there are no drastic differences
that warrant a detailed discussion of the performance of
each method for cationic versus neutral systems.

Table 3 summarizes the performance of all methods for
all types of (stacking and T-shaped, neutral p–p, and cati-
onic p+–p) interactions. Over the entire data set, we con-
clude that AMBER is a more appropriate choice for the
lower-level method in hybrid approaches than popular semi-
empirical techniques. Indeed, AMBER also outperforms
many of the other methods considered in the present work,
especially when the low computational cost of this technique
is taken into account. This suggests that MD, QM/MM, or
ONIOM calculations that implement AMBER accurately de-
scribe p–p interactions throughout DNA–protein systems.
We find that the error in the AMBER binding strengths is
greater for cationic than neutral systems (see Supplementary
data), and therefore care should be taken when comparisons
between systems with different charges are required.

Among the MP2 basis-set combinations considered, MP2/
6–31G*(0.25) provides the best description for a range of
noncovalent p–p dimer interactions (Table 3). These results
further justify our use of this method for scanning the poten-
tial-energy surfaces of stacked and T-shaped nucleobase –
amino acid dimers.83–85 Furthermore, our findings suggest
that MP2/6–31G*(0.25) is an efficient method for use in fu-
ture work of stacked or T-shaped systems when larger sys-
tems (trimers or tetramers) are considered.

As discussed previously in the literature, double-hybrid
functionals yield very good performance when an empirical
dispersion correction is included in the functional form.51,74

Additionally, the performance reported in the present work
would likely be further improved with the inclusion of
BSSE corrections. However, as previously discussed, this is
not a feasible approach for our intended application because
of the computational scaling of these methods. Therefore,
the use of these functionals for accurately determining inter-
action energies is currently restricted to single-point calcula-
tions with large basis sets and (or) BSSE corrections.

There is no significant difference in the results obtained
with Pople’s or Dunning’s basis sets for any DFT method
considered. Nevertheless, the Dunning’s basis sets lead to a
larger total number of basis functions, and therefore calcula-
tions with these basis sets require increased computational
resources. Since convergence on realistic time scales is an
important consideration when studying enzyme-catalyzed re-
actions, we recommend considering the use of Pople’s basis
sets in hybrid studies of large systems.

The results in Table 3 suggest that within the functionals
considered in the present work, the methods that best-de-
scribe p–p stacking and T-shaped interaction energies are
M06–2X and PBE-D. Although BLYP-D outperforms PBE-
D with the 6–31+G(d,p) basis set, PBE-D performs better
with the smaller 6–31G(d) basis set. However, Table 3 sug-
gests that M06–2X outperforms PBE-D with both the
smaller 6–31G(d) and the larger 6–31+G(d,p) basis sets. We
emphasize that the 6–31G(d) basis set is a more computa-
tionally efficient choice for hybrid approaches, since the in-
clusion of diffuse functions on heavy atoms and (or)
polarization functions on hydrogen atoms during the optimi-
zation routine drastically increases the computational resour-
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ces required. Thus, M06–2X/6–31G(d) may be the best
choice among those considered in the present work for de-
scribing the high-level region in hybrid approaches for
large-scale modeling of enzyme-catalyzed reactions that in-
volve DNA–protein p–p interactions.

Description of potential-energy surfaces
Although Tables 1–3 provide useful information about the

ability of various methods to accurately predict the strength
of p–p interactions at minimum regions on the potential-en-
ergy surfaces of nucleobase – amino acid dimers, these data
do not necessarily reflect whether the methods provide an
accurate description of the entire PES. Understanding how
density functionals describe both minimum and nonmini-
mum regions of potential-energy surfaces is particularly im-
portant when applying these methods to optimize a complete
reaction mechanism for DNA–protein complexes that in-
clude stacked and (or) T-shaped contacts. Therefore, as a
critical first step, the functional (M06–2X, PBE-D) and basis
set (6–31G(d), 6–31+G(d,p)) combinations found to best-de-
scribe nucleobase – amino acid interactions will be further
scrutinized below by evaluating their ability to describe
changes in both stacked and T-shaped binding strengths as
a function of select geometric variables (Fig. 3). Since MP2
is widely used to study p–p dimers in the literature, we
have chosen to compare our results to the MP2 method that
best-describes stacked (MP2/6–31G*(0.25), Table 1) or T-
shaped (MP2/aug-cc-pVDZ, Table 2) orientations. Neverthe-
less, both MP2 values are reported for both types of interac-
tions to further illustrate the differences between these
approaches. We focus our investigation on three dimers (ad-
enine–histidine, 3-methyladenine–histidine, and adenine –
protonated histidine) in both their optimal stacked and
(amino acid edge) T-shaped orientations (Fig. 4). Our choice
in molecules allows us to consider similar systems that span
both p–p and p+–p interactions, which have a varying de-
pendence on the electrostatic and dispersion contributions to
the interactions.

Stacked dimers
Deviations in the MP2-calculated curves describing dimer

interaction energies as a function of the vertical separation
(R1, Fig. 3) between the monomers are not surprising
(Figs. 5a–5c), since aug-cc-pVDZ is known to overestimate
stacking interactions. However, both basis sets predict the
same preferred MP2 vertical separation in the nucleobase –
amino acid dimers considered in the present work (see Sup-
plementary data, Tables S7–S9). Furthermore, over the R1
values investigated, the entire potential-energy surfaces cal-
culated with both basis sets are reasonably close in both
magnitude and shape for the cationic systems (Figs. 5b and
5c). Nevertheless, there are larger deviations in the calcu-
lated MP2 binding strengths for the neutral dimer (Fig. 5a),
where the magnitude of the deviation depends on the verti-
cal separation, and a better agreement is observed at larger
vertical separations.

M06–2X leads to steeper potential-energy surfaces with
respect to R1 than MP2 for stacked dimers. Specifically, this
functional underestimates the binding strength at large verti-
cal separations and overestimates the interaction energy at
small R1 distances. The M06–2X results obtained with both

basis sets are in good agreement with each other, which re-
emphasizes that inclusion of diffuse functions does not lead
to improved performance for this functional. In the absence
of diffuse functions, the PES with respect to R1 is slightly
steeper, which implies that deviations from MP2/6–
31G*(0.25) will be larger in non-equilibrium geometries for
the M06–2X/6–31G(d) combination. For all dimers, M06–
2X predicts the preferred vertical separation to be 0.1 Å
smaller than MP2, which has been previously reported in
the literature for the methane dimer76 and the sandwiched-
benzene dimer76 and reflects stronger binding. However, we
used an R1 scan increment of 0.1 Å (Fig. 3) and considera-
tion of smaller increments might yield even better agree-
ment with MP2.83 Furthermore, when regions close to the
preferred R1 are considered, small changes in the vertical
separation lead to small changes in the interaction energy.
Finally, it is interesting to note that the deviations from
MP2/6–31G*(0.25) are smaller for the M06–2X p+–p stack-
ing interactions than the corresponding p–p contacts. We
note that our M06–2X surfaces are smooth despite previous
reports that meta-GGA potential-energy curves for the
stacked benzene dimer oscillate unless very large integration
grids are used.106

PBE-D/6–31+G(d,p) provides an excellent representation
of the preferred MP2 geometries, as well as the interaction
energies for the entire R1 potential-energy surface of stacked
dimers. Indeed, PBE-D/6–31+G(d,p) likely provides a better
description of both p–p and p+–p contacts than M06–2X
with either basis set. However, there is a much larger basis-
set effect for the PBE-D functional. Specifically, removal of
diffuse functions from the basis set leads to a significant
overestimation when compared with the MP2/6–31G*(0.25)
stabilization energy, which is much more pronounced at
smaller R1 distances. Figure 5 also illustrates that PBE-D/6–
31G(d) and MP2/6–31G*(0.25) are in better agreement in
the p+–p complexes (Figs. 5b and 5c) than the p–p A:HIS
dimer (Fig. 5a). Furthermore, as discussed for M06–2X,
PBE-D/6–31G(d) predicts R1 to be 0.1 Å smaller than MP2,

Fig. 4. Dimers considered in vertical separation (R1) and angle of
rotation (a) potential-energy surface scans for (a) stacked and (b)
amino acid edge T-shaped orientations.
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but this effect is diminished when the larger basis set is used
(see Supplementary data, Tables S7–S9).

Using the preferred R1 distance identified for each
method, the binding strength as a function of the angle of
rotation of the amino acid with respect to the nucleobase
(a, Fig. 3) was considered (Figs. 5d–5f). Unlike discussed
for the R1 potential-energy surfaces, all methods yield the
same general shape of the potential-energy surface with re-
spect to a, which is dictated by the relative orientation of
the dipole moment vectors in the monomers.83 Once again,
we clearly see the overestimation of the interaction strength
at the MP2 level with the aug-cc-pVDZ compared with the
6–31G*(0.25) basis set.

Although M06–2X with both basis sets yields binding en-
ergies in very close agreement with one another for all a

values in the A:HIS and 3MeA:HIS’ stacked dimers, a larger
basis-set effect is seen for A:HIS+ (Fig. 5f). To provide a
fairer comparison by only examining the effects of a, an ad-
ditional a scan was performed at the MP2/6–31G*(0.25)

preferred vertical separation distance for cases where the
DFT R1 distance was different (see Supplementary data, Ta-
bles S7–S9). When the same R1 value is considered, we see
better agreement between the M06–2X results and the MP2/
6–31G*(0.25) results for this dimer (see Supplementary
data, Table S9). In comparison, PBE-D/6–31+G(d,p) produ-
ces nearly identical potential-energy surfaces with respect to
a in both shape and magnitude as MP2/6–31G*(0.25). How-
ever, PBE-D/6–31G(d) greatly overestimates the MP2 bind-
ing strength for all a, especially for the A:HIS+ dimer (see
Fig. 5f).

In summary, PBE-D in combination with basis sets that
include diffuse functions yields stacking interactions in ex-
cellent agreement with MP2 for large regions of the PES,
and therefore this is the method of choice for describing
DNA–protein stacking interactions in large-scale modeling.
However, in instances when diffuse functions are prohibited
due to the associated computational expense, PBE-D can
yield acceptable p–p interactions, but can lead to very large

Fig. 5. Interaction energy (kJ mol–1) as a function of vertical separation distance (R1, Å) for the stacked dimers ((a) A:HIS, (b) 3MeA:HIS’,
and (c) A:HIS+) or as a function of angle of rotation (a, 8) for stacked dimers ((d) A:HIS, (e) 3MeA:HIS’, and (f) A:HIS+).
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overestimations, especially in p+–p interactions. In compar-
ison, M06–2X has a very small basis-set dependence and
yields a reasonable description of both the dispersion and
electrostatic components of the stacking interactions for
both neutral and cationic systems. As a result, M06–2X is
an efficient choice for modeling stacking interactions in
large systems that require the use of small basis sets
(without diffuse functions).

T-shaped dimers
In contrast to the discussion of stacked systems, the MP2

potential-energy surfaces with respect to R1 calculated with
aug-cc-pVDZ and 6–31G*(0.25) for T-shaped dimers are
very similar in shape, and the binding strengths are nearly
identical in magnitude (within 3.3 kJ mol–1, Figs. 6a–6c).
M06–2X almost always underestimates the MP2 T-shaped
binding strengths regardless of the basis set used, especially
when interactions with a cationic monomer are considered.
On the contrary, PBE-D generally overestimates the MP2
binding strength for T-shaped dimers, where this overesti-
mation is exaggerated when diffuse functions are omitted
from the basis set (see for example, Figs. 6a and 6c). As dis-
cussed for the stacked dimers, all DFT methods predict a 0.1
Å shorter vertical separation than MP2 for A:HIS(edge) and
3MeA:HIS(edge) T-shaped dimers. However, the R1 values
for A:HIS+(edge) match the MP2 results for all combina-
tions except M06–2X/6–31+G(d,p), which predicts a 0.1 Å
larger vertical separation.

Once again, all methods yield the same general shape for
the curves representing the T-shaped interaction energy as a
function of the angle of rotation (a, Figs. 6d–6f). Further-
more, all other general conclusions discussed for the stack-
ing interactions in regards to the method dependence for
these potential-energy surfaces hold for the T-shaped inter-
actions. However, the effects are more pronounced in the
case of T-shaped contacts. Most significantly, when diffuse
functions are not included in the basis set, PBE-D drastically
overestimates the T-shaped interactions. These results re-
emphasize our previous conclusion that PBE-D/6–31G(d)
should not be used to study p–p T-shaped contacts. M06–
2X, on the other hand, more consistently provides a better
description for a range of p–p and p+–p T-shaped DNA–
protein interactions.

Overall
Detailed consideration of the potential-energy surfaces of

p–p and p+–p stacked and T-shaped dimers as a function
of the vertical separation (R1) and angle of rotation (a) be-
tween nucleobase and amino acid monomers supports our
previous interaction energy analysis. Specifically, PBE-D
with diffuse functions (6–31+G(d,p)) provides a very accu-
rate description of the potential-energy surface of the
stacked dimers. However, the accuracy of this combination
breaks down for T-shaped complexes, where these interac-
tion energies can be drastically overestimated. PBE-D also
has a very large basis-set dependence, and therefore small
basis sets with no diffuse functions should be used in con-
junction with this functional with extreme caution, espe-
cially when T-shaped contacts are considered. Our results
indicate that if the system of interest contains both stacked
and T-shaped arrangements, then M06–2X will provide a

more reliable description of all p–p interactions in the
DNA–protein complex. Nevertheless, users should be aware
that M06–2X generally finds the equilibrium distances to be
0.1 Å closer than other methods, and underestimates the
binding at vertical separation distances larger than the equi-
librium value. Nevertheless, the description of both stacked
and T-shaped interactions with M06–2X looks promising
for geometry optimizations in the intended application of
studying DNA–protein systems with hybrid techniques.
M06–2X has minimal basis-set dependence for both stacked
and T-shaped orientations and therefore can be used in con-
junction with a small basis set to optimize large enzymatic
systems. In fact, our results indicate that there is no advant-
age to including diffuse functions in attempts to improve the
description of M06–2X stacking and T-shaped interactions,
while the computational cost associated with implementing
such basis sets for enzymatic systems is very high.

Conclusions

The present work investigated the performance of a num-
ber of density functional methods, as well as other techni-
ques currently used in hybrid approaches, to identify
currently available method and basis-set combinations that
accurately and efficiently describe the binding strengths and
potential-energy surfaces of p–p stacking and p–p T-
shaped DNA–protein interactions. By benchmarking against
our previously reported 129 nucleobase – amino acid dimer
CCSD(T)/CBS interaction energies,83–85 we conclude that
AMBER is a more appropriate choice for the lower-level
method in hybrid approaches than popular semi-empirical
techniques, and suggest that hybrid techniques that imple-
ment AMBER accurately describe p–p interactions through-
out DNA–protein systems. Additionally, the M06–2X and
PBE-D density functional methods were found to provide
very promising descriptions of our entire 129 nucleobase –
amino acid dimer test set, and therefore may be the best
choice for high-level regions in hybrid approaches for study-
ing enzyme systems that involve nucleobase – amino acid
p–p interactions.

M06–2X and PBE-D, in combination with smaller (6–
31G(d)) and larger (6–31+G(d,p)) double-zeta basis sets,
were further examined to determine which combinations
best-describe an extended portion of the potential-energy
surfaces of three representative stacked and three representa-
tive (amino acid edge) T-shaped dimers. PBE-D with the
larger basis set was found to provide an excellent descrip-
tion of stacking interactions, yet generally overestimates
T-shaped interactions. However, PBE-D has a very strong
basis-set dependence, where the small basis set erroneously
overestimates interaction energies in both neutral and cati-
onic systems, especially for T-shaped contacts. On the other
hand, M06–2X has a small basis set dependence. Indeed,
M06–2X/6–31G(d) was found to provide an excellent de-
scription of both stacked and T-shaped, as well as p–p and
p+–p, DNA–protein interactions. Therefore, we recommend
using PBE-D/6–31+G(d,p) to study nucleobase – amino acid
systems that rely only on stacking interactions. However, if
T-shaped contacts are to be considered and (or) smaller ba-
sis sets must be used, M06–2X/6–31G(d) will provide an
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overall excellent description of the (stacking and T-shaped)
interactions in the entire DNA–protein complex.

The present work is important for our understanding of
how current density functionals describe DNA–protein p–p
interactions in both minimum and nonminimum regions of
the potential-energy surfaces, which is critical information
for our intended future application of modeling enzymatic
reaction pathways using hybrid techniques. Future work
should consider our 129 nucleobase – amino acid bench-
mark data set83–85 when parameterizing new force fields and
new density functionals that even more reliably account for
long-range dispersion interactions. Additionally, future work
should consider how the most promising techniques perform
in a variety of protein and solution environments. We ac-
knowledge that this study only examines the energies and
structure–magnitude relationships in p–p systems, and
therefore future work should also investigate how these

functionals perform for full geometry optimizations, as well
as the kinetics, of DNA–protein systems.

Supplementary data
Supplementary data for this article (uracil – protonated

histidine potential-energy surface scans and higher-level
binding strengths, additional AMBER atom types and pa-
rameters, interaction energy analysis for neutral and cationic
systems, and full potential-energy surface scan data for the
six test dimers) are available on the journal Web site
(canjchem.nrc.ca). Coordinates for all 129 nucleobase –
amino acid dimers are available from the authors upon re-
quest.
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Concerning the conformational preferences of the
2-cyano derivatives of oxane, thiane, and
selenane

Michael H. Benn, Yan Yan Huang, Frank Johannsen, Michael O’Reilly,
Masood Parvez, Arvi Rauk, and Ted Sorensen

Abstract: This paper investigates the origin of the anomalous anomeric effect in merosinigrin, a 2-cyanothiane in which
the cyano group is axial as expected for the anomeric effect, but in which bond distances are opposite to that expected
from the nS?s�C�CN orbital interaction, which underlies the classical anomeric effect. The model compounds, 2-cyano-
oxane, 2-cyanothiane, and 2-cyanoselenane, were synthesized and studied both experimentally and computationally. Both
the thia and selena systems displayed an even higher preference for the axial conformation than the oxa system but also
exhibited the bond length anomalies found previously in merosinigren. Natural bond order (NBO) analysis of the B3LYP/6–
311+G(3df,2p) wave functions of the axial and equatorial forms of the three systems confirmed a weakening of the n?s*
orbital interaction in the O, S, and Se series, and a strengthening of a s–p*(CN) interaction that explains the bond length
reversals observed in the S and Se systems. It also revealed a new mechanism, n?p*, namely, a through-space interaction
between the nonbonded lone pair electrons of the heteroatom and the p* orbital of the cyano group, which selects for the
axial conformation.

Key words: anomeric effect, orbital interactions, computation, conformation, oxane, thiane, selenane.

Résumé : Dans ce travail, on recherche l’origine de l’effet anomère anormal dans la mérosinigrine, un 2-cyanothiane dans
lequel le groupe cyano est axial, tel qu’on pourrait s’y attendre en raison de l’effet anomère, mais dans lequel les lon-
gueurs des liaisons sont à l’inverse de celles attendues sur la base d’une interaction orbitalaire nS?s�C�CN qu’on retrouve
dans l’effet anomère classique. On a synthétisé les composés modèles, 2-cyanooxane, 2-cyanothiane et 2-cyanolélénane et
on les a étudiés tant d’un point de vue expérimental que théorique. Les systèmes thia et séléna présentent tous les deux
une préférence pour la conformation axiale qui est supérieure à celle du système oxa, mais ils présentent aussi les anoma-
lies de longueurs des liaisons qui ont été observées antérieurement dans la mérosinigrène. Une analyse de l’ordre naturel
de liaison (ONL) des fonctions d’onde B3LYP/6–311+G(3d,2p) des formes équatoriales et axiales des trois systèmes
confirme un affaiblissement de l’interaction de l’orbitale n?s* dans les séries O, S et Se et un affermissement de l’inter-
action s–p*(CN) qui explique les inversions des longueurs des liaisons observées dans les systèmes S et Se. Elle met aussi
en évidence un nouveau mécanisme, n?p*, à savoir une interaction à travers l’espace entre la paire d’électrons non liée
de l’hétéroatome et l’orbitale p* du groupe cyano qui choisit la conformation axiale.

Mots-clés : effet anomère, interactions d’orbitales, calculs théoriques, conformation, oxane, thiane, sélénane.

[Traduit par la Rédaction]

Introduction
Some 30 years ago, it was deduced that merosinigrin, a

degradation product of the archetypical potassium allylglu-
cosinolate (sinigrin), possessed the structure 1.1 Although there
was ready base-catalyzed exchange of the proton at C-5 of
the oxathiane ring, the cyano substituent remained in an ax-
ial orientation, an arrangement that recalled the anomeric ef-
fect: the preference for an electronegative substituent at the
anomeric carbon of a pyranose carbohydrate to be axial.2,3
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However, when the structure of merosinigrin was con-
firmed by X-ray spectroscopy,4,5 the S–C(CN) bond length
was found to be longer than the S–C(O) bond (1.823 vs.
1.815 Å),5 i.e., the expected shortening of the S–C(CN)
bond as a result of the n?s* interaction, to which the clas-
sical anomeric effect is normally attributed,2 was not ob-
served.

While the anomeric effect is well-established for
nO?s�CX

2,6–11 and nN?s�CX,6 where X is any electronegative
group, including CN, its importance in the case for the donor
being a second or higher row element, e.g., nS?s�CX, is less
certain.10–12 Cyclohexane derivatives possessing X substitu-
ents adjacent to S also preferentially adopt the C–X axial ori-
entation.13,14 A crystallographic structure determination of one
such system, a 1,3 dithiane, did exhibit the expected shorten-
ing of the S–C bonds, and lengthening of the C2–X bond (X =
diphenylthiophosphinoyl, –P(S)(C6H5)2),15 but a similar sys-
tem did not (X = diphenylphosphinoyl, –P(O)(C6H5)2).14

It is not our intention here to review the vast literature on
anomeric effects and their various interpretations. Rather,
we limit our investigation into the phenomena exhibited by
1, namely, the clear reversal of the lengths of the S–C and
C–C(N) bonds from that expected if an anomeric interaction
were responsible for the axial preference of the CN group.
To remove any effects due to the presence of the oxygen
atoms and the ring fusion in 1, we decided to examine the
conformational preferences of 2-cyanooxane (2-cyanotetra-
hydropyran) (2), 2-cyanothiane (3), and 2-cyanoselenane (4)
(see Scheme 1).

Results and discussions

When we commenced this work, only (±)-2-cyanoterahy-
dropyran (2) had been described and we obtained it from
dihydropyran according to a literature procedure.16 The (±)-2-
cyanothiane (3) and (±)-2-cyanoselenane (4) were prepared,
as outlined in the Scheme 1, by the cyclization of (±)-2,5-
dibromohexanoic acid (5)17,18 with sodium sulfide17,18 or se-
lenide, followed by purification of the heterocyclic carboxylic
acids (6, 7) as their methyl esters (8, 9),17,18 and ammonoly-

sis of these afforded the corresponding amides (10, 11),
which were then dehydrated to yield the target nitriles (3, 4) .

In our initial investigations, examination of 2–4 by NMR
(1H at 200 MHz) indicated that at room temperature, in
CDCl3 solution, all predominately had the cyano substituent
in an axial orientation with the H-2 signals appearing as trip-
lets with J ’ 4 Hz, i.e., as expected for a predominant con-
former with a chair ring and an equatorial hydrogen at C-2
coupled to adjacent axial and equatorial hydrogens at C-3. In
the case of 2-cyanooxane (2), dissolved in CFCl3/acetone-d6
(1:1 v/v), a variable-temperature 1H NMR study revealed
that an equilibrium existed between the axial (2-ax) and the
equatorial conformer (2-eq), in which the NMR signals of
the two conformers were frozen out at 183 K, showing a ra-
tio (Keq/ax) of about 0.37 as judged by the integrals for the
H-2ax (dH 4.14 ppm) and H-2eq (dH 4.68 ppm). However, no
such equilibrium could be detected for the 2-cyanothiane or
2-cyanoselenane, and we set the project aside.

Recently, while decommissioning a laboratory, it was noticed
that the samples of the (±)-2-cyanothiane (3) and (±)-2-cyano-
selenane (4), which had been stored in sealed vials, had
crystallized. X-ray crystallography revealed that in crystal-
line 3 and 4 the cyano group was indeed in the axial orien-
tation (see Table 1). This observation, together with the
advances in instrumental and computational methods in-
duced us to return to the project, i.e., to re-examine the
equilibria between the axial and equatorial conformers of
the 2-cyano heterocycles in solution.

In the interim since our initial work, a variable-temperature
NMR investigation of the conformational preference of (±)-2-
cyanotetrahydropyran (2) in CDCl3/CFCl3 (15:85, v/v) had
been reported.6 Based on the integration of 13C resonances
(155–180 K), and line broadenings of these at higher tem-
peratures (190–220 K), it was deduced that the cyano sub-
stituent preferred an axial orientation, with an equilibrium
constant Keq/ax ranging from 0.20 at 155 K to 0.25 at 200
K. As our old observations were in accord with these results,
we concentrated on re-examining the behaviour of the sul-
fur- and seleno-analogs (3 and 4, respectively), both of
which had subsequently been described by other work-

Scheme 1. Synthesis of the heterocyclic cyanides.
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ers,19,20 albeit without comment on their stereochemical
preferences.

The 400 MHz 1H NMR spectra of (±)-2-cyanothiane (3),
dissolved in CD2Cl2/CFCl3 (~ 1:1 v/v) containing TMS as
an internal standard, were measured over the temperature
range 298–163 K. This revealed line broadening of all the
individual resonances but, unlike 2, there was no clear indi-
cation at even the lowest temperatures of any signals due to

a conformer with an equatorial cyano group. However, over
the same temperature range, the 100 MHz 13C NMR spectra
were more informative: after initial broadening of the reso-
nances corresponding to C-4 and C-6 (a complete assign-
ment of the 13C NMR resonances had been performed via
an INADEQUATE spectrum), already evident at 260 K, the
signals began to resharpen at 210 K, and a second set of res-
onances attributable to the conformer with an equatorial cy-

Table 1. Selected bond lengths (Å) and angles (8) for 3 and 4 from X-ray crystal-
lography.

3-ax 4-ax

Bond lengths
S—C(2) 1.8145(14) Se—C(2) 1.953(4)
S—C(6) 1.8080(15) Se—C(6) 1.937(5)
C(2)—C(3) 1.534(2) C(2)—C(3) 1.536(6)
C(3)—C(4) 1.526(2) C(3)—C(4) 1.522(7)
C(4)—C(5) 1.517(2) C(4)—C(5) 1.530(7)
C(5)—C(6) 1.519(2) C(5)—C(6) 1.515(7)
C(2)—C(7) 1.477(2) C(2)—C(7) 1.465(6)
N—C(7) 1.138(2) N—C(7) 1.137(6)

Bond angles
C(2)–S–C(6) 98.93(7) C(2)–Se–C(6) 95.7(2)
S–C(2)–S–C(3) 112.73(9) C(3)–C(2)–Se 112.4(3)
C(2)–C(3)–C(4) 112.50(11) C(4)–C(3)–C(2) 113.1(4)
C(3)–C(4)–C(5) 113.27(12) C(3)–C(4)–C(5) 114.1(4)
C(4)–C(5)–C(6) 112.51(12) C(4)–C(5)–C(6) 113.6(4)
C(5)–C(6)–S 112.93(10) C(5)–C(6)–Se 113.1(3)
S–C(2)–C(7) 109.55(10) Se–C(2)–C(7) 110.1(3)
N–C(7)–C(2) 178.81(16) N–C(7)–C(2) 178.1(5)

Note: See Supplementary data section.

Fig. 1. MP2/6–311+G(3df,2p) and B3LYP/6–311+G(3df,2p) (in italics) structures of 2, 3, and 4. Numbers indicate distances in Å. Spheres:
C, gray; H, small white; N, blue; O, red; S, yellow; and Se, orange.
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ano group was discernable by 180 K. From the integration
of the spectrum at 170 K, the equilibrium constant (Keq/ax)
at this temperature was estimated to be 0.038 ± 0.005 (DG
= – 4.6 ± 0.2 kJ/mol).

In the corresponding experiments with (±)-2-cyanosele-
nane (4), the 13C resonances for C-4 and C-6 were also ob-
served to undergo marked broadening, becoming noticeable
at 230 K, and with resharpening at 175 K; but unlike the ex-
periences with 2 and 3, no new resonances, which could be
attributed to another conformer, appeared at low tempera-
tures. However, it appeared that, as with 2 and 3, the equili-
brium strongly favoured the conformer with an axial cyano
group.

Why? The linear cyano group is a relatively sterically un-
demanding substituent, as reflected by the equilibrium of
equatorial over axial conformers of cyanocyclohexane
(DG0 = –0.8 kJ/mol, Keq/ax ’ 1.4 at 298 K),21 so even a
small stabilization of the axial conformer by the adjacent-
ring heteroatom would result in this becoming the favoured
0form. The crystallographic data for 3 and 4 reveal that the
length of the bond between S or Se as the heteroatom and
C2, is actually longer than that of the corresponding bond
to C-6 (see Table 1), just as it was in 1. As noted before,
this is contrary to what would be expected if the stabiliza-
tion of the axial cyano conformers were due to an n?s*
stereoelectronic interaction, since a direct effect of this inter-
action is to shorten the bond.

While equivalent crystallographic data for 2 are unavail-
able, several ring-substituted, carbohydrate-derived, deriva-
tives (2,6-anhydroaldonitriles, ‘‘glycopyranosyl cyanides’’)
have been examined,22 and these do show slight shortening
of the ring oxygen–C2 bond as compared with the ring oxy-
gen–C5 bond in accord with the conclusion that in these
cases the polar cyano substituent contributed to a classical
anomeric effect.

To probe the basis of the observed conformational prefer-
ences, we turned to computational investigations (see Exper-
imental for details). The structures of axial and equatorial
conformers of 2, 3, and 4 are shown in Fig. 1 with the com-
puted key structural data at both MP2 and B3LYP level in-
serted. The B3LYP distances are systematically larger by a
small amount than the MP2 values, except for the C–N sep-
arations. The same stereoelectronic effects are reflected in
both sets of numbers. As the MP2 values for the C–S and
C–Se distances are closer to the crystallographic values
(Table 1), reference is made to the MP2 values in the dis-
cussion below. The energetic results are compiled in Table 2.
Complete structural data are available in Supplementary
data. At each level of theory, B3LYP, MP2, or CCSD(T),
the axial conformer was more stable than the equatorial.
The difference is smallest at the B3LYP level and largest at
the MP2 level. The CCSD(T) values were taken as the most
accurate and are used to determine the relative enthalpies at
0 K. Among the three systems, the axial preference was
smallest for the oxa species (2), and largest for the thia spe-
cies (3). Calculated entropies and thermochemical correc-
tions to the enthalpies were used to derive free energies in
the gaseous phase. Temperature at either 173 K or 298 K
has little effect on the relative quantities (the data at 173 K
are listed in Table 2). The absolute free energies of solution
in CCl4 were small (–7.5 ± 0.8 kJ/mol for 2 and 3,T
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and +5.1 ± 0.7 kJ/mol for 4), but systematically favoured the
equatorial isomer by about 1 kJ/mol.

According to orbital interaction theory,23 the electronic
structures and geometric features of 2, 3, and 4 may be
understood in terms of two principal orbital interactions that
vary systematically in the series. These are an n?s* inter-
action and a s?p* interaction as illustrated in Figs. 2a and
2b. The former is usually held responsible for the anomeric
effect in carbohydrate chemistry, i.e., the observed axial
preference of hydroxyl or alkoxy groups at the anomeric
centre. In the present context, the n?s* interaction, or
more specifically, nX?s�C�CN, manifests itself as a preference
for the axial conformer over the equatorial conformer in the
usual chair–chair equilibrium of cyclohexane derivatives. The
s?p* interaction, or more specifically, sC–X?p�CN, is re-
lated to a normal hyperconjugative interaction if one regards
the C atom of the nitrile as having carbocation character. It
is also akin to the normal stabilization of a carbanionic cen-
ter by a nitrile group.

In orbital interaction theory.23 the magnitude of an inter-
action between two orbitals is given by the perturbation
theory expression (eq. [1]):

½1� D3L � h2
AB=ð3A � 3BÞ

where D3L is the amount of lowering of the lower energy
orbital (a measure of stabilization), hAB is the hamiltonian
matrix element for the interaction between the higher orbital
and the lower one, and 3A and 3B are their energies, respec-
tively. The interaction energy hAB is approximately propor-
tional to the overlap between the two orbitals, and since s

bonds are involved, this means p-type overlap between the
sp3 hybrid orbitals at the end(s) of the bonds closest to each
other, as illustrated in Figs. 2a and 2b by the dashed lines.

In the ‘‘anomeric interaction’’, the higher orbital is the
empty s�C�CN and the lower orbital is the occupied orbital
nX, and 3B is the bond energy, which will rise as the electro-
negativity of X decreases. An interaction between an empty
orbital and an occupied one will always be stabilizing, bond-
ing in character, and involve some charge transfer out of the
occupied orbital. The nonbonding orbital nX is a p-type orbi-
tal situated on X and oriented perpendicular to the C–X–C
plane. In the chair conformation of cyclohexane derivatives,
the axial bonds afford better overlap with the adjacent nX
than do the equatorial ones. To the extent that the ‘‘anomeric
interaction’’ is dominant, the C–X bond involved in the con-
former that has the nitrile group in the axial position will be

shortened relative to the other C–X bond or to the same C–
X bond in the equatorial conformer, and the axial conformer
will be favoured in the chair–chair equilibrium. From the
point of view of orbital interaction theory, several conse-
quences ensue as X changes from O to S to Se. The decreas-
ing electronegativity of the chalcogens means that nSe will
be higher in energy than nO, and nS will be between. The
decreasing energy difference in the denominator of eq. [1]
implies an increasing stabilization across the series. Sec-
ondly, the nX orbital changes from 2pO to 3pS to 4pSe. The
increasing quantum number implies an increase in the size
of the n orbital and a greater number of nodes. Both fea-
tures, together with the systematic lengthening of the C–X
bond imply a decrease in the overlap and consequently in
the interaction matrix element hAB. Because the stabilization
D3L depends on the square of hAB, the numerator of the rhs
is expected to dominate and the overall stabilization will de-
crease across the series. In short, the anomeric effect should
be smallest for X = Se and largest for X = O.

In the second interaction, s?p*, the upper orbital is p�CN

and the lower orbital is sC–X. The decreasing electronegativ-
ity of X across the series has two consequences: the energy
of the bond orbital varies in the same way as the energy of
nX, namely, the lowest energy bond is C–O, the highest is
C–Se, and C–S is between. This consequence implies that
the sC–X?p�CN interaction is strongest for X = Se and weak-
est for X = O. The geometric consequences are clear: since
electron density is being removed from the C–X bond, it
will be lengthened relative to the C–X bond that is not in-
volved, and since p-bond character is developing in the C–
CN bond, it will be shortened. However, it is not obvious
from the inspection of models whether one conformer will
be favoured over the other by this interaction, since the ori-
entation of the C–X bond with respect to the CN group ap-
pears to be the same for the axial conformer as for the
equatorial.

The two principal interactions have opposing effects on
the C–X bond, nX?s�C�CN tends to lengthen the bond while
sC–X?p�CN tends to shorten the bond; similarly with the
C–CN bonds, the former interaction lengthens the C–CN
bond while the latter shortens it. In such a case, one must
resort to experiment or computation to ascertain which is
dominant. From the geometric data in Fig. 1, it is evident
that the lengths of the C–O bonds are consistent with domi-
nance of the classical anomeric interaction in 2, and that,
while the effect is stronger in 2-ax as expected, it is also oper-
ative in 2-eq: in 2-ax, the C–O bond to the nitrile-substituted
carbon is shorter than the other C–O bond by 0.016 Å, and
in 2-eq where the anomeric interaction is weaker, the two
C–O bonds differ by 0.011 Å and are intermediate in length.
Similarly, the C–CN bond is longer by 0.015 Å in 2-ax
than in 2-eq. Contrary to the case in 2, in both the S and
Se cases, 3 and 4, respectively, the lengths of the C–X
and C–CN bonds are consistent with dominance of the
sC–X?p�CN interaction. The relative lengths of the correspond-
ing bonds to the heteroatom are reversed, and the C–CN bonds
in both 3 and 4 are shorter than the C–CN bond in 2-ax or
2-eq.

Not resolved by the above considerations is the result that
the energy difference between the axial and equatorial con-
formations of 3 and 4, in which the anomeric interaction is

Fig. 2. Three orbital interactions responsible for geometric changes
and axial preference in 2, 3, and 4. X indicates O, S, or Se. (a) nX–
s�C�CN (the ‘‘anomeric’’ interaction); (b) sC–X–p�CN; and (c) nX–p�CN.
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weaker, is higher than in 2, which has a dominant anomeric
interaction. It should be noted that an alternative explanation
for the anomeric effect that does not depend on orbital inter-
actions has been recently proposed.24 It is supposed that an
attractive interaction between the axial C–H bonds and the
p�CN orbital is responsible for the preference for axial CN
(and other unsaturated groups). This effect would be opera-
tive in all three systems, and probably does contribute to the
net stabilization of the axial conformer of each system.
However, it is unlikely that there will be much of a differ-
ence in the axial preference of one system over another,
since the two C–H���CN distances vary in opposite directions
(see Fig. 1). What then may be the reason for the greater ax-
ial preference of 3 and 4 over 2? NBO analysis provides a
quantitative version of occupied-virtual group orbital inter-
actions and assigns a value in energy units for each. Unlike
orbital interaction theory, in which the most significant in-
teractions are isolated, NBO analysis encompasses all inter-
actions. Often, ‘‘the baby is not seen in the bath water.’’ The
nX?s�C�CN stands out and decreases sharply in the series (in
kJ/mol): 2-ax, 35.0; 3-ax, 20.4; and 4-ax, 14.8. It is not sig-
nificant in the equatorial conformers, (i.e., <2 kJ/mol). On the
other hand, the sC–X?p�CN interaction increases rapidly in the
series and slightly favours the equatorial form (in kJ/mol):
2-ax, 15.1; 2-eq, 17.4; 3-ax, 37.8. 3-eq, 41.8; 4-ax, 47.4;
and 4-eq, 51.0.24c However, perusal of the NBO analysis
for all six systems reveals a third effect, nX?p�CN, illus-
trated in Fig. 2c, that is not significant in 2-eq, 3-eq, and 4-
eq (i.e., <2 kJ/mol) but is of modest strength in the axial
conformers (in kJ/mol): 2-ax, 6.6; 3-ax, 8.0; and 4-ax, 7.6.
It must be this direct through-space interaction of the larger
3p and 4p orbitals with the empty p�CN orbital (3p is illus-
trated in Fig. 2c), and not an ‘‘anomeric effect’’, that is re-
sponsible for the greater relative stability of the axial
conformer in the case of 3 and 4.

Experimental

Unless otherwise specified, 1H and 13C NMR spectra were
recorded on a Bruker Instruments DRX-400 spectrometer of
solutions in CDCl3, with chemical shifts in ppm relative to
solvent signals (dH 7.25, dC 77.0). Melting points were ob-
tained using a Leitz hot-stage microscope and are uncor-
rected.

(±)-2,6-Dibromohexanoic acid (5)
This acid was prepared according to a literature proce-

dure17,18 and obtained as an oil, bp 125–130 8C/0.05 mm
Hg, which crystallized on storage, mp 45–47 8C. 1H NMR
dH (ppm): 11.11 (1H, br s), 4.23 (1H, dd, J = 6.6 and 7.9
Hz) 3.37 (2H, t, J = 6.6 Hz), 2.05 (2H, m), 1.87 (2H, m),
1.85 (1H, m), 1.64 (1H, m). 13C NMR dC (ppm): 175.6 s,
44.8 d, 33.6 t, 32 0.8 t, 31.6 t, 25.7 t.

(±)-Thiane-2-carboxylic acid (6)
This was prepared from (±)-2,6-dibromohexanoic acid (5)

according to Roush et al.18 and obtained as a colourless vis-
cous oil. 1H NMR dH (ppm): 10.50 (1H, v br s), 3.53 (1H,
dd, J = 7.6 and 3.8 Hz), 2.81 (1H, br m), 2.59 (1H, br m),
2.11 (1H, m), 2.01 (1H, m), 1.83 (3H, br m), 1.51 (1H, br

m). 13C NMR dC (ppm): 178.0 s, 42.7 d, 29.3 t, 27.8 t, 26.4
t, 23.6 t. LREIMS m/z: 146 (47), 101 (100).

(±)-2-Carbomethoxythiane (8)
Esterification of the acid (6) was performed as described18

to yield 8 as a colourless oil; bp 95–97 8C/15 mm Hg. 1H
NMR dH (ppm): 3.60 (3H, s), 3.37 (1H, dd, J = 3.5 and 8.2
Hz), 2.62 (1H, m), 2.45 (1H, m), 1.96 (1H, m), 1.78 (3H,
m), 1.63 (1H, m), 1.36 (1H, m). 13C NMR dC (ppm):
172.1 s, 51.9 q, 42.7 d, 29.4 t, 27.7 t, 26.2 t, 23.7 t. LREIMS
m/z: 160 (39), 101 (100).

(±)-Thiane-2-carboxamide (10)
Ammonia gas was bubbled into ice-cooled MeOH

(20 mL) until about 4 g had dissolved. The ester (8)
(5.13 g, 32 mmol) was added to this solution and the reac-
tion mixture was allowed to warm to RT and stirred for 60
h, during which time fine white crystals separated. These
were collected by filtration to afford 10 (1.96 g,
13.5 mmol), mp 163–164 8C. 1H NMR dH (ppm): 6.76 (1H,
br s), 6.08 (1H, br s), 3.66 (1H, dd, J = 3.8 and 6.4 Hz),
2.70 (1H, m), 2.55 (1H, m), 2.25 (1H, m) 1.97 (1H, m),
1.80 (2H, m), 1.64 (1H, m) 1.57 (1H, m). 13C NMR dC
(ppm): 173.7 s, 43.7 d, 28.9 t. 27.9 t, 26.5 t, 23.5 t. LREIMS
m/z: 145 (50), 101 (100). More product (10) was obtained
by evaporation of the mother liquors and recrystallization of
the residue from MeOH (total yield 64%).

(±)-Thiane-2-carbonitrile (3)
The amide (10) (1.7 g, 11.7 mmol) was intimately mixed

with phosphorus pentaoxide (1.7 g, 11.9 mmol) and sub-
jected to dry-distillation according to a literature proce-
dure,25 but under reduced pressure, to afford the nitrile (3)
as a colourless oil; bp 120–130 8C/25 mm Hg, which crys-
tallized on storage at 0 8C, mp 29–30 8C (1.11 g, 8.7 mmol,
74%). FTIR nmax (cm–1): 2233. 1H NMR dH (ppm): 3.60
(1H, t, J = 4.1 Hz, H-2), 2.97 (1H, m, H-6A), 2.58 (1H, m,
H-6B), 2.10 (1H, m, H-3A), 1.97 (2H, m, H-3B, and 5A)
1.76 (3H, m, H4 and 5B). 13C NMR dC (ppm): 119.0 s (C-
7), 30.1 t (C-3), 28.0 d (C-2), 27.0 t (C-6), 26.2 t (C-5), 22.2
t (C-4). Both the 1H and 13C NMR data were similar to the
literature.19,20 In CD2Cl2/CFCl3 (~ 1:1 v/v) with TMS as in-
ternal standard, at 173 K, dC 119.9, 29.5, 28.0, 26 7, 26.4,
and 21.9, with a set of new minor signals due to the equato-
rial conformer at dC 119.5, 31.3, 28.9 25.8, and 25.0 with
relative ratios 1: 0.038 ± 0.005. LREIMS m/z: 127.

(±)-Selenane-2-carboxylic acid (7)
Mp 71–72 8C (lit.26 mp 69–70 8C). 1H NMR dH (ppm):

11.40 (1H, brs), 3.66 (1H, dd, J = 3.7 and 9.0 Hz, H-2),
2.85 (1H, m), 2.73 (1H, m), 2.13 (1H, m), 2.07–1.77 (4H,
m). 1.46 (1H, m). 13C NMR dC (ppm): 179.6 s, 32.9 d, 29.1
t, 26.8 t, 20.6 t, cf. 1H and 13C NMR data for 7 in D2O.26

(±)-2-Carbomethoxyselenane (9)
Esterification of the acid (7), as for the thia-analogue, af-

forded 9 as a colourless oil. 1H NMR dH (ppm): 3.68 (3H,
s), 3.64 (1H, dd, J = 3.4 and 8.7 Hz), 2.73 (2H, m), 2.11
(1H, m), 1.96 (3H, m), 1.83 (1H, m), 1.40 (1H, m). 13C
NMR dC (ppm): 173.3 s, 52.1 q, 33.4 d, 29.6 t, 26.9 t, 20.6
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t. Both the 1H and 13C NMR data were similar to the litera-
ture.19

(±)-Selenane-2-carboxamide (11)
Ammonolysis of the ester, as for the preparation of the

thia-analogue, afforded (11) as colourless needles,
mp 170.5–171.5 8C in 68% yield. FTIR nmax (cm–1): 1644.
1H NMR dH (ppm): 6.38 (1H, br, NH), 5.78 (1H, br, NH),
3.58 (1H, dd, J = 3.6 and 7.8 Hz, H-2), 2.75 (2H, m), 2.21
(1H, m), 2.11 (1H, m), 1.93 (2H, m), 1.78 (1H, m), 1.50
(1H, m). 13C NMR dC (ppm): 174.3 s, 36.1 d, 29.9 t, 27. 0
t, 25.1 t, 20.9 t. LREIMS m/z: 195 (9), 193 (60), 191 (32),
190 (7), 189 (9) (M+ with Se82, Se80, Se78, Se77, and Se76),
149 (85), 147 (50), 112 (100)

(±)-Selenane-2-carbonitrile (5)
Dehydration of the amide (11) was performed as for the

thia-analogue to afford the nitrile (5) as a colourless oil
(67%), which crystallized on storage at 0 8C, mp 31–32 8C.
FTIR nmax (cm–1): 2235. 1H NMR dH (ppm): 3.45 (1H, t, J =
4.3 Hz, H-2), 3.06 (1H, m, H-6A), 2.7 (1H, m, H-6B), 2.16
(1H, m, H-3A), 2.06 (2H, m, H-3B and H-5A), 1.78 (3H, br
m, H-4 and 5B). 13C NMR dC (ppm): 120.0 s (C-7), 30.1 t
(C-3), 26.6 t (C-5), 23.2 t (C-4), 20.1 t (C-6). 14.9 d.(C-2).
Both the 1H and 13C NMR data were similar to the litera-
ture.19 LREIMS m/z: 177 (15), 175 (100), 173 (43), 172
(20), 171 (15) (M+ with Se82, Se80, Se78, Se77, and Se76).

Computational methods
Calculations have been performed using the Gaussian 03

suite of electronic structure codes.27 All optimizations were
performed in vacuo without using geometry or symmetry
constraints using the B3LYP hybrid functional method28

and second-order Møller–Plesset methodology (MP2) and
the large 6–311+G(3df,2p) basis set. For all species, har-
monic frequency analysis was performed at the B3LYP/6–
311+G(3df,2p) level. The harmonic frequency data were
used to obtain zero-point energies, entropies, and thermal
corrections to enthalpies, for each structure. The zero-point
energies were scaled by 0.9806.29 Single-point energies
were calculated by applying CCSD(T)/6–311+G(2df,2p)
methodology to the optimized geometries at the MP2/6–
311+G(3df,2p) level. These energies were used to provide
more accurate relative enthalpies at 0 K. The IEF-PCM im-
plicit solvation model30 was used to estimate the effect of
solution in the non-polar solvent used in the NMR experi-
ments. A bulk dielectric constant of 3 = 2.228 (CCl4) was
assumed. Free-energy differences and axial/equatorial ratios
were evaluated at two temperatures, 298 K and 173 K. The
latter is approximately the lowest temperature reached in the
NMR experiments. To assist in the analysis of electronic
effects on the conformational equilibrium, natural bond or-
der (NBO) analysis31 was carried out on the B3LYP/6–
311+G(3df,2p) wave function.

Supplementary data
Supplementary data for this article are available on the

journal Web site (canjchem.nrc.ca). CCDCs 755346 (3) and
755347 (4) contain the X-ray data in CIF format for this
manuscript. These data can be obtained, free of charge, via

www.ccdc.cam.ac.uk/conts/retrieving.html (Or from the
Cambridge Crystallographic Data Centre, 12 Union Road,
Cambridge CB2 1EZ, UK; fax +44 1223 336033; or
deposit@ccdc.cam.ac.uk).
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Nonequilibrium solvent effects in reaction
kinetics —— Steady-state solutions for the
Agmon––Hopfield two-dimensional stochastic model

Paul Dance, Essex Edwards, Tsutomu Asano, Michael V. Basilevsky, and
Noham Weinberg

Abstract: We propose an approximate localized-sink approach to the solution of the Agmon–Hopfield two-dimensional
stochastic model for reactions in viscous media. The approach yields simple expressions for the sink location and the reac-
tion rate constant, easy to use in the analysis of experimental data, and allows an intuitive phenomenological interpretation
of the overall process in terms of a two-step kinetic scheme.

Key words: nonequilibrium solvation, dynamic effect of solvent, reactions in viscous media, Kramers theory, Agmon–Hopfield
model, localized sink.

Résumé : On propose une approximation à l’approche du piège localisé comme solution au modèle stochastique bidimen-
sionnel d’Agmon–Hopfield pour les réactions en milieux visqueux. Cette approche conduit à des expressions simples pour
la localisation du piège et elle permet de faire une interprétation phénoménologique intuitive du processus global en termes
d’un schéma cinétique en deux temps.

Mots-clés : solvatation non équilibrée, effet dynamique du solvant, réactions dans des milieux visqueux, théorie de Kramers,
modèle d’Agmon–Hopfield, piège localisé.

[Traduit par la Rédaction]

Introduction
Nonequilibrium solvent effects can be expected and are

observed1 when characteristic times of chemical reactions
are shorter than those of the solvent reorganization, as is
the case for viscous solvents or fast reactions, where a sol-
vent is too slow to properly adjust to the evolution of the
reaction system. Although molecular dynamics and Monte
Carlo simulations have increasingly become the tool of
choice in studying dynamic effects of solvent on reactions
and relaxation processes in solute,2 in the foreseeable future,
they will likely remain limited to relatively simple and fast
solute systems. Much less computer-demanding stochastic
models3 will therefore continue to serve as a valuable instru-
ment in describing reaction kinetics in more complex cases.

Most stochastic models follow the premise of the pioneering
approach by Kramers,4 further improved by Grote and Hynes5

and Weidenmuller and Zhang,6 in treating solvent–solute sys-
tem as a fully synchronized quasi-one-dimensional dynamic
object bound to undergo reaction transformations only by
passing the transition-state region along a viscous reaction

coordinate. An alternative model formulated by Agmon and
Hopfield7 treats it as a quasi-two-dimensional desynchron-
ized system with independent reaction and solvent coordi-
nates. It has been shown by Berezhkovskii and Zitserman
(BZ)8 that both of these cases obtain from the multi-dimen-
sional Kramers problem and correspond to different topogra-
phy of the potential energy surface (PES). Our recent
calculations of such PESs in solvent–solute coordinates9

confirmed that, depending on the strength of the solvent–sol-
ute interactions, their topography can be either of the
Kramers–Grote–Hynes (KGH) type with reactant and prod-
uct valleys arranged sequentially and thus imposing strong
correlation between the reaction and solvent coordinates
(Fig. 1a) or of the Agmon–Hopfield (AH) type with the par-
allel arrangement of these valleys allowing barrier crossing by
reaction system at various configurations of solvent (Fig. 1b).

In this paper, we limit ourselves to discussing solutions of
the AH model, in which the overall reaction is described by
an ensemble of partial reactions taking place along the sol-
ute reaction coordinate x at various solvent configurations y.
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In the case of a single-exponential decay, the overall rate
constant k can then be found as an ensemble average

½1� k ¼
R
gðyÞPðyÞdy

of the rate constants g ( y) of partial reactions, which in the
simplest case are described by Arrhenius-type equation

½2� gðyÞ ¼ nexp
�
�bEðyÞ

�

with constant frequency factor n and solvent-configuration-
dependent activation energy E(y). The ‘‘slow’’ solvent is de-
scribed by the normalized probability distribution P(y) that
satisfies the diffusion equation

½3� D
@2P

@y2
þ bD

dV

dy

@P

@y
þ bD

d2V

dy2
� g þ k

� �
P ¼ 0

with diffusion constant D in potential V(y) that represents a
one-dimensional energy profile of the PES along the bottom
of the reactant valley (Fig. 1b, line RS–RS*–RS{). Activa-
tion energy E(y) is the difference between V(y) and the one-
dimensional energy profile U(y) along the ridge separating
the reactant and product valleys (Fig. 1b, line TS*–TS):
E(y) = U(y) – V(y).

If the reaction is relatively slow, terms g and k in eq. [3]
can be neglected, and the equation can be solved to
give equilibrium distribution function PeðyÞ ¼ feðyÞ=kfek,
feðyÞ ¼ exp ð�bVðyÞÞ; kf ek ¼

R
feðyÞdy

��
, which, substituted

in eq. [1], gives transition-state-theory (TST) rate constant

ke ¼
n
R

exp ½�bUðyÞ�dyR
exp ½�bVðyÞ�dy

which in harmonic approximation

½4�
bVðyÞ ¼ 3y2

bUðyÞ ¼ u0 þ r3ð1� yÞ2

8<
:

simplifies to

½5� ke ¼ nr�1=2exp ð�u0Þ ¼ r�1=2gð1Þexp ð�3Þ

The solvent coordinate y is scaled such that y = 0 for the
reactant minimum RS and y = 1 for the transition state TS.
Parameter 3 ¼ bVð1Þ is the solvent reorganization energy in
the reactant state; and r is the ratio of the force constants of
the ridge profile U(y) and the reactant valley profile V(y):
r ¼ U 0ð1Þ=V 0 ð0Þ.

Numerical solutions of eq. [3]10–12 show a significant var-
iation (several orders of magnitude) for the ratio k/ke of the
overall rate constant k to its equilibrium value ke with pa-
rameters of the model 3, r, and ke/u . The latter character-
izes the anisotropy of characteristic times of reaction and
solvent and is measured by the ratio of reaction ‘‘frequency’’
ke in the absence of dynamic effects of solvent to the char-
acteristic frequency of solvent u ¼ 23D.

BZ8 were first to point out that g (y) is negligible at small
0 < y < �y but dominates eq. [3] at y exceeding the threshold
�y determined as the largest of the three roots of the equation

bD

2

dV

dy

� �2

� d2V

dy2

" #
¼ gðyÞ

Nonequilibrium solvent effects arise when y < 1, and in
the high viscosity limit, the overall rate constant is practi-
cally determined by the mean first passage time (MFPT) to
point RS* with y ¼ y 8

½6� k � kMFPT ¼ bD
d2V

dy2

� �

y¼0

ffiffiffiffiffiffiffiffiffiffiffiffi
bVðyÞ
p

r
exp ð�bVðyÞÞ

thus effectively localizing exponential sink g ( y) to a d-
function centered at y ¼ y. BZ and co-workers also used per-
turbation theory to obtain interpolating solutions for the case

Fig. 1. Two-dimensional potential energy surface (PES) in solvent–
solute coordinates: (a) KGH type for strong solvent–solute interac-
tion; and (b) AH type for weak solvent–solute interaction. The re-
actant and product valleys are located in the lower left and upper
right corners of the PES, respectively. TS is the true saddle point of
the PES; RS and PS are reactant and product minima. RS–RS*–
RS{ is the bottom of the reactant valley; TS*–TS is the ridge se-
parating the reactant and product valleys.
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of intermediate viscosities.12 A solution of eq. [3] similar to
eq. [6] has also been reported by Sebastian13 for a parabolic
potential V(y) and a d-function sink, although no recipe was
given for the determination of the sink location y.

The purpose of this work is to obtain a simple approxi-
mate solution of eq. [3] suitable for the quantitative interpre-
tation of high pressure kinetics of thermal isomerization
reactions in viscous media14. For this, we use the idea of a
sliding localized sink, although in a somewhat different con-
text than BZ, and give it a simple intuitive interpretation in
terms of a two-step kinetic scheme. We then compare the
values of the rate constants and sink locations obtained
from the approximate and exact numerical solutions.

Exact numerical solutions

The degree of deviation of a nonequilibrium distribution
function f(y) from the equilibrium distribution function fe(y)
can be conveniently described by their ratio 4(y) = f(y)/fe(y).
In accordance with eq. [3], 4(y) must obey equation

½7� D
@24

@y2
� bD

dV

dy

@4

@y
þ ðk � gÞ4 ¼ 0

or, in harmonic approximation (eq. [4]), equation

½8� @24

@y2
� 23y

@4

@y
þ 23

ke

u

k

ke

� g

ke

� �
4 ¼ 0

According to eqs. [2] and [5],

½9� gðyÞ
ke

¼
ffiffiffi
r

p
exp½�r3ðy� 1Þ2 þ 3y2�

i.e., for r > 1, g(y)/ke is a Gaussian function that reaches its
maximum value of

ffiffiffi
r

p
exp½3r=ðr� 1Þ� at y = r/(r – 1). For

r = 1, it degenerates into a simple exponent g(y)/ke = ex-
p[3(2y – 1)].

Typical examples of exact numerical solutions of eq. [8]
obtained by its direct integration15 for a range of parameters
r, 3, and log ke/u are shown in Fig. 2. As expected, for rel-
atively slow reactions (log k e /u < –5), the values of 4(y) are

Fig. 2. Exact numerical solutions 4(y) of eq. [7] for r = 1.5 and log ke/u from –8 to –1: (a) 3 = 5; (b) 3 = 10.
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close to unity up to y = 1 (TS), and thus k & ke. As reaction
becomes faster or solvent slower, 4(y) departs from its equi-
librium value of 1 quite significantly. However, even in the
most nonequilibrium cases, 4(y) is reasonably close to 1 for
y < 0.6, i.e., the equilibrium is not perturbed at the bottom
of the reactant well, where the bulk reactant resides, since
both f(y) and fe(y) exponentially decay with y. It can there-
fore be expected that the norms kfkand kfek are approxi-
mately equal and 4(y) & P(y)/Pe(y). Accordingly,

½10� k

ke

¼
R

FðyÞdy

FðyÞ ¼ gðyÞ
ke

PeðyÞ4ðyÞ

Approximate solution: localized sink model
As a product of an exponentially increasing function g(y)/ke

and an exponentially decreasing function P(y), the integrand
F(y) of eq. [10] is bell-shaped, although somewhat skewed
from a perfect Gaussian curve (Fig. 3).

The dominant contribution to the integral of eq. [10]
comes therefore from the close vicinity of the maximum of
its integrand F(y), point y*, and thus the sink of eq. [8] is
effectively localized at y*. As solvent viscosity increases,
y* slides towards the bottom of the reactant well. Since
only a close vicinity of point y* gives notable contribution
to the integral of eq. [10], the value of k/ke can be approxi-
mated by Gaussian integral:16

k

ke

�
Z
FðyÞdy �

Z
Fðy�Þexp �Aðy� y

�Þ2
2

� �
dy

¼
ffiffiffiffiffiffi
2p

A

r
Fðy�Þ

Fig. 3. Integrand of eq. [10] and its Gaussian approxiamtion for r = 1.5 and 3 = 10: (a) log ke/u = –2; (b) log ke/u = –1 (note the difference
in the scales for the vertical axes in the two cases).
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In harmonic approximation

FðyÞ ¼
ffiffiffiffiffi
r3

p

r
exp½�r3ðy� 1Þ2�4ðyÞ

and

A ¼ � d2lnF

dy

� �

y¼y�
¼ 2r3þ B0ðy�Þ

where

½11� BðyÞ ¼ � dln4

dy

� �
; B0ðyÞ ¼ � dB

dy

� �

thus giving

½12� k

ke

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1

1þ
�

B0ðy�Þ=2r3
�

vuut 4ðy�Þexp½�r3ðy� � 1Þ2�

Solution in quadratures
To apply eq. [12] one needs to know the sink location y*

as well as the value of function 4 and its second logarithmic
derivative B’ at this point. The value of y* can be deter-
mined from the stationary-point condition

½13� 0 ¼ � dlnF

dy

� �

y¼y�
¼ 2r3ðy� � 1Þ þ Bðy�Þ

if B(y) is known.
According to eq. [11], 40 ¼ �B4 and 40 ¼ ðB2 � B0Þ4,

which, substituted into eq. [8], gives

Fig. 4. Comparison of the first three terms of eq. [14] for r = 1.5 and 3 = 10: (a) log ke/u = –2 (y* = 0.79); (b) log ke/u = –1 (y* = 0.71).
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½14� B2 � B0 þ 23yBþ 23
ke

u

k

ke

� g

ke

� �
¼ 0

In the vicinity of y*, k << g and thus can be neglected. In
addition, as can be seen from Fig. 4 where the first three
terms of eq. [14] are compared, B’ can also be neglected
compared to B2 and 23yB, thus transforming differential eq.
[14] into quadratic equation

½15� B2 þ 23yB� 23
ke

u

g

ke

¼ 0

Combined with condition of eq. [13], it converts into the
following transcendental equation for y*:

½16� 2r23ðy� � 1Þ2 � 2r3y�ðy� � 1Þ � ke

u

gðy�Þ
ke

¼ 0

The values of y* obtained from eq. [16] for various com-
binations of parameters r, 3, and ke/u are compared to the
exact numerical solutions in Fig. 5. For r = 1.5, the devia-
tions of the approximate y* from the exact values do not ex-
ceed 7% and average to 2%. The results are somewhat better
for r = 4.0, giving the maximum and average deviations of
6% and 1%, respectively.

Equation [15] can be resolved for B(y) to give

½17� BðyÞ ¼ �3y

þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
32y2 þ 23

ffiffiffi
r

p ke

u
exp �r3ðy� 1Þ2 þ 3y2

� �r

from which 4(y*) can be found by integration

½18� ln4ðy�Þ ¼
Zy�

0

BðyÞdy

It can then be substituted in eq. [12] to obtain k/ke. This,
however, leaves the answer in quadratures. To avoid that,
we will try to find a simpler expression for 4(y) based on
the analysis of its properties.

Stepwise approximation for 4(y)

Function 4(y) quickly changes from 1 to 0 near point y*
because of the exponential rise of the sink g(y). It can there-
fore be presented as

½19� 4ðyÞ ¼ xðyÞ
xðyÞ þ gðyÞ

where x(y) >> g (y) for y < y* and x(y) << g (y) for y > y*.
Accordingly, its logarithmic derivative (eq. [11]) takes the
form of

BðyÞ ¼ x0ðyÞ þ g 0ðyÞ
xðyÞ þ gðyÞ �

x0ðyÞ
xðyÞ

The values of x(y*) obtained from the exact numerical
4(y) by reversal of eq. [19] are close to r1=2u (Fig. 6a). It
also appears that functions x(y) are stationary in the vicinity
of y*: x’(y*) & 0. (Fig. 6b). The values of 4(y*) and B(y*)
can therefore be approximated as

½20� 4ðy�Þ � r1=2u

r1=2uþ gðy�Þ

and

½21� Bðy�Þ � g 0ðy�Þ
r1=2uþ gðy�Þ

Substituted in eqs. [12] and [13] on the assumption that

Fig. 5. Comparison between the exact and approximate values of
y* (eq. [16]) for 3 from 5 to 40 and log ke/u from –8 to –1: (a) r =
1.5; (b) r = 4.0. The diagonal solid lines represent the ideal case of
a perfect fit.
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B0ðy�Þ � 2r3, they give eq. [22] for the relative value of the
rate constant

½22� k

ke

� r1=2u

r1=2uþ gðy�Þ exp½�r3ðy� � 1Þ2�

and eq. [23] for the location of the sink y* as the point of
maximum of function lnF(y)

½23� 2r3ðy� � 1Þ þ g 0ðy�Þ
r1=2uþ gðy�Þ ¼ 0

Alternatively, y* can be found as the point of minimum of
the reciprocal function 1/F(y):

½24� 1

FðyÞ ¼
ke

gðyÞPeðyÞ
þ ke

r1=2uPeðyÞ
defined by the stationary condition

�
1=FðyÞ

�0
¼ 0.

The high viscosity limit
Equation [24] function represents the sum of two expo-

nential terms, the first of which is a decreasing function of
y and the second is an increasing function of y for
0 £ y £ 1. In the high viscosity limit, these terms are com-
parable in the vicinity of y*, and the exact condition�

1=FðyÞ
�0
¼ 0 can be replaced by an approximate condition

of the equality of the two exponential terms:

½25� r1=2ke

gðy�Þ ¼
ke

u

which, by virtue of eq. [9], simplifies to the quadratic equa-
tion

½26� r3ðy� � 1Þ2 � 3ðy�Þ2 � ln
ke

u
¼ 0

Fig. 6. Properties of functions x(y): (a) correlation between their maximum values and the values of r1=2u; (b) correlation between locations
of their stationary points and the values of y*. The data points are for 3 from 5 to 40, log ke/u from –8 to –1, and r = 1.5 and 4.0.
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and, in accordance with eq. [18], it gives

½27� ke

k
ffi 2

ke

u
exp½3ðy�Þ2� ¼ 2exp½r3ðy� � 1Þ2�

Approximate analytical solutions given by eq. [27]/eq. [26]
are compared to the exact numerical solutions in Fig. 7 and
demonstrate a good fit.

The low viscosity limit
The validity of eqs. [25–27] is limited to nonequilibrium

high viscosity cases, for which the right-hand side of
eq. [24] contains comparable exponential terms. For suffi-
ciently slow reactions in reasonably nonviscous solvents,
parameter ke/u is very small, and eq. [25] no longer accu-
rately estimates the location y* of the true minimum of
function 1/F(y). The full equation ð1=FðyÞÞ0 ¼ 0 needs to be
used instead.

When the second term of 1/F(y) in eq. [24] is negligible
compared with the first term owing to the smallness of ke/u,
eqs. [22] and [24] transform into eqs. [28] and [29], respec-
tively:

½28� k

ke

ffi exp½�r3ðy� � 1Þ2�

½29� 1

FðyÞ �
ke

gðyÞPeðyÞ
¼ r�1=2exp½r3ðy� 1Þ2�

Equation [29] function has a minimum at y* = 1, under
which condition eq. [28] gives k = ke. Thus, eqs. [22] and
[24] demonstrate proper asymptotic behavior at low viscos-
ities.

As solvent viscosity increases, so does the value of pa-
rameter ke/u. As a borderline case between equilibrium
(TST) and nonequilibrium kinetics, we can consider a situa-
tion where y* is still close to 1 (as in the TST case), but the
second term in eq. [24] becomes comparable to the first
term, thus validating nonequilibrium eq. [27]. Combination
of these conditions leads to eq. [30]

½30� ln
ke

u
þ 3 ffi 0

that defines the boundary of the equilibrium kinetics. In ac-
cordance with eq. [27], this corresponds to the condition
k/ke = 0.5. The line of k/ke = 0.5, obtained from the numer-
ical solutions of eq. [3] for r ranging from 1.0 to 4.0, is
shown in Fig. 8. It demonstrates a linear relationship be-
tween 3 and ln(ke/u) with a slope close to –1 independent
of r, as predicted by eq. [30].

Phenomenological interpretation
Despite its extreme simplicity, the solution of eqs. [26]

and [27] approximates the exact numerical solutions of
eq. [3] remarkably well. This makes it a useful alternative
to the latter, especially in the context of the analysis of nu-
merical results or experimental data. The following two-
step-kinetics scheme14 offers a simple phenomenological
interpretation of eqs. [22] and [25] underlying this solution

½31� R!k1
Z� !k2

P

R k�1
Z�

According to this scheme, the reactant R converts reversi-
bly into a transient intermediate Z*, which then transforms
irreversibly into product P. The scheme is similar to the
one used in early formulations of the TST17 with the excep-
tion that the transient species Z* in it represents the sink
(i.e., the reactant solvated by the solvent in configuration y
= y*; Fig. 1b, point RS*) rather than the TS. The position
of Z* on the PES and hence the values of the step rate con-
stants k1, k–1, and k2 depend on y*. In the steady-state ap-
proximation, the rate constant of the overall process
described by eq. [31] is

½32� k ¼ k1ðy�Þk2ðy�Þ
k�1ðy�Þ þ k2ðy�Þ

which, by virtue of eq. [9], matches eq. [22] if k2 = g(y*),
k�1 ¼ r1=2u, and k1 ¼ uexp½�3ðy�Þ2�.

The average rate constant k given by eq. [1] can be seen
as a composition of partial rate constants k(y) associated
with a quasi-continuum of parallel two-step processes, simi-
lar to eq. [31], but with variable sink states Z(y) spread
along the solvent coordinate y. Equation [25] condition iden-
tifies Z* = Z(y*) as a point for which k–1 = k2. For y exceed-

Fig. 7. Comparison between the exact and approximate values of k/
ke (eq. [27]/eq. [26]) for 3 from 5 to 40 and log ke/u from –8 to –1:
(a) r = 1.5; (b) r = 4.0.
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ing y*, k–1 << k2 and the partial rate constant
kðyÞ ¼ k1ðyÞ ¼ uexp½�3y2�, which is exponentially less than
kðy�Þ ¼ ðu=2Þexp½�3ðy�Þ2�. For y preceding y*, k–1 >> k2

and kðyÞ ¼ r�1=2k2ðyÞexp½�3y2� ¼ keexp½�r3ðy� 1Þ2� is again
exponentially smaller than kðy�Þ ¼ ðke=2Þexp½�r3ðy� � 1Þ2�.
Equation [25] condition thus defines the optimum sink Z*
that gives the dominant contribution k(y*) to the overall
rate constant k, i.e., it identifies the localized sink. As the
viscosity of the solvent increases, the rates k1 and k–1 of
the diffusion step decrease, and the localized sink Z* slides
towards the bottom of the reactant valley (i.e., y* gets
smaller) to maintain the optimum condition k–1 = k2.
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Theoretical analysis of the (HNO)2, (HNO���HNS),
and (HNS)2 dimers — A case of red and blue shifts
of N–H stretching frequency

Nguyen Tien Trung, Tran Thanh Hue, and Minh Tho Nguyen

Abstract: The hydrogen-bonded interactions in the simple (HNZ)2 dimers, with Z = O and S, were investigated using
quantum chemical calculations with the second-order Møller–Plesset perturbation (MP2), coupled-cluster with single, dou-
ble (CCSD), and triple excitations (CCSD(T)) methods in conjunction with the 6-311++G(2d,2p), aug-cc-pVDZ, and aug-
cc-pVTZ basis sets. Six-membered cyclic structures were found to be stable complexes for the dimers (HNO)2, (HNS)2,
and (HNO–HNS). The pair (HNS)2 has the largest complexation energy (–11 kJ/mol), and (HNO)2 the smallest one
(–9 kJ/mol). A bond length contraction and a frequency blue shift of the N–H bond simultaneously occur upon hydrogen
bond formation of the N–H���S type, which has rarely been observed before. The stronger the intramolecular hyperconjuga-
tion and the lower the polarization of the X–H bond involved as proton donor in the hydrogen bond, the more predominant
is the formation of a blue-shifting hydrogen bond.

Key words: blue-shifting hydrogen bond, hyperconjugative interaction, rehybridization.

Résumé : On a effectué des calculs de chimie quantique à l’aide des méthodes MP2, CCSD, CCSD(T) en association
avec des ensembles de bases 6-311+++G(2d,2p), aug-cc-pVDZ et aug-cc-pVTZ, pour étudier les interactions par liaisons
hydrogènes dans des dimères simples (HNZ)2 dans lesquels Z = O et S. On a trouvé que des structures cycliques à six
chaı̂nons sont des complexes stables pour les dimères (HNO)2, (HNS)2 et (HNO–HNS). La paire (HNS)2 donne lieu à
l’énergie de complexation la plus élevée (–11 kJ/mol) alors que celle de la (HNO)2 donne lieu à l’énergie de complexation
la plus faible (–9 kJ/mol). On observe une contraction de la longueur de liaison et un déplacement vers le bleu pour la liai-
son N–H qui accompagne la formation de la liaison hydrogène de type N–H���S, ce qui n’a été observé que rarement anté-
rieurement. Une hyperconjugaison intramoléculaire est forte et une polarisation de la liaison X–H impliquée comme
donneur de proton dans la liaison hydrogène faible favorisent la formation prédominante d’une liaison hydrogène avec dé-
placement vers le bleu.

Mots-clés : liaison hydrogène avec déplacement vers le bleu, interaction par hyperconjugaison, réhybridisation.

[Traduit par la Rédaction]

Introduction

A hydrogen bond of type X–H���Y plays an important role
in many fields of chemistry and biochemistry as they deter-
mine the structures and properties of liquids, molecular crys-
tals, and biological molecules.1–3 A characteristic feature of
hydrogen bond formation is a X–H bond lengthening with a
concomitant red shift of the X–H stretching frequency. The
origin of X–H bond lengthening and associated effects in a
conventional hydrogen bond is well-understood. This is a
combined effect of the electrostatic and hyperconjugative in-
teractions, which stabilize the forming complex.4 However,
a large number of experimental and theoretical studies have
reported in recent years the existence of a new phenomenon,

in which formation of a hydrogen bond results in a shortened
X–H bond length, and a blue-shifted stretching frequency.5–16

Accompanying such a frequency shift, a decrease in infrared
intensity is usually predicted, even though this is not always
observed. Initially, the latter complex was named ‘‘anti-
hydrogen bond’’,17 but after vigorous discussion for a long
time, the name ‘‘blue-shifting hydrogen bond’’ has been put
forward.17 There are, however, different opinions about the
origin of blue shifting and red shifting in hydrogen bonds,
and the origin of the blue-shifting hydrogen bond especially
remains a matter of debate. A number of hypotheses and
models have indeed been proposed to explain the different
origin of the two kinds of hydrogen bonds.6–14,18–22 How-
ever, no general explanation has been successfully applied
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to all hydrogen-bonded complexes that possess the blue-
shifting phenomenon.

Among the available rationalizations for the blue-shifting
hydrogen bonds, five schemes have attracted more attention.
Let us briefly summarize their arguments: (i) The first ex-
planation suggests a two-step mechanism in which electron
density from Y is mainly transferred to remote atoms linked
to X rather than to the s*(X–H) orbital, and the contraction
of the X–H bond is a result of structural reorganization of
the proton donor framework.6,7,14 (ii) The second model at-
tributes the X–H bond length shortening to the short-range
repulsive forces faced by H in the complex while attempting
stabilization.13,19,20 (iii) The main argument in the third
scheme is that since an electric field is found following con-
traction of the X–H bond, the observed shortening is partly
assigned to the effect of the electric field of Y.13,21,22 (iv)
The fourth explanation is based on two main factors acting
in opposite directions, which are the s-character percentage
of the X atom and the polarization of the X–H bond on one
side and the intermolecular hyperconjugative interaction
from n(Y) lone pair to the s*(X–H) orbital on another side.
When the hyperconjugative interaction dominates, the X–H
bond is elongated. Reversely, the X–H bond is contracted
when an increase in the s-character of the X atom and the
polarization of the X–H bond overcoming the weakly hyper-
conjugative interaction is obtained.8–11 (v) Finally, the fifth
scheme proposes that a transfer of electron density available
at the right-hand side of the H atom involved in the X–H���Y
hydrogen bond to the X–H bond, due to presence of Y, ac-
tually leads to a contraction of the X–H bond and an in-
crease in its stretching frequency.12 In general, each of the
schemes mentioned above has its specific advantages and re-
strictions. These hypotheses rationalize the phenomenon
considered on the basis of dimer properties, that is when
the hydrogen-bonded complex is already formed. Another
approach is to start with the inherent properties of the iso-
lated monomer, in particular, the proton donor, to under-
stand the dimer property. The monomer properties include
the deprotonation enthalpy of the X–H bond, s-character of
the X atom, electron density in the s*(X–H) orbital, and in-
tramolecular interaction. We have recently reported some re-
markable results along this direction.23,24

While numerous studies have been devoted to the C–H
bond as proton donor, the blue-shifting phenomenon with
N–H proton donor is less known, due to its large polariza-
tion. A few cases have recently been observed showing con-
traction and blue shift of a N–H bond in the N–H���O
complexes.23–30 Besides, N–H bond length shortening and
frequency blue shift were also observed in some dihydrogen
bond complexes.31–33 Earlier, Hobza34 and Li et al.19 pre-
dicted a shift to blue of the N–H stretching frequency of
type N–H���F-H at the MP2 level of calculations. However,
Lu et al.35 found years later an opposite trend of a red shift
of the N–H stretching frequency for N–H���F-H complexes
using density functional theory (DFT) computations. In an
earlier study, Peters36 reported on the formation of a hydro-
gen bond in the (HNO)2 dimer, but did not pay much atten-
tion to the characteristic blue-shifting hydrogen bond. Liu et
al.26 recently examined the latter dimer in more detail.

We reported for the first time on the N–H blue shift in
N–H���S complexes.24 In the present theoretical study, we fo-

cus on the intrinsic characteristics of isolated monomers in
an attempt to probe the origin of structural changes, rather
than on those of the dimers. In addition, it is also established
that both HNO and HNS molecules containing a N–H bond
can act as either a proton donor or a proton acceptor, which
is important in many processes such as pollution formation,
energy release, etc.37 Let us also mention that thionitrosyl
hydrogen (HNS) has been generated in the gas phase,38 and
its molecular properties have been determined by subsequent
theoretical studies.39

Computational methods
Hydrogen-bond interactions of the (HNZ)2 dimers were

investigated using second-order Møller–Plesset perturbation
(MP2) method in conjunction with both 6-311++G(2d,2p)
and aug-cc-pVTZ basis sets. The latter basis includes higher
polarization f functions on heavy atoms. Geometrical param-
eters of the two monomers and the three most stable com-
plexes were also reoptimized using coupled-cluster with
single and double excitations (CCSD) theory with the aug-
cc-pVDZ basis set. Interaction energies were obtained using
both MP2 and CCSD with triple excitations (CCSD(T))
methods, as the difference between the energies of the com-
plexes and the respective monomers, and corrected for both
zero-point energy (ZPE) and basis set superposition errors
(BSSE) using the counterpoise procedure.40 The ZPE correc-
tions also included all the intermolecular frequencies. While
MP2 total energies were obtained from the corresponding
geometry optimizations, CCSD(T) electronic energies in-
volved single point calculations with the aug-cc-pVTZ basis
set at the CCSD/aug-cc-pVDZ geometries.

Hyperconjugation energy can be evaluated from the sec-
ond-order perturbation energy of interaction.41 Energy index,
RE, of the Z–X–H���Y H-bond is determined as follows:25,31

½1� RE ¼
Eð2ÞH

Eð2ÞIM!C

; in which Eð2ÞH ¼ Eð2Þ½nðYÞ ! s�ðX�HÞ�

½2� Eð2ÞIM!C
¼ Eð2ÞIM

½nðZÞ ! s�ðX�HÞ�
� Eð2ÞIC

½nðZÞ ! s�ðX�HÞ�

Eð2ÞH stands for intermolecular hyperconjugation interac-
tion energy. Eð2ÞIM

and Eð2ÞIC
denote intramolecular hyperconju-

gation interaction energies in the isolated proton donor and
in the proton donor after complex formation, respectively.
Eð2ÞIM!C

is symbolled for the change of intramolecular hyper-
conjugation interaction energy of tranferring electron density
from the n(Z) lone pair to the s*(X–H) antibonding orbital
in the proton donor before and after complexation. The cal-
culated vibrational frequencies were retained unscaled. To
avoid vibrational coupling between the N-H stretching
modes in dimers HNO���HNO and HNS���HNS, harmonic
frequencies were calculated using some isotopomers. Calcu-
lations were carried out using the Gaussian 03 package.42

Electron density, r(r), and the Laplacian of the electron den-
sity, !2(r(r)), at the bond critical points (BCPs) were per-
formed at the MP2/6-311++G(2d,2p) level using the
AIM2000 program.43 The natural bond orbital (NBO) analy-
sis was also performed making use of the GenNBO 5.G44
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program for all monomers and complexes at the same MP2/
6-311++G(2d,2p) level.

Results and discussion

Geometries, frequencies, and infrared intensities
The shape of the three dimers, A, B, and C, identified on

the potential energy surface (PES) at the MP2/6-
311++G(2d,2p), MP2/aug-cc-pVTZ , and CCSD/aug-cc-
pVDZ levels, is displayed in Fig. 1. Both dimers A and C
have high point group symmetry (C2h) whereas the dimer B
possesses a lower point group (Cs). Changes of geometrical
parameters following dimer formation are gathered in Ta-
ble 1. Along with the changes in selected bond length, the
changes in their stretching frequency and infrared intensity
are tabulated in Table 2. Intermolecular distances, angles,
and interaction energies upon complexation are also given
in Table 3. The trends of the changes determined using the
methods mentioned above are similar both qualitatively and
quantitatively. In general, the changes of bond lengths of the
complex relative to the respective monomer resulting from
MP2 using the aug-cc-pVTZ basis set are slightly larger
than those obtained by the 6-311++G(2d,2p) set. As a conse-
quence, the changes in the relevant stretching frequencies
are smaller with the 6-311++G(2d,2p) basis set than with
the aug-cc-pVTZ one.

Interaction energies are similar using the MP2 method, in
spite of the much larger aug-cc-pVTZ basis set (cf. Table 3).
Interaction energies evaluated with both ZPE and BSSE cor-
rections at CCSD(T)/aug-cc-pVTZ are slightly larger than
those obtained at MP2/aug-cc-pVTZ for complexes A and
B, but marginally smaller for C. For the purpose of compar-
ison with previous studies using MP2 calculations, only the
MP2/aug-cc-pVTZ values are given hereafter. We refer to
Tables 1 and 2 for detailed comparison. We use mÅ, which
denotes 10–3 Å, as a shorthand unit for distance changes.
With such a unit, the changes occurring in bond lengths are
very small, but in view of the equally small effects induced
by the H-bond formation, a variation of a few mÅ can al-
ready be considered to be significant.

There is a contraction of 4.1 mÅ of the N3–H5 bond in
A, as compared with the monomer HNO. On the other
hand, elongation of N3–H5 bonds is predicted for both B
and C, as compared with HNS. It is ~2.4 mÅ for the elonga-
tion of the N3–H5 bond length in C, which is larger than
that in B (~0.2 mÅ). Simultaneously, the N6–H1 bond
lengths are shortened upon complexation, by 4.1 and
2.4 mÅ for A and B, respectively, while a smaller elonga-
tion of 2.4 mÅ for this bond is obtained in C. Such shifts
can be considered as relatively large but consistent with the
expected properties of H-bonded systems. All N6=O2 and
N3=O4 bonds are elongated, and a slight contraction is
noted for N6=S2 and N3=S4 bonds in the dimers considered
(Table 1). Therefore, it is clear that the change of the N–H
bond length is inversely proportional to the change of the
N=Z double bond length in HN=Z whether the Z atom is O
or S. The largest contraction of the N3–H5 and N6–H1
bonds in A is associated with a significant increase of their
stretching frequencies, amounting to 80 cm–1. On the con-
trary, the elongation and the decrease in stretching frequen-
cies of the N3–H5 and N6–H1 bonds are observed in C. The

N3–H5 and N6–H1 bond lengths are both elongated by
~2.4 mÅ, leading to a decrease of 31 cm–1 in their stretching
frequencies. For the mixed dimer B, it is worth mentioning
that there is an increase by ~16 cm–1 in the N3–H5 stretch-
ing frequency, although a very small elongation is predicted,
by ~0.2 mÅ. As pointed out in previous papers,32,45 one
should be careful in classifying a hydrogen bond as being
blue or red shifting on this basis, because such a small var-
iation upon complexation strongly depends on the level of
theory applied. Therefore, it is not yet conclusive to classify
the N3–H5 bond in B.

As mentioned in the introduction, contraction of a cova-
lent N–H bond has seldom been detected due to its polarity.
In a few remarkable cases, N–H blue shifts with different
magnitudes have recently been predicted for both dihydro-
gen- and hydrogen-bond complexes.23–33 For a dihydrogen
bond, such as in the complex pairing BH3NH3 with HNO,31

the N–H frequency undergoes a large blue shift of 128 cm–1.
A moderate N–H blue shift has also been obtained in com-
plexes between YH2NH2 (Y = B, Al) and HNZ (Z = O, S).32

Significantly strong N–H blue shifts have been found in
some hydrogen-bonded complexes of HNO–HNO,26

CH3CHO–HNO,28 HOX–HNO with X = F, Cl, Br,29 CH3X–
HNO with X = F, Cl, Br,30 RCHZ–HNO with R = H, F, Cl,
Br and Z = O, S,24 CHX3–HNO with X = F, Cl, Br,23 and
HNO–HCONH2,46 which amount up to *100 cm–1. A com-
parable frequency blue shift of 80 cm–1 along with a contrac-
tion of 4.1 mÅ of N3–H5 and N6–H1 bonds in the N–H���O
type is also obtained in this work, which is significant but
consistent with the values reported in ref. 23. In addition,
there are a contraction and an increase in the stretching fre-
quency of the N6–H1 bond in the N–H���S type in B. Such a
blue shift of the N–H stretching frequency has only been re-
cently revealed.24 Comparing the N–H���O and N–H���S types
of bonds, we found that contraction of the N–H bond length
and increase of their stretching frequency are larger for the
former than for the latter. This is likely due to the larger ba-
sicity at the S site in HNS with respect to that at the O site
in HNO. Indeed, calculated proton affinities at O of HNO
and at S of HNS amount to 528 and 688 kJ mol–1, respec-
tively, at the MP2/aug-cc-pVTZ + ZPE level.

As seen from both Tables 1 and 2, the N–H bond length
shortening and its blue shift are larger in HNO than in HNS.
This difference is due to the larger polarity of N–H bond in
HNS, which makes it more difficult to be contracted and
shifted to blue. The calculated N–H deprotonation enthalpy
of 1535 kJ mol–1 in HNS is lower than that of 1586 kJ
mol–1 in HNO. This obtained result implies that the N–H
bond is more polarized in HNS than in HNO.

A blue-shifting X–H���Y bond usually shortens the X–H
distance and decreases the X–H stretching IR intensity. On
the other hand, elongating the X–H bond and increasing its
stretching IR intensity are usually observed for a red-shifting
hydrogen bond. Indeed, a similar trend is obtained for all N–H
bonds in the three dimers considered. Particularly, a conse-
quent decrease in IR intensity by ~69–73 km.mol–1 is ac-
companied by a significant contraction of the N6–H1 and
N3–H5 bonds in A, and of the N6–H1 bond in B upon,
complexation (Tables 1 and 2). Likewise, an increase of
82 km mol–1 in IR intensity is accompanied by an elongation
of both the N3–H5 and N6–H1 bonds in C. However, it is
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Fig. 1. Shape of the optimized geometries of the (HNZ)2 dimers.

Table 1. Changes of bond lengths, Dr (in 10–3 Å), obtained at three le-
vels of theory.

Dr

N3–H5 N6–H1 N6=Z2 N3=Z4

A
MP2/6-311++G(2d,2p) –3.9 –3.9 3.1 3.1
MP2/aug-cc-pVTZ –4.1 –4.1 2.8 2.8
CCSD/aug-cc-pVDZ –5.2 –5.2 3.4 3.4

B
MP2/6-311++G(2d,2p) 0.1 –2.5 3.6 –1.7
MP2/aug-cc-pVTZ 0.2 –24 3.3 –2.1
CCSD/aug-cc-pVDZ 0.1 –4.0 3.5 0.0

C
MP2/6-311++G(2d,2p) 1.9 1.9 –1.0 –1.0
MP2/aug-cc-pVTZ 2.4 2.4 –1.5 –1.5
CCSD/aug-cc-pVDZ 1.0 1.0 –0.1 –0.1

Table 2. Changes of stretching frequencies, Dn (cm–1), and infrared intensities, DI (km mol–1), using MP2 with two
different basis sets.

MP2/6-311++G(2d,2p) MP2/aug-cc-pVTZ

Dn DI Dn DI

Structurea N3–H5 N6–H1 N3–H5 N6–H1 N3–H5 N6–H1 N3–H5 N6–H1
A 80 80 –65 –65 80 80 –69 –69
B 20 51 38 –73 16 50 40 –73
C –25 –25 84 84 –31 –31 82 82

aSee Fig. 1 for the definition and atom labeling.

Table 3. Intermolecular distances (R; Å), angles (a; 8), and interaction energies (including ZPE correction (DE),
and both ZPE and BSSE corrections (DE); kJ mol–1) upon formation of the dimers at two different levels of theory.

Levels MP2/6-311++G(2d,2p) MP2/aug-cc-pVTZ

Structure A B C A B C
R(N6–H1���Z4) 2.36 2.80 2.65 2.34 2.76 2.63
R(N3–H5���Z2) 2.36 2.27 2.65 2.34 2.26 2.63
a1 132.2 135.2 153.1 131.7 134.6 151.6
a2 121.0 98.3 99.8 121.5 99.5 101.6
a3 132.2 149.8 153.1 131.7 148.5 151.6
a4 121.0 122.8 99.8 121.5 123.6 101.6
DEa –9.5 –9.8 –12.2 –10.3 –11.5 –15.2
DEb –6.0 –6.2 –7.8 –7.9 (–9.1)c –8.8 (–9.4)c –11.9 (–11.4)c

aCorrected only by ZPE.
bCorrected by both ZPE and BSSE contributions.
cThe values in parentheses are the calculated interaction energies obtained at the CCSD(T)/aug-cc-pVTZ + ZPE + BSSE level.
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remarkable that an increase in IR intensity of the N3–H5
vibration is also predicted in the mixed dimer B in spite
of an increase of the N3–H5 stretching frequency. This
amounts to 40 km mol–1 with a slight increase of 16 cm–1

and a negligible elongation of 0.2 mÅ. Our results, either
obtained in this work or reported in previous papers,23,24,32

and the data reported by other authors,47 demonstrated that
IR intensity can actually be increased even when an increase
in stretching frequency upon complexation occurs. Hence,
the change of IR intensity appears to depend on the inherent
property of the monomer rather than on that of the resulting
dimer.

Complexation energies and topological analyses
Table 3 shows that the N6–H1���Z4 and N3–H5���Z2 (Z =

O, S) intermolecular contacts result in quite stable six-
membered cyclic structures in the examined dimers. Indeed,
interaction energies with only ZPE correction are –9.5, –9.8,
and –12.2 kJ mol–1 at the MP2/6-311++G(2d,2p) level,
and –10.3, –11.5, and –15.2 kJ mol–1 at the MP2/aug-cc-
pVTZ level for A via B to C, respectively. With both
ZPE and BSSE corrections, they amount to –6.0, –6.2,
and –7.8 kJ mol–1 by MP2/6-311++G(2d,2p), –7.9, –8.8,
and –11.9 kJ mol–1 by MP2/aug-cc-pVTZ, and –9.1, –9.4,
and –11.4 kJ mol–1 at CCSD(T)/aug-cc-pVTZ in going
from A, and B to C, respectively. The dimer A contains
two N–H���O hydrogen bonds (cf. Fig. 1 and Table 3). After
including all corrections considered, an average value of bind-
ing energy per N–H���O hydrogen bond can roughly be esti-
mated to be from ~3.0 kJ mol–1 (MP2/6-311++G(2d,2p)) to
3.9 kJ mol–1 (MP2/aug-cc-pVTZ) to 4.6 kJ mol–1 (CCSD(T)/
aug-cc-pVTZ) in A. Similarly, an average value of binding
energy per N–H���S hydrogen bond is from ~3.9 kJ mol–1

(MP2/6-311++G(2d,2p)) to 6.0 kJ mol–1 (MP2 and CCSD(T)
with aug-cc-pVTZ) in C. Accordingly, the N–H���S hydrogen
bond is somewhat stronger than the N–H���O counterpart.
However, the presence of a N–H���S bond in the mixed dimer
(B) causes a decrease in binding energy of the N–H���O bond
as compared to that of A, by ~0.7 (MP2/6-311++G(2d,2p))
to 1.0–1.2 kJ mol–1 (MP2 and CCSD(T) with aug-cc-
pVTZ). Data obtained at both levels of theory, with and
without BSSE corrections, all concur with each other show-
ing that C is the strongest dimer in terms of binding energy,
followed by B and then by A.

The distances of R(H���Z) are slightly longer by the MP2/
6-311++G(2d,2p) calculation than those from MP2/aug-cc-
pVTZ (Table 3). It is interesting that C is considerably
more stable with respect to A, despite the fact that the
R(H���Z) intermolecular distances in A are shorter that in C.
The a1 and a3 bond angles in C are less bent from linearity
than those in A, in particular, the a1 and a3 angles in C are
more linear than that in A by 198–218. The smaller deviation
from linearity results in a stronger orbital overlap, and as a
consequence, the dimer C becomes more stable than A. In
the same vein, A is less stable than B in terms of binding
energy, which results from the smaller magnitude of a3 an-
gle, by ~158 as shown in Table 3. The stability ordering of
the dimers in going from A to B to C has an intimate rela-
tionship with the increase in a1 and a3 angularities. Hence,
it can be suggested that the strength of the complexes con-
sidered here is in part determined by the a1 and a3 bond

angles over the R(H���Z) intermolecular distances. Simulta-
neously, there is a tiny deviation of a2 and a4 angles in all
three dimers. The R(H1���Z4) and R(H5���Z2) intermolecular
distances in three optimized dimers fall within the range of
2.27–2.80 Å, from both methods. These are all shorter than
the sum of the van der Waals radii of the H and S atoms
(being 3.05 Å) and of the H and O atoms (being 2.60 Å).

The stability ordering of the three dimers and the proper-
ties of the H bonds in these dimers can further be under-
stood using the maps of total electron density, which is
emphasized by underlying intermolecular interactions. The
0.011 au isosurfaces of total electron density calculated at
the MP2/6-311++G(2d,2p) level are plotted in Fig. 2. The
relatively large intersection regions of the total electron den-
sity between intermolecular contacts such as N6–H1���Z4
and N3–H5���Z2 (Z = O, S) give an obvious indication of
the electron-donating character of the lone pairs on the Z2
and Z4 atoms to the electron deficient s*(N6–H1) and
s*(N3–H5) antibonding orbitals. As shown in Fig. 2, the
largest intersection region of the total electron density is ob-
served for the N6–H1���S4 and N3–H5���S2 intermolecular
contacts in C, followed by the N6–H1���S4 and N3–H5���O2
ones in B, and then for N6–H1���O4 and N3–H5���O2 ones in
A. This leads to the fact that C is the most stable dimer, and
A the least stable one.

To probe further into the formation of hydrogen bonds in
the studied dimers, a topological analysis was carried out
by making use of atom in molecules (AIM) theory48 at
the MP2/6-311++G(2d,2p) level. Three of eight AIM criteria
are also applied to characterize the hydrogen bond in the
examined systems.49 A bond path with a bond critical
point between the proton and proton acceptor exists for
the N6–H1���Z4 and N3–H5���Z2 intermolecular contacts
(Fig. 3). The topological parameters of bond critical points
(BCPs) and ring critical points (RCPs) are gathered in Table 4.
There exists a RCP in one complex, which evidently indi-
cates a ring structure in one examined dimer. The values of
electron density r(r) (~0.011 au) and Laplacians !2(r(r))
(~0.04 au) of BCPs also fall within the suggested ranges for
a hydrogen bond,49 in such a way that the N6–H1���Z4 and
N3–H5���Z2 intermolecular contacts are obviously classified
as hydrogen bonds. They are further confirmed on the basis
of !2(r(r)) > 0 and HC > 0 as suggested by Cremer and
Kraka50 and Rozas et al.,51 and –Vc/Gc < 1 as suggested by
Grabowski et al.52 for medium and weak interactions. Eval-
uating the contributions of the highest occupied molecular
orbital (HOMO) and the innermost valence MO’s to hydro-
gen bond interaction in three dimers are also given in Figure
S4 of the Supplementary data.

NBO analysis
An NBO analysis was carried out at the MP2/6-

311++G(2d,2p) level and the selected results are summar-
ized in Table 5. An electron density transfer (EDT) occurs
from the HNS ? HNO in B (for both A and C, the EDT
values are equal to zero, due to symmetry). Recently, some
authors18,19,53 suggested that upon complexation, a change of
electron density in the s*(X–H) orbital is the result of a
combination of two effective factors, namely, an intermolec-
ular hyperconjugation increases the electron density in the
s*(X–H) orbital, while a decrease in intramolecular hyper-

Trung et al. 853

Published by NRC Research Press

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

U
ni

ve
rs

ity
 o

f 
E

le
ct

ro
ni

c 
an

d 
Sc

ie
nc

e 
T

ec
ho

no
lo

gy
 o

f 
C

hi
na

 o
n 

09
/1

7/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



conjugation tends to decrease the electron density in the
s*(X–H) orbital. Table 5 points out that the electron den-
sities in both s*(N3–H5) and s*(N6–H1) orbitals of A
decrease with a uniform value of 0.0019 e, implying that a
strong decrease of intramolecular hyperconjugation overrides
intermolecular hyperconjugation. Indeed, while the intramo-
lecular hyperconjugation energies, E(n(O4) ? s*(N3–H5))
and E(n(O2) ? s*(N6–H1)), decrease by up to 10 kJ mol–1,
the intermolecular hyperconjugation energies, E(n(O2) ?
s*(N3–H5)) and E(n(O4) ? s*(N6–H1)), are approximately
6 kJ mol–1. Decreases of electron density in both s*(N3–H5)
and s*(N6–H1) orbitals strengthen the respective N3–H5
and N6–H1 bonds, and thereby contribute to a blue shift of
the corresponding stretching frequencies. On the contrary, in-
creases of electron densities are observed in both s*(N3–H5)
and s*(N6–H1) orbitals (~0.0071 e) in C. The strong inter-
molecular hyperconjugation (evaluated at *18 kJ mol–1)
from the n(S2) lone pair to the s*(N3–H5) orbital, and
from the n(S4) lone pair to the s*(N6–H1) orbital appears
to exceed the smaller decrement of the intramolecular hy-
perconjugation energy (being *5 kJ mol–1). This leads to

an increase in occupation of the s*(N3–H5) and s*(N6–H1)
orbitals, and results in an elongation of the N3–H5 and
N6–H1 bonds along with a decrease in their stretching fre-
quencies in C. Furthermore, very slight to moderate in-
creases in electron densities are also observed in the
s*(N3–H5) and s*(N6–H1) orbitals for B (Table 5). The
larger value of intermolecular hyperconjugation interaction
energy (11 kJ mol–1), which is due to a transfer from n(S4)
to s*(N6–H1) with respect to a significant decrease of intra-
molecular n(O2) ? s*(N6–H1) hyperconjugation (10 kJ
mol–1), causes a moderate increase in occupation of the
s*(N6–H1) orbital. Likewise, a transfer (evaluated at 8 kJ
mol–1) of electron density from n(O2) to s*(N3–H5), despite
a decrease (6 kJ mol–1) of intramolecular hyperconjugation
energy, appears to play an important role in the small in-
crease in occupation of the s*(N3–H5) orbital.

For A, electrons are basically transferred from n(O4) to
s*(N6–H1), then most electrons in s*(N6–H1) are trans-
ferred to n(O2) and then a part in n(O2) is transferred to
s*(N3–H5), and, finally, most electrons in s*(N3–H5) are
transferred back to n(O4). As a result, these transfers give

Fig. 2. The 0.011 au isosurface of total electron density of three optimized dimers calculated at the MP2/6-311++G(2d,2p) level.

Fig. 3. Topological geometry of BCPs (red small spheres) and RCPs (yellow small spheres) in the three dimers considered.

Table 4. AIM analysis of the dimers A, B, and C at the MP2/6-311++G(2d,2p) level.

Dimers Critical points r(r) (au)a !2 (au)b Hc (au)c –Vc/Gc
d

A N6–H1���O4 0.011 0.04 0.001 0.9
N3–H5���O2 0.011 0.04 0.001 0.9
RCP 0.007 0.04 0.001 0.9

B N6–H1���S4 0.010 0.03 0.001 0.9
N3–H5���O2 0.011 0.05 0.002 0.9
RCP 0.006 0.03 0.001 0.8

C N6–H1���S4 0.012 0.04 0.001 0.9
N3–H5���S2 0.012 0.04 0.001 0.9
RCP 0.005 0.02 0.001 0.8

aThe electron density at the CP.
bThe Laplacian at the CP.
cThe total electron energy density at the CP.
dThe electron kinetic energy density (Gc) and the electron potential energy density (Vc).
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rise to a decrease of electrons available for s*(N6–H1) and
s*(N3–H5) orbitals, and the n(O2) and n(O4) lone pairs (cf.
Table 5).

For C, most electrons are transferred to the s*(N3–H5)
and s*(N6–H1) orbitals because of the weak electron den-
sity redistribution effect of HNS. This results in a large in-
crease of occupation in both s*(N3–H5) and s*(N6–H1),
and a significant decrease of electron density in n(S2) and
n(S4) (cf. Table 5).

For B, the changes of electron density in s*(N6–H1) and
s*(N3–H5) and n(O2) and n(S4) can be explained as fol-
lows: Firstly, electrons are initially transferred from the
n(S4) to s*(N6–H1) as suggested by the larger value (11 kJ
mol–1) of E(n(S4) ? s*(N6–H1)) energy as compared to
E(n(O2) ? s*(N3–H5) (8 kJ mol–1), and then a small part
is transferred to n(O2). As a consequence, an electron in-
crease in the s*(N6–H1), n(O2), and s*(N3–H5) orbitals
are induced, along with a strong decrease in occupancy of
n(S4) (cf. Table 5).

The obvious difference in electron redistribution can only
be understood if one considers properties of the isolated
HNO and HNS monomers. Calculated properties of the
HNO and HNS monomers show that for HNO, the hyper-
conjugative E(n(O) ? s*(N–H)) interaction amounts to up
to 74 kJ mol–1 and the electron number in the s*(N–H) orbi-
tal is substantial, being 0.029 e. For HNS, the hyperconjuga-
tive E(n(S) ? s*(N–H)) interaction energy is relatively
small (34 kJ mol–1), and the occupation in the s*(N–H) or-
bital is only 0.015 e. Furthermore, the a index in the spa hy-
bridization of the N atom in HNO (3.98) is larger than that
in HNS (3.18). In addition, the polarization of the N–H bond
in HNO is lower than that in HNS as NBO charges on N

(0.04 e) and H (0.26 e) atoms in HNO are sensibly different
from those –0.69 e (N) and 0.33 e (H) in HNS. The remark-
able difference of both HNO and HNS isolated monomers
has recently been reported.28 Hence, a more intensive elec-
tron redistribution is observed in the isolated monomer that
possesses a lower bond polarization, higher electron occu-
pancy in the s*(N–H) orbital, larger a index, and larger in-
tramolecular hyperconjugation.

Within a more chemical perspective, the hyperconjugation
n(Y) ? s*(X–H) can be balanced by an increase of the s-
character and polarization of the X–H bond8 to induce a dif-
ference between the blue shift and red shift of a hydrogen
bond. Normally, a feature is that the X atom becomes more
electronegative, and the H atom more electropositive, lead-
ing to an increase of the X–H bond polarity, when a blue-
shifting hydrogen bond is formed. However, the present re-
sults show that in all dimers, A, B, and C, the H1 and H5
atoms become more positive (~0.02–0.03 e), whereas the
net charges on the N3 and N6 atoms decrease by ~0.01–
0.03 e, irrespective of a blue- or red-shifting hydrogen
bond. These results are similar to some previous reports on
a decrease of the negative charge on the X atom.24,32,54

An increase in positive charges on H1 and H5 results in
simultaneous increases in the s-character of the N3 and N5
hybrid orbitals in the N3–H5 and N6–H1 bonds, which is
consistent with Bent’s rule,55 and contributes to the contrac-
tion of their distances. This means that the stretching fre-
quencies of both N3–H5 and N6–H1 bonds could be
expected to be shifted to blue in all three dimers examined.
However, such a blue shift is only observed in A, and a red
shift is found in C.

In summary, both the decrease in electron densities due to

Table 5. NBO analysis of the dimers A, B, and C (MP2/6-311++G(2d,2p))
and hyperconjutative energies (HF/6-311++G(2d,2p)).

Structure A B C
EDT (10–3 e) 0.0 6.9 0.0
Ds*(N3–H5) (10–3 e) –1.9 0.2 7.1
Ds*(N6–H1) (10–3 e) –1.9 2.8 7.1
Dn(Z2) (10–3 e) 2.2 1.4 –10.4
Dn(Z4) (10–3 e) 2.2 –6.4 –10.4
D%s(N3) 0.94 1.13 1.59
D%s(N6) 0.94 1.09 1.59
Dq(N3) (10–3 e) 16 25 16
Dq(N6) (10–3 e) 16 14 16
Dq(H5) (10–3 e) 28 26 20
Dq(H1) (10–3 e) 28 22 20
E(n(Z2) ? s*(N3–H5)) (kJ mol–1) 5.6 7.8 17.9
DE(n(Z4) ? s*(N3–H5)) (kJ

mol–1) –10.0 –5.5 –4.9
E(n(Z4) ? s*(N6–H1)) (kJ mol–1) 5.6 11.2 17.9
DE(n(Z2) ? s*(N6–H1)) (kJ

mol–1) –10.0 –10.3 –4.9
RE(N3–H5) (kJ mol–1) 0.55 1.42 3.67
RE(N6–H1) (kJ mol–1) 0.55 1.09 3.67
spa (N3) sp3.75 sp2.99 sp2.92

spa (N6) sp3.75 sp3.72 sp2.92

Note: The n index denotes for lone pairs on the Z atom; the positive value of EDT
means that there is a transfer of electron density from HNS to HNO; the delta (D)
symbolizes a change of the complex relative to the monomer.
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an intensive electron redistribution and increase in s-characters
(decreasing of the a index) of the N3 and N6 atoms in A
tend to contribute to contractions of the N3–H5 and N6–H1
bonds, that are accompanied by blue shifts of their stretch-
ing frequencies. On the other hand, the strong intermolecular
hyperconjugation, overriding the weak intramolecular hyper-
conjugation, leads to increases of electron densities in the
s*(N3–H5) and s*(N6–H1) orbitals. This results in distance
elongation, a stretching frequency decrease of the N3–H5
and N6–H1 bonds in C, even though there are large in-
creases in s-characters (decreasing of the a index in spa hy-
bridization) and a moderate increase of positive net charges
at the H1 and H5 atoms. For the mixed dimer B, the small
elongation of the N3–H5 bond length, relative to monomer,
is due to a slight increase of occupation in the s*(N3–H5)
orbital, plus overwhelming increases of rehybridization of
the N3 hybrid orbital and a positive net charge at H3. In
contrast, a blue shift is observed for the N6–H1 bond
even though there is a tiny increase in population of the
s*(N6–H1) orbital (0.003 e). Therefore, contraction of the
N6–H1 length and increase of its stretching frequency are
seemingly correlated with the increase of s-character at the
N6 hybrid orbital of the N6–H1 bond.

According to the definition of the energy index, RE, given
in eq. [1], it can be used to describe the strength of the elec-
tron redistribution. In general, the smaller the RE value, the
stronger the density redistribution. It means that a blue shift
occurs with a small RE, and vice versa. Indeed, our calcu-
lated results coincide well with this prediction. For both
N3–H5 and N6–H1 bonds, the smallest RE value (0.55) is
obtained for A and the largest RE (3.67) is predicted in C.
More moderate values of RE are observed for these bonds
in B, in particular, the larger value for N3–H5 (1.42) and
the smaller one for the N6–H1 bond (1.09). Overall, the RE
parameter can be used as a convenient index to classify the
hydrogen bond in these systems.

Concluding remarks
Dimerization of HNZ leads to stable six-membered cyclic

dimers whose interaction energies calculated including
both ZPE and BSSE corrections are in the range of –8, –9,
and –11 kJ mol–1 for the dimers (HNO)2 (A), (HNO–HNS)
(B), and (HNS)2 (C), respectively. The dimer A uniformly
exhibits two blue shifts of N3–H5 and N6–H1 stretching fre-
quencies. The red shifts are consistently observed for both
the N3–H5 and N6–H1 bonds in the dimer C. Upon com-
plexation, contraction of the N6–H1 bond length as well as
increase of its stretching frequency are found in the mixed
dimer B. However, the N3–H5 bond length is predicted to
be elongated, and its stretching frequency and infrared inten-
sity increase accordingly. Both the rehybridization and de-
crease of electron density in the s*(N3–H5) and s*(N6–H1)
orbitals contribute to the large N–H blue shifts in A. The red
shifts are observed for both N–H bonds in C, due to a large
increase of electron density in the s* orbitals, exceeding re-
hybridization at the N3 and N6 atoms. The rehybridization
at the N6 atom, which overcomes an increase of occupation
in the s*(N6–H1) orbital, plays an important role in the blue
shift of the N6–H1 bonds in B. An electron increase in the
s*(N3–H5) orbital mainly determines an elongation of this

bond. It appears that whether a blue shift or red shift ac-
tually occurs in hydrogen-bonded complexes is more de-
pendent on the proton donor partner.

Supplementary data

Supplementary data for this article are available on the
journal Web site (canjchem.nrc.ca).
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Regaining the Woodward––Hoffmann rules for
chelotropic reactions via conceptual DFT

Pablo Jaque, José V. Correa, Frank De Proft, Alejandro Toro-Labbé, and
Paul Geerlings

Abstract: In our continuous effort to retrieve the Woodward–Hoffmann rules from conceptual density functional theory
(DFT), we have examined the last type of pericyclic reactions, i.e., chelotropic reactions. Both the initial hardness response
and the dual descriptor have been investigated to predict the allowed and forbidden character for the addition of SO2 to
butadiene (4n system) and 1,3,5-hexatriene (4n + 2 system). It is shown that with both electronic descriptors, the conrota-
tory/disrotatory mode for the linear and nonlinear mechanisms are retrieved based on a density-only approach, free from
consideration of orbital and (or) wave function symmetry. The dual descriptor moreover reveals that stabilizing interactions
are presented only for the linear path, which can be considered as an overall favourable mechanism for a chelotropic
reaction.

Key words: chelotropic reactions, Woodward–Hoffmann rules, conceptual DFT.

Résumé : Dans le cadre de nos travaux pour récupérer les règles de Woodward–Hoffmann à partir de la théorie de la
fonctionnelle de la densité conceptuelle, on a étudié le dernier type de réactions péricycliques, à savoir les réactions chélo-
tropes. On a étudié tant la réponse initiale de la dureté que le descripteur dual pour prédire le caractère permis et interdit
pour l’addition du SO2 sur le butadiène (système 4n) et hexa-1,3,5-triène (système 4n + 2). Il est démontré que pour les
deux descripteurs électroniques, on peut retrouver le mode conrotatoire/disrotatoire pour les mécanismes linéaires et non li-
néaires en se basant uniquement sur une approche de densité, sans prendre en considération l’orbitale et (ou) la symétrie
de la fonction d’onde. De plus, le descripteur double ne révèle l’existence d’interactions stabilisantes que pour la voie li-
néaire qui peut être considérée comme le mécanisme global le plus favorable pour une réaction chélotrope.

Mots-clés : réactions chélotrope, règles de Woodward–Hoffmann, théorie de la fonctionnelle de la densité conceptuelle
(« DFT » conceptuelle).

[Traduit par la Rédaction]

Introduction

The Woodward–Hoffmann (WH) rules1 have played an
unprecedented role in predicting/rationalizing the outcome of
chemical reactions on the basis of a quantum chemical
approach.2,3 Formulated in the late sixties and based on a highly
approximate, semi-empirical MO method, the extended
Hückel theory,4 developed by one of the two fathers of the
rules, the WH rules enabled the practicing organic chemist
to predict the allowedness/forbiddeness and the associated

stereochemical implications of four types of pericyclic reac-
tions: cycloadditions, electrocyclizations, sigmatropic, and
chelotropic reactions.1

Fundamental in the approaches developed by Woodward
and Hoffmann is the principle of orbital conservation: an or-
bital, occupied or unoccupied in the reactants, retains its
symmetry towards the symmetry operations associated to
the geometry of the transition state (TS), when passing
from the reactants, through the TS to the products. So, this
approach is pervaded by the symmetry or nodal structure of
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the orbital and (or) the symmetry of the total wave function
to which they combine. These aspects and the concurrent
use of correlation diagrams have also been pointed out inde-
pendently in the pioneering work by Longuet-Higgins.5

In recent years, density functional theory6 (DFT) gained
widespread appreciation for its computational efficiency to
study the properties and reaction paths for systems of varying
complexity, thus entering the fields of organic, inorganic,
and biochemistry, including transition-metal chemistry and
catalysis. Based on the famous Hohenberg and Kohn theo-
rems,7 and when casted into the elegant Kohn–Sham formal-
ism,8 DFT nowadays plays the role of a computational
workhorse used by, e.g., most practicing organic chemists
when investigating reaction paths and calculating reaction
and activation energies.9 This highlights the role of the elec-
tron density function rð r!Þ as the fundamental carrier of in-
formation of a much simpler nature than the extremely
complex wave function depending on the three spatial- and
single-spin coordinate of all the electrons of the system.

On the other hand, under the impetus of Parr and co-
workers, DFT also paved the way for rigorous and sharp
definitions of a variety of well-known but often vaguely de-
fined concepts, such as electronegativity (c), hardness (h),
and softness (S), enabling their numerical evaluation. This
branch of DFT, called conceptual DFT by its founding fa-
ther,10 has been a flourishing subfield for about 25 years,
leading to the introduction of new concepts (e.g., Fukui
function,11 electrophilicity,12 and the dual descriptor13) used
as such or within the context of principles such as the elec-
tronegativity equalization principle,14 the hard and soft acids
and bases principle, and the maximum hardness principle.15

A true avalanche of papers have appeared since the mid
1990s presenting further extensions and applications mostly
on (generalized) acid/base reactions,16 including the majority
of organic addition/substitution/elimination reactions. Re-
markably up to a few years ago, two types of reactions re-
mained unstudied in a conceptual DFT context: redox
reactions and pericyclic reactions. Both types of reactions
constituted a major line of research in our group in recent
years,17 leading among others to a successful interpretation
of the WH rules for cycloadditions, electrocyclizations, and
sigmatropic reactions.18

The aim of the present paper is to present the results on
the fourth type of pericyclic reactions: the chelotropic reac-
tions, and so this study can be seen as the final cornerstone
of our endeavour to link pericyclic reactions to conceptual
DFT.

Chelotropic reactions were defined by Woodward and
Hoffmann as pericyclic reactions in which two s bonds are
formed or broken on a single atom in a concerted manner.
Classical examples are the addition of sulfur dioxide (SO2)
and carbenes (CR2) to a polyene forming a cyclic system
due to the formation of two s bonds. There are two possible
mechanisms for the addition leading to different selection
rules and stereochemical outcomes (see Table 1): in a linear
chelotropic reaction, the attacking small molecule lies in a
plane perpendicular to that of the polyene and bisects its
central C–C bond, whereas in the nonlinear case, the plane
of the attacking molecule no longer bisects the central C–C
bond of the polyene but is rotated so that, for example in
SO2, the O–O axis parallels the C–C bond.

Methodology
The methodology is similar to the one adopted in our pre-

vious studies on cycloadditions, electrocyclizations and sig-
matropic reactions. Two conceptual-DFT-based reactivity
descriptors are used: the initial hardness response, which
has been advocated by us on the basis of Zimmerman’s19 al-
ternative approach to the WH rules, stressing the importance
of the aromaticity of the TS as a criterion for allowedness or
forbiddeness of a reaction. On this basis, the slope of the
hardness vs. the reaction coordinate curve (initial hardness
response) was proposed as a reactivity indicator; the higher
the slope (more positive or less negative) the higher the ten-
dency of the system to select this reaction path.18 A model
reaction coordinate R is thereby chosen to reduce the com-
putational complexity of the few calculations needed for the
numerical evaluation of the slope at the onset of the reaction
(@h=@R) (note that also and precisely at the onset or the be-
ginning of the reaction, the replacement of the full reaction
coordinate by a model coordinate is justified).

The quantity is evaluated numerically at the onset of the
reaction in a finite difference approach. The hardness itself,
the second derivative of the energy E with respect to the
number of electrons N, at constant external (i.e., due to the
nuclei) potential20

½1� h ¼ 1

2

@2E

@N2

� �

yð r
!Þ

is evaluated also in a finite difference approach as

½2� h ¼ I � A

2

where I and A are the vertical ionization energy and electron
affinity, respectively.16 Invoking Koopman’s theorem yields

½3� h � 3LUMO � 3HOMO

2

where 3HOMO and 3LUMO are the frontier molecular orbital
energies. This approach was followed in the present version.

The hardness response is in fact a third-order derivative in
the hierarchy of response functions characterizing the sensi-
bility of a system’s energy when it is perturbed in its exter-
nal potential yð r!Þ and (or) its number of electrons N, the
basic variables in the so-called perturbational approach to
chemical reactivity.6,16

In this approach, the change in energy upon perturbation
in N and (or) yð r!Þ can be written as

½4� dE ¼ @E

@N

� �

yð r
!Þ

dN þ
Z

dE

dyð r
!Þ

� �

N

dyð r
!Þd r
!

þ @2E

@N2

� �

yð r
!Þ

dN2 þ . . .

where the first derivative (the electronic chemical potential,

Table 1. Generalized Woodward–Hoffmann rules for chelotropic
reactions.

p-Electron number Linear pathway Nonlinear pathway
4n Disrotatory Conrotatory
4n + 2 Conrotatory Disrotatory
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m)21 has been identified as the negative of the electronega-
tivity, c, the functional derivative ðdE=dyð r!ÞÞN has been
identified as the electron density, and the second derivative
ð@2E=@N2Þyð r!Þ has been identified as the hardness (vide su-
pra). The initial hardness response can now obviously be
written as ð@3E=@N2@RÞ, where R stands for the model reac-
tion coordinate, highlighting its third-order derivative char-
acter.

An alternative approach was followed in our previous
studies on pericyclic reactions18 by concentrating on the fol-
lowing local (i.e., r!-dependent) descriptor

½5� f ð2Þð r
!Þ ¼ @f ð r

!Þ
@N

� �

yð r
!Þ

indicating how the Fukui function changes at each position
when the total number of electrons N is changing. As the
Fukui function itself is defined as the first derivative of
rð r!Þ with respect to N

½6� f ð r
!Þ ¼ @rð r

!Þ
@N

� �

yð r
!Þ

f ð2Þð r!Þ can be written as the following third-order deriva-
tive

½7� f ð2Þð r
!Þ ¼ @3E

dyð r
!Þ@N2

� �

In a frozen-core approximation, it is easily seen that

½8� f ð2Þð r
!Þ � jfLUMOð r

!Þj2 � jfHOMOð r
!Þj2

indicating that f ð2Þð r!Þ highlights the difference in densities
between the LUMO and HOMO, giving a ‘‘one-shot’’ pic-
ture of nucleophilic and electrophilic regions, hence its
name, the dual descriptor. It was shown that both for intra-
and inter-molecular pericyclic reactions, the process pro-
ceeds along a path favouring the overlap of positive and
negative regions of f ð2Þð r!Þ: favourable chemical reactions
occur when regions that are good electron acceptors
(f ð2Þð r!Þ > 0) are aligned with regions that are good elec-
tron donors (f ð2Þð r!Þ < 0).13,18b Note that it has been shown
by some of the present authors that the two descriptors pre-
sented above, the initial hardness response (global in nature,
i.e., r
!-independent) and the local dual descriptor are inti-

mately related, in the sense that f ð2Þð r!Þ can be written as

½9� f ð2Þð r
!Þ ¼ dh

dyð r
!Þ

� �

N

and that in the case where changes in yð r!Þ are provoked by
changes in nuclear configurations only, it can easily be seen
that

½10� @h

@R

� �

N

¼
R

f ð2Þð r
!Þ @yð r

!Þ
@R

d r
!

This indicates that the general information in f 2ð r!Þ is re-
fined via @yð r!Þ

@R

� �
N

to result in the initial hardness response.
As both the dual descriptor and the initial hardness

response turned out to be successful in interpreting electro-
cyclizations, cycloadditions, and sigmatropic reactions, we

decided to apply this same ‘‘dual’’ approach to the remain-
ing type of pericyclic reaction: the chelotropric reaction.

We turned to one of the prototypes of chelotropic reac-
tions:1–3 the extrusion of SO2 from sulfolene or higher sul-
fones yielding butadiene (a 4n system) and 1,3,5-hexatriene
(a 4n + 2 system), respectively.

½11�

½12�

For computational reasons, both reactions were consid-
ered in the reverse direction. The principle of microscopic
reversibility indeed re-assures identical outcomes concerning
allowedness or forbiddeness irrespective of the direction
considered.

All calculations were performed at the DFT level, using
the B3LYP22,23 functional for geometry optimization and
the PBE24 functional for single-point calculations for the ini-
tial hardness response combined with a split-valence double-
zeta plus polarization basis set, 6–31G(d,p).25 The PBE
functional is used as we prefer to work in the spirit of the
Tozer–De Proft approach. As we also did in previous work
in this series18c for the evaluation of hardness, pure density
functionals are preferred, as in this case discontinuity prob-
lems are approximately cancelled.26,27 All of these calcula-
tions were done using the Gaussian 03 program.28

Results and discussion

Initial hardness response
When considering the particular situation of SO2 attacking

on, e.g., butadiene, it should be noticed that in a molecular
orbital (MO) picture, filled and vacant frontier MOs in-
volved in bonding to a diene (or triene) are situated on the
same atom. This situation yields a picture for the dual de-
scriptor (Fig. 1) reminiscent of that of the singlet carbenes29

or silylenes30 studied in depth in our group.
The geometry of the linear chelotropic reaction is shown

in Fig. 2, where SO2 attacks the polyene (in case of buta-
diene, a 4n system) lying in a plane perpendicular to the
polyene plane and bisecting its central C–C bond.

The initial hardness profile (where h was computed as in-
dicated in eq. [3]) together with the energy profile (based on
a model reaction coordinate involving the dihedral angle be-
tween the CH2 groups and the rest of the diene) are given in
Fig. 3. It is clear that the energetically less-favoured conro-
tatory mode is the one that has the less negative (@h=@R)
slope, i.e., leads to the ‘‘faster’’ loss of hardness upon reac-
tion. All these observations are in line with the WH rules
stating that a 4n system prefers a disrotatory mode for a lin-
ear approach.

Passing now to the nonlinear case, Fig. 4 shows that the
SO2 molecule approaches the diene molecule in a plane no
longer bisecting the central C–C bond of the polyene. The
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energy and hardness curves now show the inverse behaviour
to the linear case (Fig. 5) with the disrotatory mode pre-
ferred on the basis of both energy and initial hardness re-
sponse, in line with the inversion of the WH rules when
passing from a 4n to a 4n + 2 polyene.

This analysis has also been carried out on the chelotropic
reaction between SO2 and a (4n + 2) system in both reactive
attacks, linear, and nonlinear, as displayed in Figs. 6–9.

Notice that in both cases, the disrotatory mode is more fa-
vaourable from the energetic point of view, whereas the

Fig. 3. (a) Energy and (b) hardness profiles for the butadiene–SO2

reaction (linear approach).

Fig. 1. Frontier molecular orbital maps: (a) HOMO ; (b) LUMO
(where negative phases are indicated in blue and positive phases
are displayed in red); and (c) the dual descriptor map for SO2;
electrophilic or acidic sites (f 2ð r!Þ > 0) and nucleophilic or basic
sites (f 2ð r!Þ < 0) are indicated in red and blue, respectively.

Fig. 2. Linear chelotropic reaction: the case of a 4n system (buta-
diene–SO2).

Fig. 4. Nonlinear chelotropic reaction: the case of a 4n system (bu-
tadiene–SO2).

Fig. 5. (a) Energy and (b) hardness profiles for the butadiene–SO2

reaction (nonlinear approach).

Jaque et al. 861

Published by NRC Research Press

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

U
ni

ve
rs

ity
 o

f 
E

le
ct

ro
ni

c 
an

d 
Sc

ie
nc

e 
T

ec
ho

no
lo

gy
 o

f 
C

hi
na

 o
n 

09
/1

7/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



chemical hardness helps to discriminate between the conro-
tatory vs. disrotatory modes. An inverse sequence for both
the linear and nonlinear mechanisms as compared with the
chelotropic reaction between SO2 and the 4n system is
found, in agreement with the WH rules.

The dual descriptor
In Fig. 10, we depict the dual descriptors of both buta-

diene and SO2 represented as counterplots, using colour co-
des. Red corresponds a positive f (2)(r) value and blue to a

negative value, i.e., electrophilic and nucleophilic regions,
respectively. In the case of the linear approach to butadiene,
it is immediately seen that stabilizing interactions are at
work between the central C2–C3 region and the terminal C
atoms with the lone pair region of SO2, and, more impor-
tantly, between the C1–C2 and C3–C4 regions of the diene
and the empty p orbital region of SO2, further optimized by
a disrotatory movement of the diene. In other words, the
analysis based on the dual descriptors reveals that the linear
approach is favoured by a synergism (resembling the so-
called s-donation/p back-donation phenomenon in metal–

Fig. 6. Linear chelotropic reaction: the case of a (4n + 2) system
(1,3,5-hexatriene-SO2).

Fig. 7. (a) Energy and (b) hardness profiles for the 1,3,5-hexa-
triene–SO2 reaction (linear approach).

Fig. 8. Nonlinear chelotropic reaction: case of a (4n + 2) system
(1,3,5-hexatriene–SO2).

Fig. 9. (a) Energy and (b) hardness profiles for the 1,3,5-hexa-
triene–SO2 reaction (nonlinear approach).
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ligand bonding) driving the disrotatory movement of the
CH2 groups.

Turning finally to the nonlinear case, the 4n system shows
in fact only destabilizing interactions (see Fig. 11) between
the lone pair of SO2 and the C1–C2 and C3–C4 regions and
the empty p orbital of the S atom and the C2–C3 region and
terminal C atoms. The system will only gain stabilization
when these destabilizing interactions are reduced, for in-
stance, through a conrotatory movement of the terminal

CH2, leading to the conjecture that these reactions are less
favoured than their analogues in the linear case.

This is in agreement with the computational data, indicat-
ing that upon trying to locate a TS for the nonlinear ap-
proach, the system spontaneously evolves to a linear
approach geometry. To our knowledge and from the experi-
mental point of view,31 no clear cut evidence has been pre-
sented for cases in which such a nonlinear approach is the
preponderant mechanism.

Fig. 10. The dual descriptor maps for the reactants (butadiene + SO2) for the linear approach; electrophilic (f (2)(r) > 0) and nucleophilic
(f (2)(r) < 0) regions are indicated in red and blue, respectively.

Fig. 11. The dual descriptor maps for the reactants (butadiene + SO2) for the nonlinear chelotropic approach; electrophilic (f (2)(r) > 0) and
nucleophilic (f (2)(r) < 0) regions are indicated in red and blue, respectively.
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The dual descriptor maps for the reaction between SO2
and 1,3,5-hexatriene are given in Figs. 12 and 13 for the lin-
ear and nonlinear path, respectively. A behaviour opposite to
that of the 4n system is observed.

Conclusions

Two DFT-based reactivity descriptors, the initial hardness
response and the dual descriptor turn out to be successful in
predicting/interpreting the allowedness/forbiddeness of che-
lotropic reactions in the linear and nonlinear approaches.
Combined with our earlier positive results for the three other
types of pericyclic reactions (electrocyclizations, cycloaddi-
tions, and sigmatropic reactions), this study leads to the con-

clusion that the WH rules, essentially based on orbital and
wave function symmetry, can be retrieved in a ‘‘density-
only’’ context using conceptual-DFT-based descriptors. This
finding highlights the basic role of the electron density,
which, despite of its much simpler mathematical form (func-
tion of three variables) as compared with the wave function
(function of 4N variables), is shown to carry the necessary
information to regain the celebrated WH rules based on the
symmetry of the wave function.
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Fig. 12. The dual descriptor maps for the reactants (1,3,5-hexatriene + SO2) for the linear approach; same colour codes as in Fig. 10.

Fig. 13. The dual descriptor maps for the reactants (1,3,5-hexatriene + SO2) for the nonlinear approach; same colour codes as in Fig. 10.
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A computational study of methanol-to-hydrocarbon
conversion — Towards the design of a low-barrier
process

Bun Chan and Leo Radom

Abstract: Computational quantum chemistry has been employed to examine the production of ethylene with methanol-to-
hydrocarbon (MTH) processes via a carbon pool mechanism. We find that the M05-2X functional performs well for the
types of reactions that are involved. The methylation reactions of the aromatic cocatalyst are the most energy-demanding
steps in the process. For the subsequent production of C2H4, we have identified a low-energy pathway that involves multi-
ple methyl shifts, followed by concerted deprotonation and C2H4 elimination. The substitutions of the Al and Si atoms in
the participating Si–OH–Al moiety of zeolite catalysts with Ga and Ge do not lead to lower barriers for the methylation
reactions, nor does the use of a more electron-rich aromatic cocatalyst. However, we find that the use of two cocatalysts, a
nucleophile and an aromatic carbon pool, can provide an overall low-energy pathway for the MTH process.

Key words: methanol-to-hydrocarbon (MTH) process, zeolite catalysis, computational chemistry.

Résumé : On a fait appel à des calculs de chimie quantique impliquant un mécanisme de mise en commun du carbone
pour examiner la production d’éthylène par le procédé du méthanol à hydrocarbure (MAH). On a trouvé que la fonction-
nelle M05-2X donne de bons résultats pour les types de réactions impliquées. Les réactions de méthylation de la portion
aromatique du cocatalyseur sont les étapes qui requièrent le plus d’énergie. Pour la production subséquente du C2H4, on a
identifié une voie de basse énergie qui implique de multiples déplacements de groupes méthyles, suivis d’une déprotona-
tion concertée avec une élimination de C2H4. Les substitutions des atomes d’aluminium et de silicium de la portion Si–
OH–Al participante des catalyseurs comportant du Ga et du Ge ne conduit pas à des barrières énergétiques inférieures
pour les réactions de méthylation et c’est aussi le cas lorsqu’on utilise un cocatalyseur aromatique plus riche en électron.
Toutefois, on a trouvé que l’utilisation de deux cocatalyseurs, un nucléophile et une mise en commun de carbones aromati-
ques, peut conduire à une voie de faible énergie globale pour le procédé du MAH.

Mots-clés : procédé du méthanol à hydrocarbure (MAH), catalyseur de zéolite, calculs de chimie quantique.

[Traduit par la Rédaction]

Introduction
The limited supply of crude oil and the adverse environ-

mental impact of its combustion have led to an increasing
interest in alternative sources of energy. One of the most
discussed alternatives is the use of hydrogen as the energy
carrier.1 However, there are still many obstacles to the real-
ization of a hydrogen economy, one of which is the problem
of dealing with a gas-phase fuel.2 A methanol economy has
been proposed as another alternative.3 In this scenario, CO2
is recycled and reduced to give methanol as a convenient
and efficient energy carrier. We have previously used com-
putational quantum chemistry to explore the catalytic hydro-
genation of CO2 to methanol by zeolites, and have found
low-energy paths for such an approach to carbon fixation.4

Petroleum is not only a widely used fuel but it also pro-

vides a number of aliphatic and aromatic hydrocarbons as
chemical feedstocks for a wide variety of industrial proc-
esses.5 Thus, an efficient method for methanol-to-hydrocar-
bon (MTH) transformation would also be advantageous.
Such a chemical transformation can be achieved with the
use of zeolite catalysts.6 The carbon pool mechanism is cur-
rently considered to be the dominant pathway for MTH
processes.7 According to this mechanism, an aromatic spe-
cies (Ar) acts as a catalyst and is polymethylated and under-
goes multiple internal rearrangements in the course of
generating alkene products:

½1� Arþ nCH3OH!! ArðCH2Þn þ nH2O!
! Arþ CnH2n þ nH2O

The complete catalytic process is complex but theory can
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potentially provide useful insights into the mechanism. For
instance, the production of isobutene from methanol via a
ring contraction/expansion ‘‘paring’’ pathway8 has been
modeled.9 The results show that the methylation reactions
of the aromatic species are the most energy-demanding steps
in the calculated catalytic cycle. There have also been com-
putational studies10 indicating that in MTH processes with
an ‘‘exocyclic’’ mechanism,11 the formation of the alkene
product involves high-energy intermediates and transition
structures and is rate limiting.

While these theoretical studies have identified barriers of
as much as 160 kJ mol–1 for some of the steps involved in
MTH processes,9,10b the overall reactions are generally exo-
thermic, driven by the formation of water. For instance, the
reactions leading to the formation of ethene, propene, and
isobutene from methanol (n = 2, 3, and 4 in eq. [1]) have
reaction enthalpies of –21.2, –90.,1 and –165.2 kJ mol–1, re-
spectively.12,13 As a result, improvements in catalysis can
potentially lead to greatly reduced energy requirements for
MTH processes, and possibly include the associated benefits
of achieving higher selectivities and longer lives for the cat-
alysts under milder reaction conditions.

We have been interested for some time in studying transi-
tion-metal-free catalysis of hydrogenation processes.4,14 In
particular, we have investigated the zeolite-catalyzed hydro-
genation of CO2 to give methanol.4 We find that appropri-
ately designed zeolites can provide excellent catalysis for
this conversion.

In the present study, we examine the zeolite-catalyzed
MTH process that produces ethene via an exocyclic path-
way. We aim to reevaluate the reaction mechanism and iden-
tify the high-barrier steps in the overall process, and then
target these steps to explore the possibility of lower-energy
alternatives. We hope that our work will contribute to
achieving effective conversion of CO2 to hydrocarbons us-
ing environmentally benign catalysts, and in turn, advance
the prospects of a methanol economy.

Computational details
Standard ab initio molecular orbital theory and density

functional theory calculations15 were carried out with the
GAUSSIAN 03,16 GAUSSIAN 09,17 and MOLPRO 200618

programs. Models representing cavities of the MFI (ZSM-
five: zeolite Socony Mobil-five) structure19 were constructed
by extracting an 8T-cluster from the literature crystal struc-
ture.20 Dangling bonds were saturated with hydrogen atoms,
whose locations were obtained through optimizations with
the PM3 semi-empirical procedure with the heavy atoms
being frozen.

For the zeolites and related complexes and transition
structures, geometries were obtained at the B3-LYP/6-
31+G(d,p) level of theory, with the terminal hydrogen atoms
of the 8T-clusters being frozen. Improved relative energies
were obtained at the B3-LYP and M05-2X21 levels with the
G3MP2Large22 basis set. We have inspected the vibrational
frequencies of the transition structures for an indication that
they link the appropriate adjacent minima.

We have also briefly examined the reaction profile of
smaller 2T-clusters to probe the electronic effect of cluster
size on the reaction profile. The terminal OSiH3 groups in

the 8T-clusters of the optimized structures for the zeolites,
and related complexes and transition structures, were re-
placed with hydrogen atoms in these calculations. Lengths
of 1.490 and 1.618 Å were used for the Si–H and Al–H
bonds, respectively.23 Single-point energies at the M05-2X/
G3MP2Large and G3(MP2)-RAD24 levels were then ob-
tained for the resulting structures with the 2T-clusters.

Geometrical parameters within the text are B3-LYP/6-
31+G(d,p) values, while relative energies correspond to vi-
brationless M05-2X/G3MP2Large values, unless otherwise
noted. In specific cases, zero-point vibrational energies
(ZPVEs), and thermal corrections to enthalpy (DH) and en-
tropy (S) at 298 K, derived from B3-LYP/6-31+G(d,p) fre-
quencies, were incorporated into the relative energies.
Literature scaling factors25 were used in the evaluation of
ZPVEs (0.9857), DH (1.0062), and S (1.0099) from the cal-
culated B3-LYP harmonic vibrational frequencies.

Results and discussion

General
The zeolite models and the aromatic cocatalysts examined

in this study are listed in Fig. 1. HZ0-2T and HZ0 are 2T-
and 8T-cluster models for H-ZSM-5, respectively. We have
previously found that the substitution of Si atoms by Ge can
somewhat lower the barrier for the zeolite-catalyzed hydro-
genation of CO2.4 Likewise, in the present study we explore
the possibility of an improved MTH catalysis by examining
the model zeolites HZ1 and HZ2. In HZ1 the Al atom that is
adjacent to the acidic OH in HZ0 is substituted by Ga, while
in HZ2 the Si atom that is adjacent to the acidic OH is re-
placed by Ge.

We use p-xylene (Ar0) as a prototypical model for the ar-
omatic cocatalyst in the carbon pool mechanism for the
MTH process. Since the MTH process involves carbocation
intermediates, stabilization with p-electron-donating groups
can potentially lead to a more facile set of reactions. Thus,
we examine 5,6-dimethyl-1,3-benzodioxole (Ar1), which in-
cludes two p-electron-donating alkoxy groups, as an alterna-
tive aromatic cocatalyst. Although Ar1 serves as a convenient
model for an electron-rich aromatic in our theoretical investi-
gation, we recognize that complications might arise in its ex-
perimental usage.

The choice of cluster size for a model zeolite can have a
substantial effect on the calculated properties.26 While it has
been demonstrated that relatively small clusters are able to
capture the essential chemistry of zeolite reactions, the use
of larger clusters has been found to lead to smaller calcu-
lated barriers for several types of reactions.26a,26b We, there-
fore, begin by investigating the effect of cluster size on the
barrier for the methylation of the aromatic cocatalyst Ar0,
which we find to be one of the most energy-demanding
steps in the MTH process (see below).

In a recent study,9 ONIOM(B3-LYP/6-31G(d):HF/6-
31G(d)) calculations were employed to probe the complete
catalytic cycle of an MTH process. Using a 46T-cluster
model for H-ZSM-5, a barrier of 154.9 kJ mol–1 was ob-
tained for the ortho-methylation of p-xylene (Table 1). With
the 8T-cluster HZ0, we find a barrier of 178.9 kJ mol–1 for
the ipso-methylation reaction at the B3-LYP/6-31G(d) level.
Thus, at a comparable theoretical level and for a similar re-
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action, our barrier obtained using the 8T-cluster model is
24.0 kJ mol–1 higher than the value obtained with a 46T-
cluster. The use of an even smaller 2T-cluster, HZ0-2T,
leads to a further increase in the calculated barrier (to 212.6
kJ mol–1). Thus, our results are consistent with the previous
findings that increasing cluster size leads to lower calculated
barriers.26a,26b

Turning our attention to the effect of level of theory on
the calculated barrier, we find that the use of the larger 6-
31+G(d,p) and G3MP2Large basis sets with B3-LYP lead
to somewhat lower barriers than that obtained with the 6-
31G(d) basis set (Table 1), with the basis set effect being re-
duced for the larger 8T cluster. Of the four DFT levels ex-
amined, M05-2X/G3MP2Large gives the best agreement
with our benchmark G3(MP2)-RAD value for the HZ0-2T-
catalyzed process.

We have also compared the energy profile for the com-
plete MTH process with the HZ0-2T cluster, as obtained at
the three DFT levels, with that of the G3(MP2)-RAD bench-
mark (Table 2). We find that M05-2X/G3MP2Large gives
the closest agreement for the barriers and reaction energies
with the G3(MP2)-RAD values, with a mean absolute devia-
tion (MAD) of 11.2 kJ mol–1, compared with 38.0 and 43.4
kJ mol–1 for B3-LYP/G3MP2Large and B3-LYP/6-
31+G(d,p), respectively. The large MADs for B3-LYP can
be partly attributed to the poorer description of complexa-
tion. For instance, if one uses C1 + MeOH for the reference
energy, the MADs for B3-LYP/6-31+G(d,p), B3-LYP/
G3MP2Large, and M05-2X/G3MP2Large become 26.8,
18.3, and 12.4 kJ mol–1, respectively. Nonetheless, M05-2X/
G3MP2Large provides a better compromise between accu-
racy and computational cost for this study.

Mechanism of the MTH process catalyzed by HZ0 and p-
xylene

The reaction profile for the HZ0-Ar0-catalyzed HTM
process is shown in Fig. 2, and the transition structures
(TS1–TS7) in the reaction scheme are displayed in Fig. 3.

The process begins with the HZ0-catalyzed methylation

of Ar0 by methanol (via TS1), giving the trimethyl-cyclo-
hexadienyl cation intermediate (in the complex C2), fol-
lowed by elimination of water. Abstraction of a proton from
this cation by Z0– gives dimethyl-methylene-cyclohexadiene
(C3 ? C4 via TS2). A second catalytic methylation leads to
the formation of the ethyl-dimethyl-cyclohexadienyl cation
intermediate (C5 ? C6 via TS3), followed again by elimi-
nation of water to give C7.

There are many feasible pathways for the elimination of
the alkene product, i.e., C2H4, starting from C7.10,27 These
pathways often involve higher-energy cationic intermediates,
associated with high barriers for their formation.10 On the
other hand, a concerted mechanism has been proposed
(Fig. 4),27a in which the elimination of C2H4 and the regen-
eration of Ar0 and HZ0 occur concurrently, without the par-
ticipation of higher-energy cations. However, this pathway
has not previously been examined in detail. Because it can
potentially provide a lower-energy route to product forma-
tion, we have explored this possibility in the present investi-
gation.

For the process shown in Fig. 2, the ethyl-dimethyl-cyclo-
hexadienyl cation in C10 is required in the proposed con-
certed mechanism. The formation of this cation can be
accomplished by multiple methyl migrations, starting from
the cation in C7 (C7 ? C8 ? C9 ? C10 via TS4, TS5,
and TS6, respectively). The concerted deprotonation and
elimination of C2H4 to regenerate Ar0 and HZ0 via TS7
completes the catalytic cycle.

The calculated energy profile for the HZ0-Ar0-catalyzed
MTH process and the barriers for the various steps, eval-
uated from the preceding minima, are shown in Table 3,
which also includes free energies at 298 K. We realize that
species that involve the zeolite models (HZ0 and Z0–) are
optimized with structural constraints and, therefore, are not
true minima on the potential energy surface. As a result, the
inclusion of ZPVEs and thermal corrections for enthalpy and
entropy, obtained from calculated harmonic frequencies, is
not strictly correct from a theoretical point of view. How-
ever, as the same structural constraints are employed for the
entire reaction profile, we anticipate substantial cancellation
of errors, and that the free energies listed in the table can
thus serve as reasonable estimates for the effect of thermal
energies and entropies in the zeolite system.

The energies of the various points along the reaction pro-
file span a range of 209.8 kJ mol–1, from the lowest point
of –105.3 kJ mol–1 for C1 + MeOH (Fig. 2) to the highest
point of 104.5 kJ mol–1 for TS3 + H2O (Fig. 3). We find
that the two methylation reactions are the most energy de-
manding, with barriers of 167.4 and 134.3 kJ mol–1 for the
first (via TS1) and second (via TS3) methylation reactions,
respectively. These are substantially higher than the next
largest barrier of 64.6 kJ mol–1 for the elimination of C2H4
from C10 (via TS7), while the methyl shifts that precede

Fig. 1. Model zeolites (HZ0-2T, HZ0, HZ1, and HZ2) and aromatic cocatalysts (Ar0 and Ar1) examined in this study.

Table 1. Effect of cluster size and level of theory on the
calculated barrier (via transition structure 1 (TS1)) for the
zeolite-catalyzed ipso-methylation of p-xylene (Ar0) by
methanol (kJ mol–1).

HZ0-2T HZ0 (8T) 46T
B3-LYP/6-31G(d) 212.6 178.9 154.9a

B3-LYP/6-31+G(d,p) 210.0 175.7
B3-LYP/G3MP2Large 201.2 175.4
M05-2X/G3MP2Large 193.0 167.4
G3(MP2)-RAD 195.4

aONIOM(B3-LYP/6-31G(d):HF/6-31G(d))//ONIOM(B3-LYP/6-
31G(d):MNDO) value for ortho-methylation from ref. 9.
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this final step of the process have somewhat lower barriers
of 50–60 kJ mol–1.

Thermal enthalpy and entropy contributions lead to an in-

crease in the free energy values for the complexes and tran-
sition structures relative to the separated reactants, a
widened range of 272.1 kJ mol–1 for the free energy profile,

Table 2. Energy profile for the HZ0-2T-Ar0-catalyzed MTH process calculated with G3(MP2)-RAD and various DFT procedures (kJ mol–1).

G3(MP2)-RAD B3-LYP/6-31+G(d,p) B3-LYP/G3MP2Large M05-2X/G3MP2Large
1 Ar0 + HZ0 + 2MeOH 0.0 0.0 0.0 0.0
2 C1 + MeOH –86.3 –67.4 –62.5 –87.0
3 TS1 + MeOH 109.1 142.6 138.7 106.0
4 C2 + MeOH 56.4 95.4 92.2 58.2
5 C3 + MeOH + H2O 102.6 127.2 120.4 107.2
6 TS2 + MeOH + H2O 105.8 127.5 129.3 113.2
7 C4 + MeOH + H2O 17.3 67.2 69.3 40.9
8 C5 + H2O –32.7 24.4 29.9 –11.5
9 TS3 + H2O 135.0 185.0 178.7 145.7
10 C6 + H2O –2.4 53.4 50.0 6.5
11 C7 + 2H2O 30.7 87.0 78.8 42.5
12 TS4 + 2H2O 84.3 155.3 142.9 95.7
13 C8 + 2H2O –6.0 39.1 34.1 10.8
14 TS5 + 2H2O 70.8 137.5 127.8 81.7
15 C9 + 2H2O 11.6 64.5 55.1 26.2
16 TS6 + 2H2O 66.1 136.3 125.2 76.4
17 C10 + 2H2O 30.0 83.9 72.8 44.3
18 TS7 + 2H2O 94.9 136.0 124.3 105.1
19 C11 + 2H2O –52.5 –13.2 –22.2 –30.7
20 Ar0 + HZ0 + C2H4 + 2H2O –16.5 5.3 –5.8 4.0
MADa — 43.4 38.0 11.2
LDb — +71.0 +62.5 +23.6

aMean absolute deviation.
bLargest deviation.

Fig. 2. Reaction profile (kJ mol–1) for the HZ0-Ar0-catalyzed MTH process leading to the production of C2H4 from MeOH.
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and somewhat higher barriers for most of the reactions (e.g.,
180.8 kJ mol–1 for DGz1). However, the general features for
the process remain the same, with the methylation reactions
being substantially more energy-demanding than the other
reactions.

Thus, our results suggest that, upon methylation of the ar-
omatic cocatalyst, internal methyl shifts, followed by con-
certed deprotonation and C2H4 elimination, can provide a
low-energy pathway for completing the catalytic cycle. The
methylation reactions that generate the cationic intermedi-
ates and the deprotonated zeolite are rate limiting. We will
explore various means to reduce the energy requirements
for this reaction type in the next two sections.

Effect of alternative zeolites and cocatalysts on the
methylation barriers

In this section, we explore three alternatives to the proto-
typical HZ0-Ar0-catalyzed MTH process. Our focus is on
the methylation reactions of the aromatic cocatalyst (i.e., for
the steps up to C6 + H2O in Fig. 2), since these represent
the most energy-demanding steps.

The first two alternatives involve modified zeolite cata-
lysts HZ1 and HZ2 (Fig. 1), whereby the Al and Si atoms
in the Si–O–Al moiety in HZ0 are replaced, respectively,
by Ga and Ge, in HZ1 and HZ2. The reaction profiles in
these two cases are very similar to that for the HZ0-catalyzed
process (Fig. 2). For the third alternative process considered
in this section, a modified aromatic cocatalyst (Ar1) is em-
ployed. This leads to intermediates that are considerably dif-
ferent from those for the Ar0 process. The intermediates
involved in the Ar1 process are shown in Fig. 5.

Fig. 3. Optimized transition structures (TS1–TS7) for the HZ0-Ar0-catalyzed MTH process (see Fig. 2). Selected hydrogen atoms in TS1–
TS7 and the zeolite catalyst in TS4–TS6 are omitted for the sake of clarity.

Fig. 4. The Z0–-catalyzed concerted deprotonation and C2H4 elimination from 6-ethyl-3,6-dimethylcyclohexadienyl cation.

Table 3. Calculated energy profile (kJ mol–1) for the HZ0-Ar0-
catalyzed MTH process.

DE DG (298 K)
1 Ar0 + HZ0 + 2MeOH 0.0 0.0
2 C1 + MeOH –105.3 –5.7
3 TS1 + MeOH 62.1 175.1
4 C2 + MeOH 9.4 118.9
5 C3 + MeOH + H2O 72.1 139.5
6 TS2 + MeOH + H2O 102.3 159.5
7 C4 + MeOH + H2O 36.0 96.3
8 C5 + H2O –29.8 84.0
9 TS3 + H2O 104.5 223.4
10 C6 + H2O –41.5 77.1
11 C7 + 2H2O –0.3 72.1
12 TS4 + 2H2O 52.5 117.4
13 C8 + 2H2O –21.8 48.7
14 TS5 + 2H2O 37.8 107.6
15 C9 + 2H2O –17.1 51.2
16 TS6 + 2H2O 35.5 105.7
17 C10 + 2H2O 5.3 76.0
18 TS7 + 2H2O 69.9 121.6
19 C11 + 2H2O –31.1 16.8
20 Ar0 + HZ0 + C2H4 + 2H2O 4.0 –48.7
DEz1 , DGz1 (2 ? 4) 167.4 180.8
DEz2 , DGz2 (5 ? 7) 30.2 20.1
DEz3 , DGz3 (8 ? 10) 134.3 139.3
DEz4 , DGz4 (11 ? 13) 52.8 45.3
DEz5 , DGz5 (13 ? 15) 59.6 58.9
DEz6 , DGz6 (15 ? 17) 52.6 54.5
DEz7 , DGz7 (17 ? 19) 64.6 45.6
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The calculated energy profiles and the barriers for the
HZ0-catalyzed methylation of Ar0, and for the three alterna-
tives, are shown in Table 4. We find that neither HZ1 nor
HZ2 improve the energies for the methylation reactions. In
fact, either the substitution of Al by Ga (HZ1) or Si by Ge
(HZ2) generally lead to higher methylation barriers for Ar0.
This is in contrast to the results from our previous investiga-
tion on zeolite-catalyzed hydrogenation of CO2,4 in which
we found that substitution of an Si atom by Ge can lead to
a lower barrier. On the other hand, the methylation reactions
with Ar1 have somewhat lower barriers than those with Ar0.

Interestingly, the use of Ar1 leads to much greater stabili-
zation for the cationic intermediates than for the transition
structures. By comparing the energies for C2 + MeOH
(Table 4, entry 4) for the two substrates, as well as those
for C6 + H2O (Table 4, entry 10), we can see that the cati-
onic intermediates derived from Ar1 are relatively more sta-
ble compared with those from Ar0 by more than 70 kJ

mol–1. In contrast, the greatest decrease in the methylation
barriers is just 6.7 kJ mol–1 for DEz1.

In general, electron-donating groups can stabilize a cation
by delocalizing the positive charge. Similarly, for reactions
that lead to the formation of a cation, electron-donating
groups generally stabilize the transition structure, as cationic
character develops. Why do the additional electron-donating
substituents in this case give rise to substantial stabilization
for the cation but do not significantly lower the methylation
barriers? To answer this question, we have examined the
geometries of the transition structures for the methylation re-
actions. Figure 6 shows selected reactive sections of the
transition structures (TS1) for the first methylation of Ar0
and Ar1, as prototypical examples for the HZ0-catalyzed
methylation reactions. An intriguing feature for both transi-
tion structures is the long O���C distances for the breaking
C–O bond of MeOH (2.273 and 2.181 Å for Ar0 and Ar1,
respectively), as well as the long C���C distances for the C–

Fig. 5. Reaction profile for the HZ0-catalyzed methylation reactions of Ar1 by methanol.

Table 4. Calculated energy profiles (kJ mol–1) for the methylation reactions of
aromatic substrates Ar0 and Ar1, catalyzed by zeolites HZ0–HZ2.

HZ0-Ar0 HZ1-Ar0 HZ2-Ar0 HZ0-Ar1
1 Ar + HZ0 + 2MeOH 0.0 0.0 0.0 0.0
2 C1 + MeOH –105.3 –104.3 –110.3 –108.5
3 TS1 + MeOH 62.1 66.5 67.1 52.1
4 C2 + MeOH 9.4 17.7 6.2 –66.5
5 C3 + MeOH + H2O 72.1 78.4 71.1 –3.9
6 TS2 + MeOH + H2O 102.3 105.6 105.0 37.7
7 C4 + MeOH + H2O 36.0 33.5 35.8 29.8
8 C5 + H2O –29.8 –30.5 –23.6 –35.7
9 TS3 + H2O 104.5 105.8 103.5 96.2
10 C6 + H2O –41.5 –40.3 –48.2 –111.8
DEz1 (2 ? 4) 167.4 170.9 177.3 160.7
DEz2 (5 ? 7) 30.2 27.2 33.9 41.6
DEz3 (8 ? 10) 134.3 136.3 127.2 131.9
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C bond that is being formed (2.066 and 2.114 Å for Ar0 and
Ar1, respectively). In addition, the CH3 moiety is almost
planar in both transition structures.

Essentially, the transition structure in both cases is very
loose, including a nearly fully-formed CH3

+ cation. As a re-
sult, while the cationic intermediate produced from Ar1 is
much more stable than the intermediate produced from Ar0,
the transition structure for its formation benefits little from
this additional stability. This provides a simple rationaliza-
tion for the high energy requirements for the methylation re-
actions.

Designing an improved MTH process with a second
cocatalyst

With the knowledge that the high energy requirements for
the methylation reactions are the consequence of kinetic
rather than thermodynamic effects, can we design an im-
proved process? We consider the use of a stronger nucleo-
phile, THF in this case, in which the oxygen atom has a
more concentrated electron density than the p-electrons in
Ar0 and Ar1. The aim is that the higher nucleophilicity of
THF might better stabilize the almost naked CH3

+ cation in
the transition structure, and give rise to a lower methylation
barrier. While the practical use of THF in zeolite catalysis
might involve complications such as the potential for its de-
hydration, THF serves as a convenient oxygen base for the
theoretical testing of the above hypothesis.

Ideally, the base cocatalyst should be able to undergo
multiple methylation, and it should be possible to eliminate
the product alkene from the methylated intermediate. How-
ever, such processes are not possible with THF beyond the
initial methylation. Thus, we have also examined the subse-
quent transfer of a CH3

+ group from THFMe+ to Ar0 and
Ar1 and their monomethylated intermediates, so that the
MTH process may follow through to completion. Thus,
THF acts as a second cocatalyst in this mechanism.

The reaction profiles for the process leading up to the for-
mation of the dimethylated intermediates are shown in
Fig. 7. The initial methylation of THF (via TS8) gives the
methylated THF cation (in the complex C13). The CH3

+

group is then transferred to the aromatic cocatalyst (via
TS9), and this is followed by deprotonation of the resulting
cationic intermediate (via TS2) to give C4. The sequence of
reactions, THF methylation and CH3

+ transfer (this time via
TS10), is then repeated to give the dimethylated aromatic in-
termediate (C17).

Table 5 shows the calculated energy profiles for the HZ0-
THF-catalyzed methylation processes of Ar0 and Ar1. It
also shows the energy profile for the HZ0-catalyzed methyl-
ation of Ar0 for comparison. The species in the HZ0-THF-
catalyzed processes span energy ranges of 220.6 and 215.7
kJ mol–1, for Ar0 and Ar1, respectively. The lowest-energy
point on the energy profiles is Ar + C12 + MeOH (Table 5,
entry 22) for both cases, where C12 is the HZ0�MeOH�THF
complex, while the highest energy point is TS10 + 2H2O
(Table 5, entry 35), where TS10 is the transition structure
for the second CH3

+ transfer from THFMe+ to Ar’. The en-
ergy ranges for these two processes, and the energies of the
lowest and highest points along the pathways, are similar to
those for the HZ0-catalyzed process in the absence of THF.
However, we find that the high barriers are eliminated when

THF is involved. Thus, the highest barriers for the HZ0-
THF-Ar0 and HZ0-THF-Ar1 processes are 123.4 and 118.6
kJ mol–1, respectively, which are considerably lower than
the highest barrier of 167.4 kJ mol–1 for the HZ0-Ar0 proc-
ess.

While the highest barrier in the HZ0-Ar0 process is found
for the HZ0-catalyzed methylation of Ar0, we find that the
corresponding HZ0-catalyzed methylation of THF has a
much lower barrier of 99.3 kJ mol–1. This is consistent with
our hypothesis that a more nucleophilic oxygen base favors
the methylation reaction compared with p-electron nucleo-
philes. Instead, the highest barriers in the THF-cocatalyzed
processes correspond to the transfer of CH3

+ from the me-
thylated THF cation to the aromatic substrates Ar0 and Ar1.
Nonetheless, the barriers for the transfer reactions of CH3

+

are still considerably lower than those for the HZ0-catalyzed
methylation of the aromatic substrates.

The reactive segments in the transition structures for the
HZ0-catalyzed methylation reactions of Ar0 and THF, and
for the CH3

+ transfer from THFMe+ to Ar0 (in the presence
of Z0–), are shown in Fig. 8. An intriguing observation in
comparing the three transition structures is the short C���O
distance between the CH3

+ moiety and THF for the methyl-
ation of THF (Fig. 8b). This short distance, along with the
nucleophilicity of the O atom, facilitates the stabilization of
the CH3

+ and the lowering of the barrier. We can see that
the O���C distance in the Z0–-THFMe+-Ar0 reaction
(Fig. 8c) is comparable to the corresponding distance in the
HZ0-MeOH-Ar0 reaction (Fig. 8a), and the C���C distance in
the former is noticeably longer than that in the latter. The
barrier for the CH3

+ transfer (Fig. 8c) is nevertheless mark-
edly lower. Presumably, this is due to Z0–�THFMe+ being a
better donor of CH3

+ than HZ0�MeOH.
Our results show that the use of THF as a ‘‘CH3

+ sink’’
might lead to facilitation of the methylation of the aromatic
cocatalyst, which is likely to be the most energy-intensive
reaction in the MTH process. From a practical point of
view, it would be more desirable to design a single aromatic
cocatalyst that can be easily methylated. In this connection,
we have briefly examined the thermodynamics for the vari-
ous intermediates involved for methylation at oxygen in Ar1
(Fig. 9). Our results show that methylation at the oxygen
atom of Ar1 is much less favorable than methylating the ar-
omatic ring. This may be attributed to the delocalization of

Fig. 6. Selected bond distances (Å) in the transition structures
(TS1) for the HZ0-catalyzed methylation of (a) Ar0 and (b) Ar1.
The zeolite moieties in the optimized structures are not shown.
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the oxygen lone pair over the p-system, making it substan-
tially less nucleophilic. Thus, among the processes examined
in this study, the use of THF as an additional and more nu-
cleophilic cocatalyst appears to provide the least energy in-
tensive path for the MTH conversion.

Concluding remarks
We have employed computational quantum chemistry to

examine the production of C2H4 in methanol-to-hydrocarbon
(MTH) processes via an exocyclic carbon pool mechanism.
The following principal findings have emerged from the
present study.

The M05-2X functional performs well for the investiga-
tion of these reactions, with an MAD of 11.2 kJ mol–1, com-
pared with G3(MP2)-RAD, for the species involved in the
MTH process. The use of 8T-clusters as models for zeolites
appears to provide a good qualitative picture of the catalysis,
but tends to overestimate the barriers in the MTH process.

In contrast to previous studies, we find that the methyla-

tion reactions of the aromatic cocatalyst are the most en-
ergy-demanding steps in the MTH process. We have
identified a low-energy pathway to the production of C2H4

from the methylated intermediates, which involves multiple
methyl shifts, followed by concerted zeolite-catalyzed de-
protonation and C2H4 formation.

We find that the substitution of the SiOH group in our
zeolite model with GeOH, or of AlOH with GaOH, does
not lead to lower barriers for the methylation reactions.
While the use of a more electron-rich aromatic cocatalyst
greatly stabilizes the cationic intermediates, it does not pro-
vide significant benefit to the transition structures that lead
to the formation of these intermediates. This can be attrib-
uted to the formation of an almost naked CH3

+ in the transi-
tion structure, regardless of the aromatic cocatalyst.

The use of a more nucleophilic substrate, such as THF, in
the methylation reaction reduces the barrier significantly. We
find that the resulting THFMe+ cation can also methylate an
aromatic molecule with a significantly reduced barrier. Thus,

Fig. 7. Reaction profile for the HZ0-THF-catalyzed methylation of Ar0 and Ar1.
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the combination of two cocatalysts, namely a nucleophile and
an aromatic carbon pool, can potentially provide a low-energy
pathway for the MTH process.

It would be advantageous to combine the nucleophile and

the aromatic carbon pool in a single molecule. However, our
preliminary studies indicate that this is not entirely straight-
forward. We are currently undertaking further investigations,
aiming to design an effective cocatalyst for the MTH proc-
ess.

Supplementary data

Supplementary data for this article (GAUSSIAN 03 ar-
chive entries for B3-LYP/6-31+G(d,p)-optimized geometries
of relevant equilibrium structures and transition structures
(Table S1), and M05-2X/G3MP2Large electronic energies
(Table S2)) are available on the journal Web site (canjchem.
nrc.ca).

Acknowledgements
We gratefully acknowledge generous allocations of com-

puting time from the National Computational Infrastructure
(NCI) National Facility and the Australian Center for Ad-
vanced Computing and Communications (AC3), the award
(to LR) of an Australian Research Council (ARC) Discovery
Grant, and support from the ARC Centre of Excellence for
Free Radical Chemistry and Biotechnology.

Table 5. Calculated energy profiles (kJ mol–1) for the HZ0-catalyzed methylation of Ar0
and the HZ0-THF-catalyzed methylation of Ar0 and Ar1.

HZ0-Ar0a HZ0-THF-Ar0 HZ0-THF-Ar1
21 Ar + HZ0 + THF + 2MeOH 0.0 0.0 0.0
22 Ar + C12 + MeOH –105.3 –103.7 –103.7
23 Ar + TS8 + MeOH 62.1 –4.4 –4.4
24 Ar + C13 + MeOH 9.4 –70.9 –70.9
25 C14 + MeOH + H2O — –44.4 –47.7
26 TS9 + MeOH + H2O — 78.9 71.0
27 C15 + MeOH + H2O — 39.7 3.7
28 C3 + THF + MeOH + H2O 72.1 72.1 –3.9
29 TS2 + THF + MeOH + H2O 102.3 102.3 37.7
30 C4 + THF + MeOH + H2O 36.0 36.0 29.8
31 Ar’ + C12 + H2O — –31.8 –34.9
32 Ar’ + TS8 + H2O — 67.5 64.4
33 Ar’ + C13 + H2O — 1.1 –2.1
34 C16 + 2H2O –29.8 32.4 26.7
35 TS10 + 2H2O 104.5 116.9 111.9
36 C17 + 2H2O –41.5 –14.0 –60.7
DEz8 (22 ? 24) 167.4 99.3 99.3
DEz9 (25 ? 27) — 123.4 118.6
DEz10 (28 ? 30) 30.2 30.2 41.6
DEz11 (31 ? 33) — 99.3 99.3
DEz12 (34 ? 36) 134.3 84.5 85.2

aValues correspond sequentially to those of entries 1–10 in Table 4.

Fig. 8. Selected bond distances (Å) in the HZ0-catalyzed methyla-
tion of (a) Ar0 and (b) THF, and (c) methyl transfer from THFMe+

to Ar0 in the presence of HZ0. The zeolite moieties in the opti-
mized structures are not shown.

Fig. 9. Relative energies (kJ mol–1) for the methylation of Ar1 at
various positions.
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TRIBUTE

Russell Jaye Boyd was born in 1945 in Kelowna, the centre
of British Columbia’s wine-producing and fruit-growing Okana-
gan Valley. His early years were devoted to hockey, basket-
ball, baseball, golf, and water-related activities. Just before
his fifteenth birthday, his family moved to New Westminster,
where he attended Lester Pearson High School and began to
show some interest in science and mathematics.

Russ enrolled in the Science program at the University of
British Columbia in 1963 and graduated in 1967 with First-
Class Honours in Chemistry and the Lefevre Gold Medal for
highest standing in the Honours Chemistry program. His Hon-
ours thesis focused on the new technique of photoelectron
spectroscopy. At the time, there were no commercial instru-
ments and UBC had the only photoelectron spectrometers in
Canada. With enthusiastic encouragement from his thesis
supervisor, David C. Frost, Russ attempted to carry out the
first study of the angular dependence of photoelectron emis-
sion. Despite the best efforts of the strong technical support
team in the machine shop, two different designs failed to pro-
duce meaningful results. To obtain some positive results,
Russ rounded up supplies of some boron trihalides and re-
corded their spectra.

As one of the first recipients of a 1967 Science Scholarship
(introduced in 1967 by the National Research Council (NRC)
of Canada to celebrate Canada’s centennial), he went east to
pursue his Ph.D. in Theoretical Chemistry at McGill University
under the supervision of M.A. (Tony) Whitehead. As a conse-
quence of the fact that he had recorded the photoelectron
spectra of some boron trihalides (and some siloxanes) as an
undergraduate, Russ realized that there was no theoretical
framework for interpreting such spectra in the absence of
electronic structure calculations. In 1967, reliable ab initio cal-
culations were restricted to small molecules. In fact, the larg-
est molecule in the 1967 compendium of ab initio calculations
compiled by Morris Kraus is HCCCN for which A.D. McLean
and M. Yoshimine reported a single-point SCF calculation
with a small basis set. In his first few months as a graduate
student, Russ completed some semi-empirical molecular orbi-
tal calculations on the boron trihalides and sent the results to
David Frost, which led to his first paper entitled ‘‘The Ionization
Potentials of BF3, BCl3 and BBr3’’, in April 1968 in the first
volume of Chemical Physics Letters.

The existing semi-empirical molecular orbital methods in
1967 were not capable of predicting the equilibrium geome-
tries of molecules. All calculations were carried out at the ex-
perimental geometries or using assumed bond lengths and
angles. Russ realized that this situation was unsatisfactory for
studying reaction mechanisms and set out to develop a
method that would yield molecular potential-energy surfaces
and properties that agree with the experimental data. He de-
veloped a method based on the complete neglect of differen-
tial overlap approximation that had been introduced in 1965
by John Pople and his co-workers. He focused on equilibrium
geometries, bond energies, and force constants (vibrational
frequencies), the three chemically interesting properties asso-
ciated with the minima of molecular potential-energy surfaces.
This was an improvement over any other method that existed
and was ultimately superseded by the work of Michael Dewar
and his colleagues who used a slightly higher and chemically
more reliable level of semi-empirical molecular orbital theory.

After defending his Ph.D. in 1971, Russ joined the group of

Charles A. Coulson in the Mathematical Institute at Oxford
University as an NRC Postdoctoral Fellow. He had become
disillusioned with semi-empirical approaches by the time he
completed his thesis and saw more future in the ab initio ap-
proaches that John A. Pople and his group were developing
within their Gaussian code. Russ turned his attention to elec-
tron correlation and published two papers with Coulson, in-
cluding a description of the Coulomb hole in the first two
excited states of the helium atom, his best-known paper from
Oxford.

With encouragement from Charles A. McDowell, Russ re-
turned to the University of British Columbia where he held a
Killam Postdoctoral Fellowship in the Department of Chemis-
try from 1973 to 1975, where he renewed his interest in pho-
toelectron spectroscopy. He published a single author letter in
Nature in 1974 in which he pointed out that contrary to the
usual interpretation of structural studies of porphyrin com-
plexes, the lowest lying high-spin state of an atom (ion) in a
given configuration is smaller than any state of lower spin.
His prediction was verified two years later by scattering ex-
periments on the first two excited states of the helium atom.

Russ joined Dalhousie University as an Assistant Professor
of Chemistry in 1975 and rose through the ranks to become a
Professor in 1985. He was named a Faculty of Science Killam
Professor in 1997, and in 2001 he became the seventh
Alexander McLeod Chair of Chemistry. The McLeod Chair,
one of the oldest named professorships in chemistry in Canada,
was created in 1884 in accordance with a bequest from
Alexander McLeod. Russ served as Chair of Chemistry from
1992 to 2005. During this time, 11 new faculty members, in-
cluding four outstanding senior chemists, were recruited, the
graduate program expanded significantly, and an addition to
the Chemistry Building was approved. The Department gained
four Tier I Canada Research Chairs (Neil Burford, Jeff Dahn,
Don Weaver, and Joe Zwanziger) between 2001 and 2003.

His research interests span a range of topics in computa-
tional and theoretical chemistry with an emphasis on problems
relevant to biological systems. He has published about 240 re-
search papers and 10 review chapters and he co-edited The
Quantum Theory of Atoms in Molecules with Chérif Matta in
2007. With over 5000 citations of his papers and an H-index
of 42, Russ is one of Canada’s best-known computational
chemists. He has supervised the research of 20 Ph.D. stu-
dents, more than 25 postdoctoral fellows and senior visitors,
and a comparable number of undergraduate students. His for-
mer students have successful careers in academic institu-
tions, government laboratories, and the industry. Fourteen
former members of his group hold academic appointments in
Canadian universities and another eight hold similar appoint-
ments abroad. He is especially proud of the number of excel-
lent young scientists who received a significant part of their
training in his group.

Russ received the 1983 APICS/Fraser Medal. He was the
first and only chemist to receive this prize, which was awarded
in the 1970s and 1980s to recognize outstanding research
work carried out in the Atlantic Provinces by a young scientist
or engineer. His other awards include the Fellowship of The
Chemical Institute of Canada (1983), the CNC-IUPAC Award
(1986), Dalhousie University Senior Killam Fellowship (1989),
and the 2009 Montreal Medal of The Chemical Institute of
Canada.

xi

Published by NRC Research Press



Russ took on leading roles in organizing the Canadian Soci-
ety for Chemistry Conferences in Halifax in 1981, 1990, and
2006. He was the principal organizer of the 8th Canadian
Symposium on Theoretical Chemistry in 1983 and the 7th
Canadian Computational Chemistry Conference in 2009. He
is a member of the College of Reviewers of the Canada Re-
search Chairs Program, and he has served on many commit-
tees of the Natural Sciences and Engineering Research
Council of Canada (NSERC). He has served on selection pan-
els for the National Science Foundation (NSF) of the USA and
the Canada–US Fulbright Program. He has served on many
boards, including the Canadian Society for Chemistry, the
Canadian Journal of Chemistry, the Dalhousie University
Foundation, the Atlantic Provinces Council on the Sciences,
and the World Association of Theoretical and Computational
Chemists. He was an editor of the Canadian Journal of Chem-
istry from 1988 to 1998 and served as President of the Cana-
dian Society for Chemistry in 2007–2008. His many other

activities include Judge-in-Chief for the 1984 Canada-Wide
Science Fair. He is currently the Principal Investigator (Re-
search Director) for the Atlantic Computational Excellence
Network (ACEnet), a consortium of nine universities in Atlantic
Canada that provides high-performance computing facilities
by means of funding from the Canada Foundation for Innova-
tion (CFI).

The number, quality, and countries of origin of the papers
submitted to this dedicated issue of the Canadian Journal of
Chemistry attest to breadth and reach of Russ Boyd’s influ-
ence in the computational and theoretical chemistry commun-
ity in Canada and abroad, as well as his contributions to the
broader chemical community.

Neil Burford
Halifax, Nova Scotia
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HOMMAGE

Russell Jaye Boyd naı̂t en 1945 à Kelowna, située au
centre de la région viticole et fruitière de la vallée de l’Oka-
nagan (Colombie-Britannique). Il consacre les premières an-
nées de sa vie au hockey, au basketball, au baseball, au golf
et aux activités aquatiques. Peu de temps avant son quin-
zième anniversaire, sa famille déménage à New Westminster
où il fréquente l’école secondaire Lester Pearson et com-
mence à manifester un intérêt pour les sciences et les mathé-
matiques.

En 1963, Russ s’inscrit au programme de sciences de l’Uni-
versité de la Colombie-Britannique (UBC) et en 1967, il ob-
tient son diplôme en chimie avec très grande distinction et la
Lefevre Gold Medal pour avoir obtenu les meilleurs résultats
dans le programme spécialisé en chimie. Sa thèse de spécial-
isation porte principalement sur la nouvelle technique de
spectroscopie photoélectronique. À ce moment-là, il n’existe
aucun spectromètre photoélectronique vendu sur le marché
et l’UBC est seule à en posséder au Canada. Fort de l’en-
couragement enthousiaste de son directeur de thèse, David
C. Frost, Russ tente de mener la première étude sur la dé-
pendance angulaire de l’émission de photoélectrons. Malgré
tous les efforts déployés par la solide équipe de soutien tech-
nique de l’atelier de mécanique, deux concepts différents ne
parviennent pas à produire des résultats significatifs. Afin
d’obtenir des résultats positifs, Russ rassemble des réserves
de trihalogénures de bore et enregistre leur spectre.

Lauréat de l’une des premières bourses 1967 en sciences
(instaurée en 1967 par le Conseil national de recherches du
Canada pour souligner le centenaire de la Confédération), il
se dirige vers l’est pour poursuivre un doctorat en chimie thé-
orique à l’Université McGill sous la direction de M. A. (Tony)
Whitehead. En raison du fait qu’au cours de ses études de
premier cycle, il a eu à enregistrer les spectres photoélectroni-
ques de trihalogénures de bore (et de siloxanes), Russ se
rend compte qu’il n’existe aucun cadre théorique pour inter-
préter de tels spectres en l’absence de calculs de structures
électroniques. En 1967, les seuls calculs ab initio fiables se
limitent aux petites molécules. En fait, la plus grosse molécule
répertoriée dans le recueil des calculs ab initio de 1967
(Morris Kraus) est le cyanoacétylène (HCCCN) pour laquelle
A.D. McLean et M. Yoshimine ont fait état d’un calcul SCF en
un seul point avec un petit ensemble de base. Au cours de
ses premiers mois comme étudiant diplômé, Russ effectue
des calculs semi-empiriques d’orbitales moléculaires sur des
trihalogénures de bore et il fait parvenir ses résultats à David
Frost, ce qui mène la publication, en avril 1968, de son pre-
mier article intitulé « The Ionization Potentials of BF3, BCl3
and BBr3 » dans le premier volume de la revue Chemical
Physics Letters.

En 1967, les méthodes semi-empiriques d’orbitales molécu-
laires utilisées ne permettent pas de prévoir les géométries
d’équilibre des molécules. Tous les calculs sont effectués sur
des géométries expérimentales ou au moyen de longueurs et
d’angles de liaison présumés. Russ se rend compte que cette
situation est peu satisfaisante pour étudier les mécanismes de
réaction et entreprend de mettre au point une méthode qui
permettrait de produire des surfaces et des propriétés d’én-
ergie potentielle moléculaire qui cadrent avec des données
expérimentales. Il met au point une méthode fondée sur l’ap-
proximation du recouvrement différentiel nul, introduite en
1965 par John Pople et ses collègues. Il concentre ses efforts

sur les géométries d’équilibre, les énergies de liaison et les
constantes de force (fréquences vibrationnelles), trois pro-
priétés revêtant un intérêt certain sur le plan de la chimie et
associées aux minima des surfaces d’énergie potentielle. Il
s’agit d’une amélioration par rapport à toutes les autres méth-
odes existantes. Mais finalement, elle sera détrônée par les
travaux de Michael Dewar et de ses collègues, qui utilisent
un niveau légèrement plus élevé et plus fiable chimiquement
de la théorie semi-empirique des orbitales moléculaires.

Après avoir défendu sa thèse de doctorat en 1971, Russ se
joint à l’équipe de Charles A. Coulson à l’Institut de mathéma-
tiques de l’Université d’Oxford à titre de boursier postdoctoral
du CNRC. Désenchanté des méthodes semi-empiriques et
avant même qu’il ne termine sa thèse, il se tourne vers les
méthodes ab initio plus prometteuses que John A. Pople et
son équipe sont à mettre au point dans un cadre gaussien.
Russ se penche donc sur la corrélation électronique et publie
deux articles avec Coulson, dont une description du trou de
Coulomb dans les deux premiers états d’excitation de l’atome
d’hélium, son article le mieux connu issu d’Oxford.

Encouragé par Charles A. McDowell, Russ retourne à l’Uni-
versité de la Colombie-Britannique où il est titulaire d’une
bourse postdoctorale Killam au Département de chimie de
1973 à 1975. C’est là qu’il s’intéresse de nouveau à la spec-
troscopie photoélectronique. En 1974, dans un texte publié
dans la revue Nature, il fait valoir que contrairement à l’inter-
prétation courante des études structurelles des complexes de
porphyrine, le plus faible état de spin élevé d’un atome (ion)
dans une configuration donnée est plus petit que tout état de
spin plus faible. Sa prédiction sera vérifiée deux ans plus tard
par des expériences de diffusion menées sur les deux pre-
miers états excités de l’atome d’hélium.

Russ est embauché par l’Université Dalhousie à titre de
professeur adjoint de chimie en 1975 et grimpe les échelons
pour devenir professeur en 1985. En 1997, on le nomme pro-
fesseur Killam de la Faculté des sciences, et en 2001, il de-
vient le septième titulaire de la chaire de chimie Alexander
McLeod. La chaire McLeod, l’une des plus anciennes chaires
dénommées en chimie au Canada, a été créée en 1884 con-
formément à un legs d’Alexander McLeod. Russ occupe les
fonctions de directeur du Département de chimie de 1992 à
2005. Au cours de cette période, onze nouveaux membres
du corps professoral sont recrutés (dont quatre éminents chi-
mistes chevronnés), le programme d’études supérieures
prend de l’expansion de façon importante et on approuve la
construction d’une adjonction à l’édifice de la Faculté de chi-
mie. Entre 2001 et 2003, le Département recrute quatre cher-
cheurs inscrits au Programme des chaires de recherche du
Canada de niveau I (Neil Burford, Jeff Dahn, Don Weaver et
Joe Zwanziger).

Les travaux de recherche de Russ englobent divers sujets
dans les domaines de la chimie théorique et numérique tout
en portant une attention particulière aux problèmes liés aux
systèmes biologiques. Il a publié jusqu’à maintenant environ
240 articles de recherche et dix chapitres de synthèse et a
corédigé, en 2007, l’ouvrage « The Quantum Theory of Atoms
in Molecules » avec Chérif Matta. Plus de 5000 citations de
ses articles et un indice h de 42 font de Russ l’un des
chimistes-informaticiens canadiens les plus connus. Au cours
de sa carrière, il dirige les travaux de 20 étudiants au doc-
torat, de plus de 25 boursiers postdoctoraux et de visiteurs
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de haut niveau et d’un nombre comparable d’étudiants de pre-
mier cycle. Ses anciens étudiants poursuivent des carrières
florissantes dans des établissements universitaires, des labo-
ratoires gouvernementaux ou l’industrie. Quatorze anciens
membres de son équipe occupent des postes de professeur
dans des universités canadiennes et huit autres font de
même à l’étranger. Il est particulièrement fier du nombre d’ex-
cellents jeunes scientifiques qui ont reçu une partie importante
de leur formation au sein de son équipe.

Russ reçoit l’APICS/Fraser Medal en 1983. Il est le premier
et le seul chimiste à recevoir ce prix, remis dans les années
1970 et 1980 pour souligner les travaux de recherche remar-
quables menés par de jeunes scientifiques ou ingénieurs dans
les provinces de l’Atlantique. Il compte également parmi ses
récompenses la bourse de recherche de l’Institut de chimie
du Canada (1983), le prix CNC-UICPA (1986), la bourse de
chercheur chevronné Killam de l’Université Dalhousie (1989)
et la Médaille de Montréal de l’Institut de chimie du Canada
(2009).

Russ assume des rôles de premier plan dans l’organisation
des congrès de la Société canadienne de chimie de 1981, de
1990 et de 2006. Il est le principal organisateur du 8e sympo-
sium canadien de chimie théorique (1983) et du 7e congrès
canadien de chimie numérique (2009). Il fait partie du Collège
d’examinateurs du Programme de chaires de recherche du
Canada et siège à de nombreux comités au Conseil de re-
cherches en sciences naturelles et en génie du Canada. Il

siège à des jurys de sélection pour la National Science Foun-
dation des États-Unis et le Programme Fulbright Canada-
États-Unis. Il fait également partie de nombreux conseils d’ad-
ministration, dont ceux de la Société canadienne de chimie,
de la Revue canadienne de chimie, de la Fondation de l’Uni-
versité Dalhousie, du Conseil des provinces atlantiques pour
les sciences et de la World Association of Theoretical and
Computational Chemists . Il est l’un des rédacteurs en chef
de la Revue canadienne de chimie de 1988 à 1998 et il siège
à titre de président de la Société canadienne de chimie en
2007-2008. De plus, le rôle de juge en chef à l’occasion de
l’Expo-sciences pancanadienne de 1984 constitue une autre
de ses nombreuses activités. Il est actuellement le chercheur
principal (directeur de la recherche) de l’Atlantic Computa-
tional Excellence Network (ACEnet), un consortium de neuf
universités du Canada atlantique qui fournit des infrastruc-
tures informatiques de haute performance grâce aux fonds
provenant de la Fondation canadienne pour l’innovation.

Le nombre, la qualité et les pays d’origine des articles sou-
mis au présent numéro spécial de la Revue canadienne de
chimie témoignent aussi bien de l’ampleur et du rayonnement
de l’influence de Russ Boyd dans les milieux de la chimie thé-
orique et numérique tant au Canada qu’à l’étranger que de
son apport au milieu de la chimie en général.

Neil Burford
Halifax (Nouvelle-Écosse)
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Equilibrium studies of triphenyltin(IV) complexes
with glycine, glycyl-glycine, and glycyl-glycyl-
glycine in different aqueous solutions of ethanol

Morteza Jabbari and Farrokh Gharib

Abstract: The protonation equilibria of glycine (gly), glycyl-glycine (gly-gly), and glycyl-glycyl-glycine (gly-gly-gly) and
their formation constants with triphenyltin(IV) chloride were studied over a wide pH range (pH 1–11), using a combination
of spectrophotometric and potentiometric methods at constant temperature (25 8C), different ethanol–water mixtures
(50%–80%, v/v), and constant ionic strength (0.1 mol dm–3 NaClO4). Least-squares regression calculations are consistent
with the formation of ph3SnHL+, ph3SnL, and ph3SnH–1L– complex species, where L– represents the fully dissociated form
of each ligand. The stability constant of the formed complexes in different media were analyzed in terms of Kamlet, Ab-
boud, and Taft (KAT) parameters. Single-parameter correlations of the stability constants versus a (hydrogen-bond donor
acidity), b (hydrogen-bond acceptor basicity), and for p* (dipolarity/polarizability) are relatively poor in all solutions, but
multi-parameter correlations represent significant improvements with regard to the single- and dual-parameter models. Lin-
ear correlation is observed when the experimental logbxyz values are plotted versus the calculated ones, while all the KAT
parameters are considered. Also, the stability constant values of the formed complexes are determined in zero percent of
organic solvent using the Yasuda–Shedlovsky extrapolation approach. Finally, the results are discussed in terms of the ef-
fect of solvent on complexation.

Key words: triphenyltin(IV), glycine, glycyl-glycine, glycyl-glycyl-glycine, formation constant, solvent effect.

Résumé : Faisant appel à une combinaison de méthodes spectrophotométrique et potentiométrique et opérant à tempéra-
ture constante (25 8C), dans divers mélanges d’éthanol– eau (50 % à 80 %, v/v) et à force ionique constante (0,1 mol dm3

NaClO4), on a étudié l’équilibre de protonation de la glycine (gly), de la glycyl-glycine (gly-gly) et de la glycyl-glycyl-
glycine (gly-gly-gly) ainsi que des leurs constantes de formation avec le chlorure de triphénylétain(IV) sur la plage de pH
allant de 1 à 11. Les calculs de régression par la méthode des moindres carrés sont en accord avec la formation d’espèces
complexes ph3SnHL+, ph3SnL et ph3SnH–1L– dans lesquelles L– représente chaque ligand complètement dissocié. On a
analysé les constantes de stabilité des complexes formés dans les divers média en fonction des paramètres de Kamlet, Ab-
boud et Taft (KAT). Dans chacune des solutions, les corrélations de paramètres uniques des constantes de stabilité en
fonction de a (acidité comme donneur de liaison hydrogène), b (basicité comme accepteur de basicité) et p* (dipolarité/
polarisabilité) ne sont pas bonnes, mais les corrélations de paramètres multiples représentent des améliorations significati-
ves par rapport aux modèles à un ou deux paramètres. On observe une corrélation linéaire avec les valeurs expérimentales
logbxyz en fonction des valeurs calculées en considérant tous les paramètres KAT. De plus, les valeurs des constantes de
stabilité des complexes formés ont aussi été déterminées pour un solvant contenant zéro pourcent de solvant organique en
utilisant l’approche de l’extrapolation de Yasuda–Shedlovsky. Enfin, on discute des résultats en fonction de l’effet de sol-
vant sur la complexation.

Mots-clés : triphénylétain(IV), glycine, glycyl-glycine, glycyl-glycyl-glycine, constante de formation, effet de solvant.

[Traduit par la Rédaction]

Introduction
Organotin compounds have a wide variety of industrial

applications, including pesticides, fire-retardants, anti-foul-
ing paints, anti-mold agents, production of poly(vinyl chlor-
ide) stabilizers, industrial catalyst, timber preservatives, and
so forth,1,2 and so they are widespread in the environment.
The consumption of organotin(IV) compounds during the
last 50 years has led to their accumulation in the environ-
ment and finally in biological systems. These compounds

interact with living organisms by affecting various bio-
chem=ical processes.3–5 Organotin(IV) compounds are gen-
erally toxic (specially triorganotins), even at low
concentration, and believed to possess anticancer effects on
different tumour cells.6–15 The moiety RnSn(IV) can bond to
proteins and glycoproteins of the cell membranes, and also
to cellular proteins and DNA.16 This fact has led to consid-
erable efforts to characterize organotin(IV) complexes with
variety of biological ligands containing oxygen, nitrogen, or

Received 2 September 2009. Accepted 12 January 2010. Published on the NRC Research Press Web site at canjchem.nrc.ca on 27 July
2010.
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sulfur donor atoms.6–15 Today, a number of organotin(IV)
derivatives are known to have an efficient anticancer activ-
ity, and their structures are well-characterized in the solid
state.17–20

Accepting the hypothesis that R2Sn2+ and R3Sn+ are the
usual active species for antitumour action of organotins,21 a
good antitumour agent should be easily dissociable follow-
ing administration to animals. This requires weak bonds be-
tween tin and the donor atom of the coordinated ligands,
which are readily hydrolyzable. If the compound is hydro-
lytically unstable, The R2Sn2+ and R3Sn+ moieties will be
released too soon, and if it is too stable, it may be released
too slowly, and consequently lower activity will be ob-
served. Therefore, there is a relationship between the stabil-
ity of the organotin compounds and their antitumour activity.

This work deals with the study of complexation of triphe-
nyltin(IV) chloride with glycine, glycyl-glycine, and glycyl-
glycyl-glycine. Triphenyltin(IV) chloride is not soluble in
water, but it is soluble in aqueous–organic mixed solvent
with higher percent of the organic solvent. So, the study is
performed in different solutions of water–ethanol systems to
show how the solvents and their mixtures with various di-
electric constants affect the formation reactions of the trior-
ganotin(IV).

In addition, there has been increasing interest during the
past decade in the determination of many chemical and bio-
chemical equilibria in aqueous mixed-solvent systems. How-
ever, in the literature, it has been shown that water is not an
ideal model for in vivo reactions. In enzymes, membranes,
and other biologically important media, the formation-con-
stant values are different from those in water, as these media
tend to be lipophilic rather than hydrophilic.21,22 Usually, it
has been suggested that non-aqueous media, such as ethanol,
could provide a better model for in vivo reactions.23,24

Hence, studies in media other than water should provide
some understanding of the reactions in living systems. Be-
sides, the knowledge obtained from the mixed-solvents sys-
tems could complement the majority of the knowledge
collected from the studies in aqueous media of the chemistry
and biochemistry of the reactions. However, water and some
organic solvents, such as methanol, ethanol, and so forth, are
believed to be completely miscible together. These mixtures
are macroscopically homogeneous, but it has been reported
that water and organic-solvent molecules are not homogene-
ously dispersed microscopically,25 owing to the hydrogen-
bonding network formation and hydrophobic interactions.
Consequently, the molecular composition of the solvation
layer around a solute molecule is not the same as that of
the bulk mixing ratio of water and organic solvent. The hy-
drophobic and hydrophilic properties of a solute may be re-
flected by preferential solvation in such mixed solvents.
Therefore, the influence of which solvent exerts on the for-
mation equilibria constant values depends upon the extent
and nature of the solute–solvent interactions.

Experimental section

Chemicals
Sodium perchlorate was obtained from Merck as analyti-

cal reagent-grade material and was dried under vacuum at
room temperature at least 72 h before use. The NaOH solu-

tion was prepared from a titrisol solution (Merck).
Perchloric acid and ethanol (absolute) were obtained from
Merck as analytical reagent-grade materials and were used
as supplied. Glycine, gly-gly, gly-gly-gly, and triphenyl-
tin(IV) chloride were obtained from Fluka as reagent-grade
materials and were used as received. All dilute solutions
were prepared from double-distilled water with specific con-
ductance equal to 1.2 ± 0.1 mU–1 cm–1. Aqueous stock solu-
tions of the ligands were freshly prepared daily, and their
concentrations were determined each time by titration with
a NaOH solution.

Measurements
pH measurements were performed with a Jenway research

pH meter, model 3520. All measurements were carried out
at 25 8C and constant ionic strength of 0.1 mol dm–3 sodium
perchlorate. The pH meter was calibrated for the relevant H+

concentration with a solution of 0.01 mol dm–3 of HClO4
solution containing 0.09 mol dm–3 sodium perchlorate (for
adjusting the ionic strength to 0.1 mol dm–3). For this stand-
ard solution, we set –log[H+] to 2.0,26 assuming the acid is
dissociated 100%. The junction potential corrections were
calculated from eq. [1]

½1� � log½Hþ�real ¼ �log½Hþ�measured þ aþ b½Hþ�measured

where a and b were determined by measuring the hydrogen
ion concentration for two different solutions of perchloric
acid or sodium hydroxide with sufficient sodium perchlorate
to adjust the ionic strength.

The determination of the hydrogen-ion concentration was
performed with a combination electrode (Jenway). The term
pH has significance only in aqueous media. The glass elec-
trode potential in an aqueous solution differs from that in a
solution of mixed solvents, and a liquid-junction potential of
uncertain magnitude may affect the results. To overcome
this difficulty, it was necessary to calibrate the glass elec-
trode in different solvent mixtures. The experimental
method outlined by van Uitert and Hass27 was employed for
this purpose. The pH meter reading B in ethanol–water me-
dia was converted into [H+] using the equation

½2� pcH ¼ Bþ log10mH

where the concentration factor log10mH was obtained for the
ionic strength 0.1 mol dm–3 NaClO4 from the expression
log10mH = log10m

�
H + log10g±. The value of m

�
H is indepen-

dent of ionic concentration but is dependent on solvent com-
position, and g± is the mean activity coefficient of perchloric
acid in the solvent mixtures. In this work, the values of B
were recorded in various solvent mixtures containing known
concentrations of perchloric acid and sufficient sodium per-
chlorate to give a constant ionic strength of 0.1 mol dm–3.
The differences between the logarithm of known hydrogen-
ion concentrations and the corresponding values of B were
used to calculate values of the correction term log10mH =
log10(m

�
Hg±).

The following species of the ligands may exist in solution
at different pH values: L–, HL, and H2L+, where L– repre-
sents the fully dissociated ligand anion. The protonation
constants of the ligands have been studied previously in dif-
ferent kinds of background electrolytes, and the results are
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reported in the literature.28–30 The protonation constant val-
ues of the ligands have been determined using the potentio-
metric technique under the same conditions of temperature,
ionic strength, and mole fraction of ethanol and calculated us-
ing a suitable computer program (Microsoft Excel Solver1),
which employs a nonlinear least-squares method.31 The proto-
nation constant values, expressed in log units, are collected
in Table 1 together with the values reported in the literature
for comparison.28–30

UV–vis spectra were recorded using a Shimadzu 2100
spectrophotometer with a Pentium-4 computer and using
thermostated matched 10 mm quartz cells. The measurement
cell was of flow type. A Masterflex pump allowed circula-
tion of the solution under study from the potentiometric cell
to the spectrophotometric cell. So, the absorbance and pH of
the solution could be measured simultaneously.

A 50 mL acidic solution (0.1 mol dm–3) of triphenyltin(IV)
chloride (0.6 � 10–3 to 1.0 � 10–3 mol dm–3), for UV–vis
studies, was titrated with an alkali solution (0.1 mol dm–3

NaOH) of the ligands (1.0 � 10–3 to 2.2 � 10–3 mol dm–3)
both in the same ionic strength and mole fraction of ethanol.
The pcH (–log[H+]) and absorbance were measured after ad-
dition of 0.05 mL of titrant, and this procedure extended up
to the required pcH. To exclude carbon dioxide from the
system, a stream of purified nitrogen was passed through a
sodium hydroxide solution and then bubbled slowly through
the reaction solution. In all cases, the procedure was re-
peated at least three times, and the resulting average values
and corresponding standard deviation are shown in the text
and Tables.

Results and discussion
Organotins(IV) generally hydrolyze to form a series of

mono- and poly-nuclear hydroxo complexes. Previously, we
performed spectrophotometric titrations to obtain these
data in various aqueous solutions of ethanol (50%–80%
ethanol, v/v).32,33 Two hydrolytic species [ph3Sn(OH) and
ph3Sn(OH)2

–] were found, and their formation-constant
values in different aqueous ethanol solutions are listed in
Table 2.

The protonation-constant values of the ligands, expressed
in log units (Table 1), are in good agreement with those re-
ported earlier in pure water.28–30 A comparison between the
protonation constants of glycine and gly-gly show the pres-
ence of a nucleophilic amide group close to the a-carbon in
the peptide decreases the basicity of the amino and increases
the acidity of the carboxyl groups. The same rule is gov-
erned to gly-gly-gly, and hence causes a smaller protonationT
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Table 2. The hydrolysis-constant values of triphenyltin(IV)
species in different aqueous solutions of ethanol at 25 8C
and ionic strength of 0.1 mol dm–3 (NaClO4).

Ethanol (% v/v) pK11 pK12

50 0.84±0.02 5.53±0.04
55 0.68±0.03 5.25±0.05
60 0.57±0.03 5.07±0.05
65 0.73±0.02 5.20±0.06
70 0.98±0.04 5.49±0.05
80 1.10±0.03 5.95±0.04
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constant for the amino and a greater one for the carboxyl
groups in gly-gly and gly-gly-gly with respect to glycine.

The formed complex species MxHyLz
(x+y–z) is characterized

by its stoichiometry (x:y:z), where M represents the metal
ion. To determine the stability constant of complexation,
eq. [4] is defined by bxyz:

½3� xMþ þ yHþ þ zL� Ð MxHyLz

½4� bxyz ¼ ½MxHyLz
xþy�z�=ð½Mþ�x½Hþ�y½L��zÞ

The method of determination of the formation constant
was employed using the method mentioned before.34,35 Ab-
sorbance, A, and pcH were measured by successive addition
of an alkali solution of the ligand to the acidic metal ion sol-
ution in the UV range of 250 to 280 nm (with an interval of
1 nm). The UV spectral data correlated with [H+] were proc-
essed using the same computer program, which allows cal-
culation of formation constants for different stoichiometric
models.

Considering the protonation constants of the ligands, in
acidic pH, the predominant species for complexation is
H2L+. In this case, the spectrophotometric titration data
were analyzed by using the absorbance of Sn(IV) + each li-
gand at wavelengths in the UV range that is given by

½5� A ¼ 3M½SnðIVÞ� þ 3C½complex� þ Aligand

where 3M and 3C are the molar absorptivities of Sn(IV) and
the formed complex species, respectively. The mass balance
can be expressed as

½6� ½SnðIVÞ� ¼ CM � ½complex�

½7� ½H2Lþ� ¼ CL � ½complex� � ½free ligand�

where CM and CL are the total concentrations of Sn(IV) and
each ligand, respectively. Substituting eqs. [5], [6], and [7]
into eq. [4] gives the final equation for fitting. Using the
same computer program, the data were fitted to the final
equation for estimating the formation constant of eq. [3].
The Gauss–Newton nonlinear least-squares method was
used in the computer program to refine the absorbance by
minimizing the error squares sum from eq. [8]

½8� S ¼ SðAexptl: � Acalcd:Þ2

where Aexptl. is the experimental absorbance and Acalcd. is the
calculated one. The computer program consisted of two dif-
ferent kinds of fitting: (i) graphical and (ii) numerical. The
final selection of the species was based on both graphical
and numerical methods, considering in addition, the various
statistical criteria, i.e., sums of squared residuals and differ-
ences of CM(exptl.) and CL(exptl.) values from the calcu-
lated ones.

As expected, polynuclear complexes and MH2L, MH2L2,
and MHL2 species were rejected by the computer program
(the charges are omitted for simplicity). The models finally
chosen were MHL, ML, and MH–1L resulting in a satisfac-
tory numerical and graphical fitting. The correlation be-
tween the average values of these parameters for the
wavelengths range used in this study and the log10b is listed
in Table 3.

In Fig. 1, the equilibrium distribution of various species
of Sn(IV) + gly system, as a typical example, is shown as a
function of pcH at 60% ethanol (by v/v). The calculations
are based on the stability-constant values given in Table 3.
The curves clearly demonstrate that increasing the pH is ac-
companied by an increase in the formation of deprotonated
complex species, and so the stability of the species quite de-
pends upon the pH. The most stable complex species at
pH 2–2.5, 4.5–5.5, and >9 are Sn(IV)HL, Sn(IV)L, and
Sn(IV)H–1L, respectively.

Solvent effect
The stability constants of the formed complexes in water–

ethanol mixed solvents have different behavior, Table 3.
bMHL and bMH�1L values increased as the solvent became en-
riched in the organic component, but bML decreased as etha-
nol increased in the mixtures. It is very difficult to interpret
the variation of the stability-constant values of the com-
plexes with respect to the percentage of ethanol in the mix-
tures using the dielectric constant of the solutions as a single
parameter. In general, the standard free energy of complex-
ation equilibria consists of two terms: an electrostatic term,
which can be estimated by the Born equation,37,38 and a non-
electrostatic term, which includes specific solute–solvent
interaction. When the electrostatic effects predominate, then
in accordance with the Born equation, eq. [9], the plot of
log10b versus the reciprocal of dielectric constant, 3, of the
media should be linear.

½9� Dlog10b ¼ ð121:6n=rÞð1=3� 0:0128Þ

where r is the common radius of the ions, and n is the
square summation of the charges involved in the complexa-
tion equilibria. For example, n = 0 for the charge type
Mþ Ð MHLþ or MHLþ Ð ML, and n = 2 for the charge
type MLÐ MH�1L�. So, the correlation between log10bMH�1L

and the reciprocal of the dielectric constant of ethanol–water
mixtures is linear, with correlation coefficient > 0.99 (Fig. 2).
However, there is no change in the number of charges involved
in the complexation equilibria when n = 0, and so, their stability
constants deviate from the Born equation. In this case, the cor-
relation between log10bMHL and log10bML values and 1=3 are
poor, Fig. 2, and the complexation possibly depends on the so-
lute–solvent interaction of the different species in the mixed sol-
vents. Therefore, it seems essential to elucidate the nature of
solute–solvent interactions for a better understanding of solvent
effects.

To obtain a quantitative method for evaluation of the solute–
solvent interaction on protonation or the formation constants,
we have used the method introduced by Kamlet, Abboud,
and Taft.39,40 The KAT equation contains non-specific as
well as specific solute–solvent interactions separately, and
that the latter could be subdivided into solvent Lewis acidity
interactions (hydrogen-bond accepter, HBA solute, and
hydrogen-bond donor, HBD solvent) and solvent Lewis ba-
sicity interactions (HBD solute – HBA solvent). In general,
all of these parameters constitute more comprehensive meas-
ures of solvent polarity than the dielectric constant or any
other single physical characteristic alone, because they re-
flect more reliably the complete picture of all intermolecular
forces acting between solute and solvent molecules. This ap-
proach has been widely and successfully applied in the
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Table 3. Experimental values of the stability constants of ph3Sn(IV) + glycine, gly-gly, and gly-gly-gly systems at 25 8C, in different aqueous solutions of ethanol, and at constant
ionic strength, 0.1 mol dm–3 NaClO4.

Glycine gly-gly gly-gly-gly

Ethanol % (v/v) logbMHL logbML logbMH�1L logbMHL logbML logbMH�1L logbMHL logbML logbMH�1L

50 3.57±0.02 7.25±0.05 8.14±0.04 3.52±0.05 6.21±0.06 7.83±0.04 3.35±0.06 5.84±0.05 7.71±0.04
55 3.75±0.02 7.17±0.06 8.26±0.03 3.67±0.07 6.13±0.04 7.88±0.04 3.44±0.08 5.77±0.07 7.78±0.05
60 3.94±0.04 7.11±0.04 8.39±0.06 3.86±0.06 6.05±0.05 8.06±0.06 3.57±0.07 5.71±0.06 7.89±0.05
65 4.09±0.03 6.99±0.06 8.51±0.07 3.99±0.06 5.94±0.06 8.20±0.07 3.64±0.05 5.59±0.05 7.94±0.04
70 4.26±0.05 6.85±0.03 8.67±0.06 4.16±0.05 5.82±0.07 8.39±0.06 3.75±0.06 5.48±0.04 8.07±0.06
75 4.38±0.02 6.63±0.04 8.85±0.05 4.28±0.04 5.63±0.07 8.56±0.07 3.82±0.04 5.29±0.04 8.13±0.07
80 4.47±0.05 6.41±0.06 9.01±0.04 4.37±0.07 5.41±0.05 8.73±0.05 3.85±0.04 5.11±0.06 8.26±0.05
75% Dioxan 6.75a

aTaken from ref. 36.
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methylsulfoxide. The a coefficient represents the solvent
HBD acidity; in other words, it describes the ability of a sol-
vent to donate a proton in a solvent to the hydrogen bond of
a solute. The a scale extends from 0.0 for non-HBD solvents
to about 1.0 for methanol. The b coefficient is a measure of
solvent HBA basicity, and describes the ability of a solvent
to accept a proton from a solute to form a hydrogen bond.
The b scale was selected to extend from 0.0 for non-HBA
solvents to about 1.0 for hexamethylphosphoric triamide.

The regression coefficients a, b and p measure the relative
susceptibilities of the solvent dependence of log10b to the in-
dicated solvent parameters. To explain the obtained log10b

values through the KAT solvent parameters, the stability
constants were correlated with solvent properties by means
of single-, dual-, and multi-parameters regression analysis
with the same computer program. We used the Gauss–Newton
nonlinear least-squares method in the computer program to
refine the log10b values by minimizing the error squares
sum from eq. [11].

½11� S ¼
X
ðlog10bexptl: � log10bcalcd:Þ2

The procedure used in the regression analysis involves a
rigorous statistical treatment to find out which parameter in
eq. [10] is best-suited to the water–organic mixed solvents.
The KAT parameters for all the water – organic solvent
mixtures used in this work were obtained from the plots of
each property versus the mole fraction of the organic solvent
of the values that have been reported in the literature for
some other percentages of aqueous solutions of ethanol used
in this study,44 and the dielectric constant values have been
taken from the literature.45 The calculated KAT-parameter
values are listed in Table 4. A stepwise procedure and
least-squares analysis were applied to select the significant
solvent properties to be influenced in the model and to ob-
tain the final expression for the formation constants. There-
fore, the KAT equation, eq. [10], was reduced to single-,
dual-, and finally multi-parameters for the correlation analysis
of log10b in various solvent mixtures. The computer
program used can produce the values of A0, a, b, p, and
some statistical parameters including r2 coefficients.

Although the solvent polarity is identified as the main
reason of the variation of log10b values in water – organic
solvent mixtures, but the results show that any single-param-
eter correlations of log10b values individually with p*, as
well with a, and b did not give good results in all cases
with r2 values in the range of 0.88 to 0.97. However, the
correlation analysis of log10b values with dual-parameter
equations, indicate significant improvement with regard to

the single-parameter, but finally the multi-parameter equa-
tions show the best results and yield the lowest standard de-
viation and possessing an acceptable correlation coefficients.

The expressions of the KAT equation obtained for multi-
parameters are shown by eqs. [12a–12i].

½12a� log10bMHLðglycerineÞ ¼ 6:95

� 2:76aþ 3:02b� 3:22p�

½12b� log10bMLðglycineÞ ¼ 2:15� 7:27aþ 8:21b

� 5:86p�

½12c� log10bMH�1LðglycineÞ ¼ 14:54

� 2:37aþ 4:59b� 5:43p�

½12d� log10bMHLðgly-glyÞ ¼ 7:76

� 1:83aþ 1:24b� 3:65p�

½12e� log10bMLðgly-glyÞ ¼ 1:30

� 5:64aþ 6:70b� 5:29p�

½12f � log10bMH�1Lðgly-glyÞ ¼ 10:99

� 5:97a� 4:86b� 5:11p�

½12g� log10bMHLðgly-gly-glyÞ ¼ 7:65

� 2:18aþ 0:21b� 2:66p�

½12h� log10bMLðgly-gly-glyÞ ¼ 4:03

� 5:01aþ 6:54b� 4:11p�

½12i� log10bMH�1Lðgly-gly-glyÞ ¼ 14:83

� 0:22aþ 4:44b� 4:36p�

(N = 7, r2 > 0.99 in different cases).
In all cases, the solvent polarity parameter of the media,

p*, has a major role and increases with increasing the mole
fraction of water in aqueous solutions of ethanol, Table 4. If
the p* of the media was the only factor for describing the
solvent effect on complexation, it may be expected that the
log10b in water should be greater than those of all the other
aqueous solutions of ethanol. However, log10bMHL values of
the complex species increase with an increase in the solvent
HBA-basicity parameter, b, and decrease with increasing the
solvent polarity p*. They also increase with increasing the
HBD-acidity parameter, a, of the solvents. In this case, a de-

Table 4. KAT solvatochromic parameters and the dielectric constants
of different ethanol–water mixtures at 25 8C.

Ethanol % (v/v) a b p* 3

50 0.87 0.70 0.97 55.01
55 0.86 0.72 0.93 51.27
60 0.87 0.74 0.89 47.50
65 0.88 0.76 0.85 44.75
70 0.89 0.77 0.81 41.10
75 0.90 0.79 0.77 38.23
80 0.91 0.80 0.74 35.40
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crease in the polarity of the mixed solvents increases the
solvation of the complex species, which has a positive
charge and therefore makes formation equilibrium more
likely. The log10bML values decrease with decreasing p*
and increasing a and b parameters. In this case, the formed
complex species has no charge, so HBA-basicity parameter
of the mixed solvents, b, possibly has a major role in the
correlation analysis of log10bML. However, log10bMH�1L of
the complexes increases with increasing a and b and de-
creasing p* values. This could be explained as solvation by
decreasing the polarity of the mixed solvents affects the
formed complex species with a negative charge. Conse-
quently, log10bMH�1L values increase with decreasing p* pa-
rameters.

To show the efficiency of the suggested multi-parameter
correlations, the stability constants were calculated by
eq. [12] and are listed in Table 5 for comparison. It can be
seen that the experimental values of log10b and the calcu-
lated ones are in good agreement.

To obtain log10b values of the complexation in pure
water, a correlation method has been used between the ex-
perimental formation-constant values that are introduced by
extrapolation of Yasuda–Shedlovsky approach in different
aqueous solutions of ethanol.46,47 This approach was suc-
cessfully applied to determine the protonation constant of
many weak acids or weak bases in pure water as solvent
from the protonation-constant values in different water–
methanol mixtures.48 It is claimed that Yasuda–Shedlovsky
extrapolation procedure is generally more accurate than the
conventional method (log10b versus weight percent of an or-T
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Jabbari and Gharib 883

Published by NRC Research Press

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

U
ni

ve
rs

ity
 o

f 
E

le
ct

ro
ni

c 
an

d 
Sc

ie
nc

e 
T

ec
ho

no
lo

gy
 o

f 
C

hi
na

 o
n 

09
/1

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



ganic solvent) for the determination of log10b of a broad
range of insoluble or sparingly water-soluble drug com-
pounds.48,49 We have applied the Yasuda–Shedlovsky ap-
proach to determine log10b of the formed complexes studied
in this work in pure water. On the basis of Born electrostatic
model and Bjerrum’s theory of ion association, Yasuda46

and Shedlovsky47 derived eq. [13]. The plot of log10b +
log10[H2O] versus 1=3 should produce a straight line in dif-
ferent aqueous – organic solvents mixtures, where b repre-
sents the stability constant of the complex species formed,
[H2O] is the molar concentration of water and 3 shows the
dielectric constant of the medium.

½13� log 10bþ log 10½H2O� ¼ a3�1 þ b

where a and b are two constants that should be determined
for the various ethanol–water mixtures used in this work.
Figure 3 shows the Yasuda–Shedlovsky plots for the
Sn(IV)-glycine system, and the log10b values were deter-
mined by extrapolation to 0% ethanol and are summarized
in Table 6.
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Syntheses of ruthenium(II)-4,4’-biimidazole
complexes and their potential anti-tumour activity

David C. Kennedy and Brian R. James

Abstract: Synthesis and characterization of the RuII complexes, [Ru(N–N)3][CF3SO3]2, where N–N is 4,4’-biimidazole
(complex 1a) or 2,2’-dimethyl-4,4’-biimidazole (1b), and the dimethylsulfoxide complexes RuCl2(DMSO)2(N–N) are re-
ported. The air-stable, water-soluble complexes were characterized by elemental analysis, 1H NMR and IR spectroscopies,
mass spectrometry, and solution conductivity. Evidence is presented also for the existence of the diruthenium complexes
Ru2Cl4(DMSO)4(N–N), but there are insufficient data for elucidation of their structure. The complexes (and cisplatin) were
tested against human breast-cancer cells (MDA-MB-435S) using an in vitro MTT assay, a colorimetric determination of
cell viability: 1a and 1b exhibit the lowest IC50 values of 18 ± 5 and 36 ± 5 mmol/L, respectively, with cisplatin exhibiting
an IC50 value of 35 ± 5 mmol/L. Isolation of DNA from cells treated with a solution of the Ru species showed no evidence
of DNA-binding to the metal, although examination of the cells indicated that Ru was being taken up into the cells.

Key words: ruthenium complexes, 4,4’-biimidazoles, anti-proliferatory.

Résumé : On rapporte la synthèse et la caractérisation de complexes de ruthénium(II), [Ru(N-N)][CF3SO3]2, dans lesquels
N–N est un 4,4’-biimidazole (complexe 1a) ou 2,2’-diméthyl-4,4’-biimidazole (1b) ainsi que les complexes du diméthylsul-
foxyde RuCl2(DMSO)2(N–N). On a caractérisé ces complexes stables à l’air et solubles dans l’eau par analyse chimique,
spectroscopies IR et RMN du 1H, spectrométrie de masse et par conductivité de leurs solutions. On présente aussi des don-
nées suggérant l’existence des complexes de diruthénium Ru2Cl4(DMSO)4(N–N), mais les données ne sont pas suffisantes
pour élucider leurs structures. On a évalué ces complexes, ainsi que le cisplatine, contre des cellules cancéreuses de seins
humains (MDA-MB-435S) en faisant appel à un essai MTT in vitro, une détermination colorimétrique de la viabilité de la
cellule; les composés 1a et 1b présentent les valeurs IC50 les plus faibles de 18 ± 5 et 36 ± 5 mmol/L respectivement alors
que le cisplatine présente une valeur IC50 de 35 ± 5 mmol/L. L’ADN isolé des cellules traitées avec une solution d’espèces
contenant du ruthénium ne présente aucune évidence de liaison de l’ADN au métal, même si l’examen des cellules indique
que le ruthénium est absorbé par les cellules.

Mots-clés : complexes du ruthénium, 4,4’-biimidazoles, antiprolifération.

Introduction

The use of cisplatin for the treatment of more than 70%
of all cancer patients, coupled with the understanding of its
mechanism of action, represents the most widely known,
metal-based anti-cancer agent, and the topic has been ex-
haustively reviewed.1 Amongst other metal-based anti-
cancer agents, the most promising appear to be based on
ruthenium. Often quoted complexes showing activity include
both RuII and RuIII species, exemplified by cis-RuIICl2(DM-
SO)4,1c,2 [HIm][trans-RuIIICl4(Im)(S-DMSO)] (Im = imida-
zole, a complex called NAMI-A),1b,1d,1e [HL][trans-RuIIICl4L2]
(L = indazole or Im, called KP1019 and KP418, respec-
tively),3 and a wide range of arene complexes.4 The arene
derivatives include RuIIL2(arene)(PTA), where PTA = 1,3,5-
triaza-7-phosphaadamantane, so-called RAPTA type com-
plexes, and in place of PTA a related P–N chelating ligand
(PTN) has been used; when L is Cl, the formula represents a
cationic monochloro complex, while for example, if L2 is a

chelating O–O dianion, a neutral complex is formed. Many
other monocationic and neutral RuII-(arene) and RuII-(half-
sandwich) complexes, containing mono- and bi-dentate an-
cillary ligands and incorporating PTA, PTN, or other P-, N-,
O-, and S-donor ligands, have been studied.4 KP1019 and
NAMI-A have both recently completed successful clinical
trials, and their mechanisms of action are being hotly pur-
sued, particularly for the NAMI-A system, which exhibits
significant anti-metastatic activity.3,5 More generally, the
medicinal chemistry of Ru is an area of intense current in-
terest, and the rapidly expanding literature can be traced
through recent reviews1b,1d,1e and publications,3,4 while ear-
lier reviews by Clarke et al. provide excellent background
material.6

Our group has previously published on the synthesis and
anti-proliferatory activity of RuIII(O–O–)3 where O–O– is
maltolato (the monoanion of 3-OH-2-Me-4-pyrone),7 mixed-
ligand RuIII(maltolato)(nitroimidazole) systems,8 RuII(sulfox-
ide) species with or without ancillary maltolato, acetylaceto-

Received 8 March 2010. Accepted 11 June 2010. Published on the NRC Research Press Web site at canjchem.nrc.ca on 29 July 2010.
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nato, or nitroimidazole ligands,9 and RuII(arene)(sulfoxide)
species.10

In terms of metal-biimidazole complexes (the relevant
topic here), 2,2’-biimidazole (2,2’-biim) has been widely
used, including reports on RuII species,11,12 some of which
have the dianionic form of this ligand bridging in Ru2

II com-
plexes.12 Metal complexes of 4,4’-biim (see Fig. 1 for num-
bering) are rare, and we have found references to only Cu
and Pd species,13 even though the syntheses of this biimida-
zole and the 2,2’-Me2 deriviative (as the diprotonated tri-
fluoroacetate salts) were first published in 1994.14 This
present paper describes the first studies of RuII complexes
containing 4,4’-biim and its 2,2’-dimethyl derivative (Me2biim).
The anti-proliferative properties of the complexes are exam-
ined using a standard MTT assay to test for cell viability,9a

and Ru-uptake and DNA-binding assays are used to further
probe their biological activity. The measured IC50 values
against human breast-cancer cells (MDA-MB-435S) reveal
high activity for the [Ru(N–N)3][CF3SO3]2 complexes,
where N–N is 4,4’-biim or Me2biim. To the best of our
knowledge, there are no previous reports of studies on the
anti-proliferative properties of metal-4,4’-biimidazole com-
plexes.

Experimental section

Materials for synthesis
Reagent-grade solvents (Fisher Scientific) were dried us-

ing standard procedures under N2 before use,15 and deuter-
ated solvents (Cambridge Isotope Laboratories) were used
as received. RuCl3�3H2O (Colonial Metals) and cisplatin
(Aldrich) were used as received; cis-RuCl2(DMSO)4 and
[Ru(DMF)6][CF3SO3]3 were prepared by literature meth-
ods.16 The 4,4’-biim and Me2biim compounds were prepared
as the respective biimidazolium trifluoroacetate salts
[H2(biim)][CF3CO2]2 and [H2(Me2biim)][CF3CO2]2 by a lit-
erature method.14 Standard Schlenk techniques using N2 at-
mosphere were used for synthesis of the complexes,
although these were found to be air-stable.

Physical techniques and instrumentation
1H NMR spectra were recorded at room temperature (RT,

~20 8C) on a Bruker AV300 instrument (s = singlet, br =
broad) with chemical shifts being calibrated using residual
proton resonances from deuterated solvents. Elemental anal-
yses were performed on a Carlo Erba EA 1108 CHN-O in-
strument. Mass spectral data (reported as m/z values) were
acquired on a Bruker Esquire ES spectrometer; M+ refers to
the solid-state formulation plus a proton acquired in the ion-

ization process. IR spectra (KBr pellets, s = strong, m = me-
dium) were recorded on ATI Mattson Genesis or Bomem–
Michelson MB-100 FTIR spectrometers; selected n values
(cm–1) are given with assigned functional groups.17 Conduc-
tivity measurements were carried out on a RCM151B Ser-
fass conductance bridge (A. H. Thomas Co. Ltd.) with a
3403 cell (Yellow Springs Instrument Company) calibrated
using 0.01000 mol/L aq. KCl solution (LM = 141.3 U–1

cm2 mol–1 at 25 8C, cell constant = 1.016 cm–1), and data
are given in units of U–1 cm2 mol–1.18

Biological assays
All reagents and cell-handling techniques, as well as ex-

perimental procedures for the the MTT assay, the Ru-uptake
assay into cells, and DNA-binding to Ru have been de-
scribed in detail in our previous publications.7–9 For the
MTT assay, complexes were dissolved in PBS (phosphate-
buffered saline solution), and were tested against MDA-MB-
435S cells in Leibovitz’s L-15 medium with L-glutamine
after incubation at 37 8C for 70 h; Ru-uptake was studied
with a Chinese hamster ovary (CHO) cell line.

[Ru(biim)3][CF3SO3]2 (1a)
To a yellow solution of [Ru(DMF)6][CF3SO3]3 (83 mg,

0.085 mmol) in MeOH (5 mL) was added [H2biim][CF3CO2]2
(120 mg, 0.34 mmol). On being refluxed over 24 h, the sol-
ution became dark green. The solvent was then removed
under vacuum, and acetone (10 mL) was added to the green
residue; the resulting mixture was filtered through Celite,
and the filtrate was then reduced in volume to ~1 mL. Addi-
tion of hexanes (8 mL) yielded a green precipitate that was
collected, washed with hexanes (2 � 5 mL), and dried under
vacuum at 78 8C for 24 h. Yield: 34 mg (60%). 1H NMR
(CD3OD): d 8.37 (s, 6H, H2,2’), 7.62 (s, 6H, H5,5’). ESI-MS
(MeOH): 652 (M+ – CF3SO3), 502 (M+ – 2 CF3SO3), 369
(M+ – 2 CF3SO3 – biim). LM (MeOH) = 243. Anal. calcd.
for C20H18F6N12O6S2Ru: C, 29.97; H, 2.26; N, 20.97. Found:
C, 29.75; H, 2.31; N, 20.64.

[Ru(Me2biim)3][CF3SO3]2 (1b)
To a solution of [Ru(DMF)6][CF3SO3]3 (74 mg, 0.075 mmol)

in MeOH (5 mL) was added [H2(Me2biim)][CF3CO2]2
(120 mg, 0.30 mmol). On being refluxed for 16 h, the solu-
tion became brown and then dark blue, when the solvent
was removed under vacuum, and acetone (10 mL) was
added to the black residue; the resulting mixture was filtered
through Celite, and the filtrate was reduced in volume to
~1 mL. Addition of hexanes (8 mL) yielded a blue precipi-
tate that was collected and dried under vacuum at 78 8C for
24 h. Yield: 42 mg (63%). 1H NMR (CD3OD): d 7.43 (s,
6H, H5,5’), 2.54 (s, 18H, CH3). ESI-MS (MeOH): 736 (M+ –
CF3SO3), 587 (M+ – 2 CF3SO3), 575 (M+ – CF3SO3 –
Me2biim), 425 (M+ – 2 CF3SO3 – Me2biim). LM (MeOH) =
228. Anal. calcd. for C26H30F6N12O6S2Ru: C, 35.26; H, 3.41;
N, 18.98. Found: C, 35.16; H, 3.32; N, 18.44.

cis-RuCl2(DMSO)2(biim) (2a)
To a yellow solution of cis-RuCl2(DMSO)4 (70 mg,

0.15 mmol) in MeOH (10 mL) was added [H2biim][CF3CO2]2
(54 mg, 0.15 mmol), and the mixture was refluxed for 4 h.
The solvent was then reduced in volume to ~1 mL, when

Fig. 1. Proposed solid-state structure for RuCl2(DMSO)2(4,4’-biim)
(2a).
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addition of acetone (10 mL) yielded a yellow precipitate that
was collected, washed with acetone (2 � 5 mL), and dried
in vacuo at 78 8C for 24 h. Yield: 59 mg (88%). 1H NMR
(CD3OD): d 8.39, 8.37 (s, 2H, H2,2’), 7.72, 7.67 (s, 2H,
H5,5’), 3.49 (s, 3H, CH3), 3.23 (s, 3H, CH3), 3.01 (s, 3H,
CH3), 2.29 (s, 3H, CH3). IR: 3451 (s, nN–H), 1071 (s, nS=O),
1067 (s, nS=O), 1020 (m). ESI-MS (MeOH): 463 (M+), 427
(M+ – Cl), 349 (M+ – Cl – DMSO). LM (MeOH) = 127.
Anal. calcd. for C10H18Cl2N4O2S2Ru: C, 25.77; H, 3.93; N,
12.12. Found: C, 25.67; H, 3.98; N, 11.99.

RuCl2(DMSO)2(Me2biim) (2b)
This complex was synthesized using the procedure given-

for 2a, but using [H2(Me2biim)][CF3CO2]2 (58 mg, 0.15 mmol).
Yield: 64 mg (90%). 1H NMR (CD3OD): d 7.65, 7.47, 7.25
(s, 2H, H5,5’), 3.54–3.32, 3.25–2.73, 2.32 (br s, 12H, CH3–S),
1.66, 1.59, 1.58 (s, 6H, CH3–Me2biim). IR: 3455 (s, nN–H),
1420 (s), 1099 (s, nS=O), 1091 (s, nS=O), 1014 (m). ESI-MS
(MeOH): 491 (M+), 455 (M+ – Cl), 377 (M+ – Cl – DMSO).
LM (MeOH) = 132. Anal. calcd. for C12H22Cl2N4O2S2Ru: C,
29.39; H, 4.52; N, 11.42. Found: C, 29.58; H, 4.64; N, 11.82.

Ru2Cl4(DMSO)4(biim) (3a)
This complex was synthesized using the procedure given

for 2a, but using [H2biim][CF3CO2]2 (26 mg, 0.074 mmol).
Yield: 42 mg (73%). 1H NMR (CD3OD): see Results and
discussion. IR: 3449 (br s, nN–H), 1086 (s, nS=O), 1081 (s,
nS=O), 1013 (m). ESI-MS (MeOH): 757 (M+ – Cl), 679
(M+ – Cl – DMSO). LM (MeOH) � 110. Anal. calcd. for
C14H30Cl4N4O4S4Ru2: C, 21.27; H, 3.82; N, 7.09. Found: C,
21.36; H, 4.00; N, 7.51.

Ru2Cl4(DMSO)4(Me2biim) (3b)
This complex was synthesized using the procedure given

for 2a, but using [H2(Me2biim)][CF3CO2]2 (29 mg,
0.074 mmol). Yield: 49 mg (81%). 1H NMR (CD3OD): see
Results and discussion. IR: 3457 (s, nN–H), 1090 (s, nS=O),
1085 (s, nS=O). ESI-MS (MeOH): 785 (M+ – Cl), 707
(M+ – Cl – DMSO), 629 (M+ – Cl – 2 DMSO), 551 (M+ –
Cl – 3 DMSO). LM (MeOH) � 100. Anal. calcd. for
C16H34Cl4N4O4S4Ru2: C, 23.47; H, 4.19; N, 6.84. Found:
C, 23.58; H, 4.19; N, 6.65.

In situ experiments on the syntheses
The biimidazole (0.005–0.05 mmol) was added to the Ru

precursor (~5 mg, 0.01 mmol) dissolved in 1 mL CD3OD in
an NMR tube, fitted with a septum with a pin-hole for pres-
sure release. The bottom of the tube was immersed in a
water bath at 65 8C, so that the tube worked like an effec-
tive condenser. After selected times, the tube was cooled to
RT, and the 1H NMR spectra were recorded.

Results and discussion

Ru complexes
Our group has previously used [Ru(DMF)6][CF3SO3]3, an

air-stable RuIII complex, as a precursor for the synthesis of
RuII-homoleptic complexes of the type [RuL6][CF3SO3]2,
where L is a range of imidazoles. The syntheses were car-
ried out in MeOH, but it was unclear whether the solvent or
the imidazole was reducing the metal.19 In this current work,

the same general procedure has been used for syntheses of
[Ru(N–N)3][CF3SO3]2 complexes, where N–N is biim (com-
plex 1a) or Me2biim (complex 1b). Qualitative data from in
situ experiments using biim:Ru ratios of 3:1 and 4:1 in
CD3OD suggest that biim acts as the reductant. At the 3:1
ratio, the in situ 1H spectrum after 12 h showed no trace of
free [H2biim]2+ (Fig. 2a), ~20% formation of 1a (d 8.37 and
7.62; see below), and several other singlets in this same re-
gion including two at d 8.92 and 7.84. At the 4:1 ratio after
the same reaction time, formation of 1a was close to com-
pletion and the other singlets except for those at d 8.92 and
7.84 had decreased significantly in intensity. The retained d

8.92 and 7.84 singlets are tentatively attributed to a biim ox-
idation product, while the ‘‘several other singlets’’ are attrib-
uted to RuII-mixed DMF/biim species. Such redox chemistry
has been observed previously within RuIII-imidazole sys-
tems20; the imidazole oxidation product was not identified,
but chemistry involving loss of an H-atom to generate a rad-
ical that subsequently dimerizes seems feasible.21

With use of a biim:Ru reactant ratio of 4:1, 1a and 1b are
isolated in reasonable yields (~60%), and are well-character-
ized in the solid state and in solution by elemental analysis,
1H NMR spectroscopy, mass spectrometry, and conductivity
data, while unfortunately X-ray quality crystals could not be
isolated for any of the complexes reported in this paper. The
1H NMR spectrum of 1a displays equal-intensity singlets at
d 8.37 and 7.62 for the H2,2’ and H5,5’ protons, respectively
(cf. Fig. 2); the corresponding spectrum of 1b consists of
resonances at d 7.43 and 2.54 (in a 1:3 integration ratio) for
the H5,5’ and Me protons, respectively. The mass spectra of
1a and 1b do not show the peaks for the parent ionic com-
pound, but peaks for species with the loss of one and two
triflate anions, as well a further loss of one N–N ligand, are
evident. The molar conductivity values are consistent with
the ionic formulations.18

The 1:1 reactions of the biimidazolium salts with cis-
RuCl2(DMSO)4 resulted in replacement of two DMSO li-
gands by the biimidazole with the isolation of 2a and 2b in
~90% yield, the complexes being characterized by the meth-
ods given for 1a and 1b. The mass spectra of 2a and 2b
show the M+ species, as well as fragments corresponding to
the loss of one Cl– and the subsequent loss of one DMSO
ligand, and are consistent with the proposed solid-state for-
mulations. The immediately measured and constant conduc-
tivities of 2a and 2b in MeOH (~130 U–1 cm2 mol–1) are
consistent with dissociation of a chlorido ligand,18 and thus
the ionic species [RuCl(DMSO)2(MeOH)(N–N)]Cl are con-
sidered to be present in solution.

The time-independent solution 1H NMR spectra in CD3OD
of 2a (Fig. 2b) are consistent with this formulation: the four
resonances seen for the biim protons show that the two rings
are magnetically inequivalent, while four different, equal-in-
tensity resonances seen for the Me groups of the DMSO in-
dicate their inequivalence. Both DMSO ligands are
considered to be S-bonded, mainly because of the strong
nSO IR bands seen in the solid state at 1071 and 1067 cm–1;
IR bands for O-DMSO are typically <1000 cm–1 for RuII

complexes.22 Of the 1H NMR shifts for the Me protons of
DMSO, the three at d 3.49, 3.23, and 3.01 are consistent
with S-bound DMSO, while the d 2.29 resonance is unique
in being upfield-shifted from that of free DMSO (d 2.65)
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but must also be due to an S-DMSO ligand. The upfield
shift must arise from an interaction of this S-DMSO (cis to
biim) with the p–system of an imidazole ring; similar up-
field shifts have been noted by others.4f No signal at d 2.65
was seen for free DMSO. The 1H–1H COSY NMR spectrum
of 2a (Fig. S1 of the Supplementary data) shows correlation
between the two DMSO singlets at d 2.29 and 3.01 and be-
tween those at d 3.23 and 3.49, each pair corresponding to
the two Me groups within one DMSO ligand. Similarly, the
imidazole proton resonances correlate to reveal that the sig-
nals at d 8.39 and 7.67 belong to the H2 and H5 of one ring,
and those at d 8.37 and 7.72 are associated with the H2’ and
H5’ protons of the other ring.

Assuming that no immediate isomerization of 2a occurs
on its dissolution in MeOH, an all-cis isomer for the solid-
state structure seems reasonable (Fig. 1); replacement of
one of the chlorides by MeOH (likely the one trans to the
DMSO) would give a solution species consistent with the
NMR data. Of note, the all-cis structure has been demon-
strated crystallographically for the similar complex
RuCl2(DMSO)2(1,2-dimethylimidazole)2

23; however, a com-
plex of the type RuCl2(S–S)L2, where S–S is a bidentate S-
bonded sulfoxide and L is a nitro-substituted imidazole, has
trans chlorides in the solid state, although in aqueous solu-
tion cis- and trans-isomers are present.9a

Use of an increased 5:1 reactant ratio ([H2biim]2+:cis-
RuCl2(DMSO)4) was anticipated to form RuCl2(biim)2, anal-
ogous to the production of RuCl2(pyridine)4 when the sulf-
oxide complex was reacted with pyridine,24 but only 2a was
isolated.

Complex 2b is considered to be analogous to 2a, the IR
data (1099, 1091, and 1014 cm–1) and the 1H NMR data
(overlapping signals between d 3.51–2.23) are again consid-
ered consistent with solely S-bonded DMSO; again no free
DMSO was detected. However, the 1H NMR spectrum of
2b in CD3OD (Fig. 3a) is more complicated than that of 2a,
in that three resonances are observed for the H5 protons: two
equal intensity signals at d 7.65 and 7.25, and a more intense
signal at d 7.47. Further, there are three resonances for the
Me protons of the Me2biim: d 1.66, 1.59, and 1.58
(Fig. 3b), the equal intensities of two higher-field ones being
three times the intensity of the d 7.65 and 7.25 signals.
These four resonances correspond to a single isomer (la-
belled 2b) in which the two halves of Me2biim ligand are
inequivalent, while the remaining two 1:3 intensity d 7.47
and 1.66 signals correspond to a second isomer (2b’) con-
taining equivalent Me groups in the Me2biim ligand. The
1:1 electrolyte conductivity of 2b in MeOH implies that an
average of one Cl– is dissociated, probably from each iso-
mer. In the absence of any rapid isomerization processes,

Fig. 2. 1H NMR spectra (300 MHz, ~20 8C) in CD3OD showing the imidazole protons of: (a) free [H2biim]2+, (b) an in situ, 1:1 H2biim:-
RuCl2(DMSO)4 system after 4 h at 65 8C, and (c) an in situ, 1:2 H2biim:RuCl2(DMSO)4 system after 4 h at 65 8C. The spectra for isolated
2a and 3a in CD3OD show just the major resonances of Figs. 2b and 2c, respectively.
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the solution 2b’ species could be generated from a solid-
state trans-,cis-RuCl2(DMSO)2(N–N) isomer via replace-
ment of a Cl– by MeOH. Similarly, the two solid-state ‘‘pre-
cursor structures’’ cis,trans-RuCl2(DMSO)2(N–N) and
cis,cis-RuCl2(DMSO)2(N–N) could generate the 2b isomer
in solution. The latter is preferred because 1H NMR data (in
CDCl3) of RuCl2(DMSO)2(2Me-imidazole)2,25 and analo-
gous complexes with other substituted imidazoles,22,23 are
consistent with an all-cis structure; and further, the same ge-
ometry seems likely for 2a.

The reactions of the biimidazolium salts with cis-
RuCl2(DMSO)4, but using a Ru:[H2(N–N)]2+ ratio of 2:1,
generate the diruthenium complexes Ru2Cl4(DMSO)4(N–N),
where (N–N) is biim (complex 3a) or Me2biim (complex
3b). Elemental analyses support this formulation, as well as
[M+ – Cl – n � DMSO] fragments in the mass spectra (n =
0 and 1 for 3a, and 0–3 for 3b), with isotopic distribution
patterns different from those of 2a and 2b, and consistent
with the presence of two Ru atoms (Figs. S2 and S3). The
IR nSO data for 3a and 3b show strong bands in the
1080 cm–1 region that are again consistent with S-bonded
DMSO.

The immediately measured molar conductivities of a
MeOH solution of the isolated 3a and 3b (~100 U–1 cm2

mol–1) are in the range for a 1:1 electrolyte,18 again consis-
tent with loss of a chlorido ligand. The immediately meas-
ured 1H NMR spectrum of 3a dissolved in CD3OD reveals
two singlets for the H2,2’ and H5,5’ protons (Fig. 2), indicat-
ing a species with equivalent imidazole rings; this could be
formed from a solid-state structure with a RuII(m-Cl)nRuII

core (n = 2, 3), but even species with m-SO cannot be ruled
out.26 In the DMSO region of the 1H NMR spectrum, there
are signals in the d 3.45–3.25 and 2.65 regions (Fig. S4),
which correspond to S-DMSO and free DMSO, but the spec-
tra change with time, and this could be due to solvation and
(or) monomer formation. Further studies are needed to deter-
mine the true nature of this ‘‘dimer’’. Loss of Cl– and
DMSO ligands from RuII-chloro(DMSO) complexes in solu-

tion is well-documented, with S-DMSO exchanging slower
than O-DMSO.27 The 3b system is more complex because
the immediate 1H NMR spectrum of 3b dissolved in
CD3OD shows major resonances for the H5,5’ protons at d

7.38 and 7.33 with a respective intensity ratio of ~2:1
(Fig. 3c), these being attributed to two isomers, each with
equivalent imidazole rings; there is also a pair of less in-
tense, 1:1 singlets at d 7.47 and 7.46, implying the presence
of a third isomer with inequivalent imidazoles. The methyl
region is complex because of numerous overlapping and un-
resolved resonances attributed to the Me resonances of
DMSO (coordinated and free) and Me2biim ligands.

Biological data
The new complexes were tested against MDA-MB-435S

human breast-cancer cells for anti-proliferatory activity us-
ing the MTT assay (Table 1). Complexes 1a and 1b exhibit
IC50 values of 18 and 36 mmol/L, respectively (Fig. S5),
which indicates significant activity better than, or equal to,
that of cisplatin (35 mmol/L). No MTT studies have been re-
ported on the analogous [Ru(imidazole)6][CF3SO3]2 or other
similar homoleptic imidazole complexes,19 and so the toxic-
ity effect of the bidentate versus the corresponding mono-
dentate imidazole ligands cannot be compared. Our group
has shown that incubation of mouse squamous-cell carci-
noma cells (SCCVII) with [Ru(imidazole)6][CF3SO3]2 for
3 h did lead to Ru-uptake of about 15 ng per 106 cells.28 In
the current work, Ru-uptakes of 1a and 1b in Chinese ham-
ster ovary (CHO) cells were 26 and 20 ng per 106 cells, re-
spectively, but the DNA isolated from these cells contained
no detectable Ru, implying that the uptake is not associated
with DNA-binding at the metal, in contrast to the behaviour
of cisplatin.1 There is considerable evidence elsewhere that
biologically active Ru species might react with protein tar-
gets other than DNA.1–3 Although our data are for different
cell lines, the respective IC50 values for 1a and 1b possibly
correlate with the degree of Ru accumulation, rather than re-
sulting, for example, from a difference in activity of the

Fig. 3. 1H NMR data (300 MHz, 298 K) for Me2biim complexes in CD3OD. (a) In situ spectrum shows H5,5’ protons of 2b and 2b’, and the
side-product 3b. (b) Me signals for the Me2biim of 2b and 2b’. (c) H5,5’ protons for isomers of 3b (see text). The intensity scales in (a), (b),
and (b) are different.
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complexes inside the cell. Further MTT, Ru-uptake, and
DNA-binding studies on the RuII-imidazole and (or) the Ru-
biimidazole systems with the use of the same cell line are
needed for a more direct comparison between the two sys-
tems. The promising activities of 1a and 1b are the highest
of the RuII complexes that our group has studied with the
same cell line (see the Introduction)7–10 and, of note, the
RuIII complexes [Ru(O–O–)2(N–N)]CF3SO3, where O–O– is
maltolato (see the Introduction) and N–N is biim or Me2-
Biim, have respective IC50 values of 50 and 15 mmol/L
against the same cell line,29 close to the values for 1a and
1b; this finding indirectly supports the early premise that
RuIII complexes are likely activated via in vivo reduction to
RuII.6 To contribute constructively to this aspect, more sys-
tematic studies are required on the RuIII/RuII reduction po-
tentials of the complexes studied in our group.7–10,29

The mixed biimidazole/DMSO complexes 2a and 2b ex-
hibit IC50 values of 800 and 400 mmol/L, respectively,
which are close to values measured for the respective free
biimidazoles (800 and 650 mmol/L for H2biim and Me2-
biim). IC50 values for 3a and 3b were >1000 mmol/L.

The conclusions on the nature of the new complexes pre-
sented here would certainly be strengthened by X-ray data,
particularly for type-2 and -3 complexes, but many attempts
at growing suitable crystals were unsuccessful. Nevertheless,
the findings perhaps suggest that the presence of labile
chlorido or DMSO ligands is detrimental for anti-prolifera-
tive activity.

Supplementary data
Supplementary data for this article are available on the

journal Web site (http://canjchem.nrc.ca).
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A quasi-classical trajectory (QCT) study of the
H + OF reaction stereodynamics

Dan Zhao, Tian Yu Zhang, and Tian Shu Chu

Abstract: Based on the global three-dimensional adiabatic potential surface of the 13A’ excited electronic state (J. Chem.
Phys. 2005, 123, 114310) of the OHF system, we investigated the H + OF ? OH + F/HF + O reaction stereodynamics by
using the quasi-classical trajectory (QCT) method. The four polarization-dependent differential cross sections (PDDCSs)
and the three angular distributions P(qr), P(4r), P(qr, 4r) were calculated at a low collision energy of 0.48 eV for both
product channels. The results indicated that the products are backward-scattering on the triplet state, and the product rota-
tional angular momenta are aligned or oriented. Moreover, there is a remarkable difference between the polarization be-
haviors of the two product channels. Product orientation exhibited by the OH + F channel is found to be absent in the
HF + O channel at this collision energy albeit the latter shows stronger alignment along the direction perpendicular to the
reagent relative velocity k than OH + F.

Key words: chemical stereodynamics, product alignment, product orientation, quasi-classical trajectory (QCT).

Résumé : En se basant sur la surface de potentiel adiabatique tridimensionnel global de l’état excité électronique exci-
té13A’ (J. Chem. Phys. 2005, 123, 114310) du système OHF, on a étudié la stéréodynamique de la réaction H + OF ?
OH + F/HF + O à l’aide de la méthode de la trajectoire quasi-classique (TQC). On a calculé les quatre sections droites dif-
férentielles dépendantes de la polarisation (SDDDP) et les trois distributions angulaires P(qr), P(4r) et P(qr, 4r) à une
faible énergie de collision, 0,48 eV, pour chacune des deux voies conduisant au produit. Les résultats indiquent que les
produits correspondent à une rétrodiffusion sur l’état triplet et que les moments angulaires rotationnels du produit sont ali-
gnés ou orientés. De plus, il existe une différence remarquable entre les comportements de polarisation des deux voies
conduisant aux produits. On a trouvé que, à ce niveau d’énergie de collision, l’orientation du produit présentée par la voie
OH + F est absente de la voie HF + O même si cette dernière présente un alignement plus important le long de la direc-
tion perpendiculaire à la vitesse relative du réactif, k, que celui observé pour la voie OH + F.

Mots-clés : stéréodynamique chimique, alignement du produit, orientation du produit, méthode de la trajectoire quasi-
classique (TQC).

[Traduit par la Rédaction]

Introduction
The HOF system is one of the most elementary trimolec-

ular systems and can be considered as a model system for
HOX (X = F, Cl, Br, and so forth). Recently, Gómez-Carrasco
et al. have studied the global three-dimensional potential en-
ergy surfaces (PESs) for the OHF system at a high ab initio
level1 and obtained the adiabatic PESs of OHF for the
ground 11A’ singlet state and the excited 23A@ and 13A’ trip-
let states.2 The reaction dynamics of F + OH ? HF + O has
been studied by a quantum wave packet method within a
centrifugal sudden (CS) approximation on the two excited
triplet electronic states.2 A comparative study of the full
channels of the H + OF reaction by quantum mechanical
(QM) and quasi-classical trajectory (QCT) methods,3 as
well as the QCT calculations for the reaction H + OF ?
OH + F4,5 have also been reported recently using the 23A@ PES.

In this article, by performing the QCT calculation on the
13A’ triplet state,6 we explored the stereodynamics of the ti-

tle reaction at a fixed collision energy of 0.48 eV by means
of depicting the polarization-dependent differential cross
sections (PDDCSs) and the three angular distributions of
P(qr), P(4r), and P(qr, 4r) for the two product channels. The
validity of applying QCT method to the title reaction has
been tested and proved in a previous study3 showing a fairly
good agreement between the QM and QCT calculations with
the 23A@ electronic state being involved.

The present study employed the benchmark QCT code7–18

developed initially to simulate and explain the polarization
behaviors of the products in laser-induced molecular beam
experiments. Furthermore, an innovative theoretical work
came up in 1997 describing the optical preparation of ori-
ented and aligned reagents in weak laser field.19 Despite the
QCT code we employed here, there are many other devel-
oped theoretical methods and computational codes,20–25

which can be used in the stereodynamics exploration of a
chemical reaction. In the following section, we briefly de-
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scribe the present QCT calculation method together with rel-
evant details of the calculation. Results and discussion are
presented in a later section. Finally, the last section is the
conclusions.

Calculation aspects
The calculation method we used here is the same as the

one described in refs. 8–18. The QCT calculation is per-
formed within a center of mass frame in which the reagent
relative velocity vector k is parallel to the z axis, and x–z
plane is the scattering plane containing the initial and final
relative velocity vectors, k and k’. The scattering angle be-
tween the reagent relative velocity and product relative ve-
locity is qt. The polar and azimuthal angles of the product
rotational angular momentum j’ are qr and 4r, respectively.

The fully correlated center-of-mass angular distribution is
written as the sum,

½1� Pðut;urÞ ¼
X

kq

½k�
4p

1

s

dskq

dut

Ckqðqr; 4rÞ�

where [k] = 2k + 1, 1
s

dskq
dut

is a generalized polarization-
dependent differential cross section, and Ckq(qr, 4r) are mod-
ified spherical harmonics.

The PDDCS can be further written as follows:

½2� 1

s

dskq

dut

¼
X

k1

½k1�
4p

Sk1

kq�Ck1�qðqt; 0Þ

where Sk1

kq� ¼ hck1qðqt; 0Þckqðqr; 0Þ½ð�1Þqeiq4r � e�iq4r �i,
which is evaluated using the expected value expression.

The angular distribution function P(qr) describing the k –
j’ correlation can be expanded in a series of Legendre poly-
nomials

½3� PðqrÞ ¼ 1=2
X

k

ð2k þ 1Þak
0Pkðcos qrÞ

The coefficients ak0 ¼ hPkðcos qrÞi are called orientation (k
is odd) or alignment (k is even) parameters.

The dihedral angle distribution function P(4r) describing
k – k’ – j correlation can be expanded in Fourier series

½4� Pð4rÞ ¼
1

2p
½1þ

X
nðeven�2Þ

ancosðn4rÞ

þ
X

nðodd�1Þ
bnsinðn4rÞ�

where an ¼ 2hcos n4ri and bn ¼ 2hsin n4ri.
The following expansion is used to obtain the P(qr, 4r)

distribution,

½5� Pðqr;4rÞ ¼
1

4p

X
k

X
q�0

ðak
q�cos q4r

� akq�isin q4rÞCkqðqr; 0Þ

with akq� ¼ 2hCkqðqr; 0Þcos q4ri (k is even) and akq� ¼
2ihCkqðqr; 0Þsin q4ri (k is odd).

In this study, the initial distance from the H atom to the
center of mass of OF is 10 Å. The batches of 250 000 trajec-
tories were sampled at the collision energy of 0.48 eV (the
lowest collision energy to ensure the reaction takes place
via both channels), while setting the initial rovibrational
conditions of the OF reagent to be v = 0, j = 0. An integra-
tion step of 1fs is found sufficient to ensure the convergence
of the calculated stereodynamics quantities we presented
here. The optimized maximum impact parameter bmax at
0.48 eV is 1.2 Å and 0.35 Å for the OH + F and HF + O
product channels, respectively.

Results and discussion
It is known that PES plays a critical role in chemical ster-

eodynamics. Shown in Fig. 1 are the contour plots of the
13A’ PES for the reactions of H + OF ? OH + F and H +
OF ? HF + O with collinear geometry. The topograghic
features of the PES reflect that both reactive channels are
dominated by abstraction mechanism due to the barrier in
reactant region.

Figure 2 shows the calculated four PDDCSs for H +
OF ? OH + F and H + OF ? HF + O. The (2p/s)(ds00/
dut) is proportional to the usual differential cross section
and displays the scattering direction of the products. From

Fig. 1. The contour plots of the 13A’ PES for (a) H + OF ? OH +
F and (b) H + OF ? HF + O with collinear geometry. Potential
energy in kcal/mol.
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Fig. 2a, it can be seen that the two product channels are ob-
viously backward-scattering and the degree of the backward
scattering is much larger in the HF + O product channel.
Such backward scattering shown here is in consistence with
the abstraction mechanism of the title reaction that occurred
on the 13A’ electronic state. Figure 2b plotted the (2p/s)(ds20/
dut), which is found to be opposite to the (2p/s)(ds00/dut)
over the whole range of the scattering angle and for both
product channels. This opposite trend suggests that product
angular momentum is strongly aligned perpendicular to the re-
agent relative velocity k. Figure 2c shows the (2p/s)(ds22+/dut)
of the two product channels. Comparing the two channels, it

can be seen that the (2p/s)(ds22+/dut) of the HF + O prod-
uct channel is completely different from that of OH + F.
That is, the (2p/s)(ds22+/dut) of the HF + O product channel
is almost zero while that of the OH + F product channel is
fluctuant with the scattering angle. As indicated by the
present calculation, around the two scattering angles of
1458 and 1588, the value of (2p/s)(ds22+/dut) in Fig. 2c is
approximately –0.6124 for the OH + F product channel. Ac-
cording to the classical limiting value of the alignment pa-
rameters, this value of –0.6124 gives the information that
the azimuthal angles (qr and 4r) of j’ are (458, and 908, re-
spectively). Therefore, around these two scattering angles,

Fig. 2. The polarization-dependent differential cross sections (2p/s)(dskq/dut) for H + OF ? OH + F (solid line) and H + OF ? HF + O
(dash-dotted line) at the collision energy of 0.48 eV. (a) (2p/s)(ds00/dut), (b) (2p/s)(ds20/dut), (c) (2p/s)(ds22+/dut), and (d) (2p/s)(ds21–/dut).

Fig. 3. The distribution of P(qr) reflecting k – j’ correlation for
H + OF ? OH + F (solid line) and H + OF ? HF + O (dashed-
dotted line) at the collision energy of 0.48 eV.

Fig. 4. The dihedral angle distribution of P(4r) with respect to the
k – k’ and k – j’ planes for H + OF ? OH + F (solid line) and H +
OF ? HF + O (dashed-dotted line) at the collision energy of
0.48 eV.
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the OH + F products tend to align along the direction of the vec-
tor addition of y and z. In turn, the value of (2p/s)(ds21–/dut)
of the OH + F product channel in Fig. 2d is found to be –1.2247
with the scattering angles around 1478 and 1738. In these
cases, the azimuthal angles (qr and 4r) of j’ are (458 and 08,
respectively), which means that the product alignment in the
OH + F channel is along the direction of the vector addition
of z and x.

The distribution of P(qr) reflected the k – j’ correlation of
the products. Seen from Fig. 3, the P(qr) distributions of the
two product channels all peaked at 908 and are symmetric
with respect to 908. This symmetric phenomenon observed
in the two P(qr) distributions implies that the product rota-
tional angular momentum is strongly aligned along the per-
pendicular direction to the reagent relative velocity.
Moreover, the P(qr) peak position in H + OF ? HF + O is
much higher than in H + OF ? OH + F, and the P(qr) dis-
tribution in the latter is much broader than the former. As a
result, we can say that of the two product channels, there is
much stronger product alignment perpendicular to k in
H + OF ? HF + O.

The distribution of P(4r) reflected the k – k’ – j’ correla-

tion of the products. Figure 4 plotted the P(4r) distributions
for H + OF ? OH + F and H + OF ? HF + O, respec-
tively. The P(4r) distribution can reflect the alignment and
orientation of the product rotational angular momentum j’.
In contrast to the distribution of P(qr), this kind of distribu-
tion is asymmetric with respect to 4r = 1808. Clearly, in
H + OF ? OH + F, P(4r) peaked around 908 and at 2708,
reflecting that the OH product tends to align along the y axis
or along the direction perpendicular to the scattering k – k’
plane. In addition, the fact that the value of P(4r) around
908 is larger than that at 2708 has also demonstrated that
the orientation of j’ of the product OH tends to point to the
positive direction of the y axis. While in H + OF ? HF +
O, we see that the corresponding P(4r) distribution exhibits
rather isotropic behavior with lots of oscillations. This
means that as compared with OH + F, the k – k’ – j’ correla-
tion is not very remarkable for the HF + O products. The
rather isotropic feature of the P(4r) distribution observed in
the reaction H + FO ? HF + O has nonetheless suggested
that, at such a low collision energy, the HF + O products
have very weak or almost no polarization (alignment and
orientation) behaviors that are indicated by the P(4r) distri-
bution. It is notable here that although the HF + O product
channel lacked the obvious product alignment along the di-
rection perpendicular to the scattering k – k’ plane as in-
formed by the P(4r) distribution, it does illustrate stronger
product alignment that is perpendicular to the reagent rela-
tive velocity k as indicated by the P(qr) distribution in
Fig. 3.

The P(qr, 4r) distribution further supported the above-
observed polarization behaviors of both products. Figure 5
plotted the P(qr, 4r) distribution averaged over all scattering
angles for H + OF ? HF + O and H + OF ? HO + F. We
can see that the distributions of P(qr, 4r) are consistent with
the distributions of P(qr) and P(4r) in Figs. 3 and 4. Again,
these distributions indicated a rather stronger product polar-
ization in OH + F than HF + O, as described by the P(4r)
distribution. This polar plot also supported a stronger prod-
uct alignment in HF + O than OH + F, as indicated by the
P(qr) distribution.

Conclusions
By running a batch of 250 000 trajectories on the excited

13A’ electronic state, this paper presented a stereodynamical
picture for the title reaction at a low collision energy of
0.48 eV. The calculated PDDCS results revealed that the
products in H + OF ? OH + F and H + OF ? HF + O are
both backward scattering, with much stronger backward
scattering being found in the HF + O product channel. Both
channels show the product alignment along the direction
perpendicular to the reagent relative velocity k, and such
product alignment is found to be more pronounced in the
HF + O product channel. With respect to the P(4r) distribu-
tion, however, the OH + F product channel is found to have
much stronger polarizations, and the product tends to align
along the direction perpendicular to the scattering k – k’
plane and orient to the positive direction of the y axis. Such
polarization behaviors are absent in the HF + O product
channel. The stereodynamics information is further validated
with the calculated results of the P(qr, 4r) distribution.

Fig. 5. Polar plots of P(qr, 4r) distribution averaged over all scat-
tering angles for (a) H + OF ? OH + F and (b)
H + OF ? HF + O.
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Direct ultrasound-assisted methylation of fatty
acids in serum for free fatty acid determinations

Liyan Liu, Ying Li, Rennan Feng, and Changhao Sun

Abstract: A method for simultaneous determination of 16 free fatty acids (FFAs) in serum is described. The method in-
volves conversion of FFAs to fatty acid methyl esters (FAMEs) using the heat of ultrasonic waves followed by gas chro-
matography and mass spectrometry (GC–MS) analysis. Optimum levels of the variables affecting the yield of FAMEs
were investigated. The results indicate that the optimal levels are 55 8C, 60 W, 10% H2SO4/CH3OH, and 50 min. Recov-
eries ranged from 85.32% to 112.11%, with a detection limit ranging from 0.03 to 0.08 mg mL–1. The linearity, using the
linear correlation coefficient, was higher than 0.9914.

Key words: ultrasound-assisted methylation, fatty acid, gas chromatography and mass spectrometry (GC–MS), serum.

Résumé : On décrit une méthode de détermination simultanée de seize acides gras libres (AGL) dans le sérum. La mé-
thode implique la conversion de ces acides gras en esters méthyliques d’acides gras (EMAG) par un chauffage à l’aides
d’ondes ultrasoniques, suivi d’une analyse par spectrométrie de masse couplée à une chromatographie gazeuse (SM–CG).
On a étudié les niveaux optimum des variables affectant le rendement en esters méthyliques (EMAG). Les résultats indi-
quent que le niveau optimal est de 55 8C, 60 W, 10 % de H2SO4 dans le méthanol et 50 min. Les taux de récupération va-
rient de 85,32 % à 112,11 %, avec des limites de détection allant de 0,03 à 0,08 mg mL–1. La linéarité en fonction du
coefficient de corrélation est supérieure à 0,9914.

Mots-clés : méthylation assistée par des ultrasons, acide gras, spectrométrie de masse couplée à une chromatographie ga-
zeuse, sérum.

Introduction
Free fatty acids (FFAs) are one kind of active molecule in

the body. They not only play an important role in energy
generation and storage, but also act as a critical role in cell,
tissue, and organ physiology.1–3 For example, long-chain
fatty acids contribute to the synthesis of phospholipids, mol-
ecules necessary for the structure, integrity, and function of
plasma membranes, and are precursors for prostaglandins.
The n-3 polyunsaturated fatty acids (PUFA), specifically do-
cosahexaenoic acid (22:6n-3, DHA) and eicosapentaenoic
acid (20:5n-3, EPA), have beneficial impact on mitochon-
drial biogenesis, intrinsic antioxidant enzyme expression,
and efficiency in oxygen consumption.4 Some studies have
shown that free fatty acids in serum were closely related to
many diseases, such as diabetes and cardiovascular disease;
they are biomarkers of identifying these diseases and health
controls.5,6 It has been proposed that FFAs measures in se-
rum could be developed into a risk factor for diabetes and
cardiovascular disease. Large-scale clinical intervention and
population-based studies are needed to support the use of se-
rum measures of FFAs as a risk factor for diabetes and car-
diovascular disease.

At present, the common analyses for fatty acids include
the enzyme method, spectrophotometry, high performance
liquid chromatography (HPLC),7–9 and gas chromatography
(GC).10–12 Enzyme methods, which are simple and fast, are

widely used in the clinic for the analysis of FFAs, but this
method can only obtain the total free fatty acids level, lead-
ing to the unknown concentration of each fatty acid.

These disadvantages are avoided by gas chromatography
(GC). Present-day GC methods using high quality capillary
columns allow sensitive and reproducible fatty acid analysis.
When coupled with mass spectrometry (MS), this technique
has shown more powerful abilities in fatty acids profiling
analysis.13

Although GC is the technique most widely used in the de-
termination of fatty acids, they must be converted to con-
venient volatile derivatives previous to their analysis. There
are many derivatization agents for GC, such as trimethylsilyl
derivatives, diazomethane, and sulfuric acid–methanol. Tri-
methylsilyl derivatives are less used for determining the
long fatty acids (from 12 to 24 carbon atoms).14 Reactions
of diazomethane in a plasma–methanol medium should not
only lead to a higher pH due to the consumption of acids15

but also by reaction with negative ions like chloride.16 How-
ever, the sulfuric acid – methanol reagent preparing fatty
acids methyl esters (FAMEs) performed well in terms of
cost, speed, safety, and GC response, which is the most suit-
able for determination of fatty acids in serum.17,18 Therefore,
the conventional methylation of free fatty acids in serum
was performed with the batch heat method using sulfuric
acid – methanol reagent.
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The conventional method is a multistep process that re-
quires highly trained manual labor. Although it has also
been demonstrated that FAMEs can be prepared by direct
methylation without prior extraction,19 the preparation of
FAMEs remains time consuming with conventional methyl-
ation, often requiring 2 h with convectional heat to catalyze
the reaction.20 However, ultrasonic mixing had a significant
effect on fatty acids transesterification. Ultrasound-assisted
transesterification reactions of fatty acids showed higher
(faster) transesterification rates without changing the charac-

teristics of the reaction. The method has been studied for
many vegetable oils and biodiesel,21,22 but this technique
has not been widely applied for the determination of fatty
acids in serum or tested exhaustively. The yield of FAMEs
in the process of methylation is affected by several process
parameters and variables. The most important variables af-
fecting the yield of FAMEs from methylation are the reac-
tion time, ultrasound power level, concentration of the
catalyst, and reaction temperature. Therefore, it is necessary
to systematically investigate which factors influence methyl-
ation and establish an efficient analytical method of free
fatty acids in serum.

In the present study, we describe a simple and stable
method to methylate free fatty acids with the help of ultra-
sonic waves. To achieve the optimum reaction conditions,
parameters affecting the yield of FAMEs, such as the reac-
tion time, power of ultrasonic waves, concentration of the
catalyst (sulfuric acid), and reaction temperature, were in-
vestigated by using the ultrasound-assisted methylation
method. Moreover, the use of ultrasound-assisted methyla-
tion was compared to the traditional use of convectional
heat for the preparation of FAMEs. Gas chromatography
and mass spectrometry (GC–MS) were used to isolate and
identify the detected fatty acids and the method was applied
to establish stable fatty acid metabolic profiles of type 2 di-
abetic patients (T2DM) and health controls.

Experimental section

Chemicals and reagents
Fatty acid standards were purchased from Sigma-Aldrich (St

Louis, MO, USA, ‡99% purity): myristic acid (C14:0), pal-
mitic acid (C16:0), palmitoleic acid (C16:1n-7), heptadecanoic
acid (C17:0), stearic acid (C18:0), oleic acid (C18:1n-9), li-
noleic acid (C18:2n-6), linolenic acid (C18:3n-3), g-linolenic
acid (C18:3n-6), cis-11,14-eicosadienoic acid (C20:2n-6),
arachidonic acid (C20:4n-6), cis-5,8,11,14,17-eicosapentaenoic
acid (C20:5n-3), cis-7,10,13,16,19-docosapentaenoic acid
(C22:5n-6), cis-4,7,10,13,16,19-docosahexaenoic acid (C22:6n-3),
tetracosanoic acid (C24:0), and selacholeic acid (C24:1n-9).
The solution of 10% H2SO4/CH3OH was freshly prepared
with diluting H2SO4 (purity ‡98.0%) in chromatographic
grade methanol. n-Hexane (chromatographic grade), ethyl
acetate (analytical reagent), and sodium chloride (analytical
reagent) were purchased from Tianjin Guangfu Chemical
Reagent Co. (Tianjin, China).

Preparation of standard solutions and quality-control
samples

Stock solutions of the 16 FAs and an internal standard

Table 1. Intraday and interday instrument assays of C18:0 methyl ester (n = 6).

Intraday (n = 6) Interday (n = 6)

The true concentration Measured concentration CV% Bias% Measured concentration CV% Bias%

C18:0 methyl ester
15.00 15.36±1.07 6.97 102.4 16.78±1.27 7.57 111.8
150.00 142.38±8.29 5.82 94.9 139.87±12.26 8.77 93.2
1500.00 1534.67±102.08 6.65 102.3 1540.57±145.08 9.42 102.7

Note: Values shown are mean ± standard deviation (SD) for FAME concentration (mg mL–1).

Fig. 1. Total-ion chromatogram of a mixture of 17 fatty acid
methyl esters with the (a) starndard and (b) serum sample. (1)
C14:0, (2) C16:0, (3) C16:1, (4) C17:0, (5) C18:0, (6) C18:1, (7)
C18:2, (8) g-C18:3, (9) C18:3, (10) C20:2, (11) C20:4, (12) C20:5,
(13) C22:4, (14) C22:5, (15) C22:6, (16) C24:0, (17) C24:1.
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(heptadecanoic acid) were prepared at 1000 mg mL–1 in
methanol. Working solutions were prepared with methanol
at concentrations of 1.25–800.00 mg mL–1. All standard sol-
utions were stored at –20 8C until required.

To evaluate the recovery of the method, quality-control
(QC) samples of FFAs studied came from two fasting male
subjects, 28 years of age, for initial quantitative analysis.

The choice of the optimal methylated condition
An ultrasonic processor (KQ-250B, Kunshan Ultrasonic In-

strument Co., Kunshan, China) was used to perform the
methylation reaction. The processor operated at 25 kHz fre-
quency. The power and the temperature for the reaction
were adjustable from 40 to 100 W and from 25 to 100 8C.
A series of 200 mL aliquots of serum, which came from
one healthy person, were spiked with internal standard (I.S.)
working solution (200 mL heptadecanoic acid, C17:0,
200 mg mL–1) and transferred to the reaction chamber to be
subjected to ultrasound waves. Then the solution of H2SO4/
CH3OH (2 mL) was added to the chamber. The reaction

Fig. 2. Effects of the parameters on the results of transesterification: (A) reaction time, (B) power, (C) the concentration of catalyst, and
(D) reaction temperature. The relative peak area is the peak area of the fatty acid/peak area of the internal standard. (&) C14:0, (*) C16:0,
(~) C16:1, (!) C18:0, ($) C18:1, (�) C18:2, (^) g-C18:3, (~) C18:3.

Table 2. Linear calibration of 16 fatty acids.

Fatty acid Calibration equationa Linearityb Calibration range (mg mL–1) Detection limit (mg mL–1)
C14:0 y = 0.0238x + 0.0532 0.9962 2.97*14.85 0.05
C16:0 y = 0.0159x + 0.8506 0.9978 200.00*600.00 0.03
C16:1 y = 0.0576x – 0.2029 0.9998 20.25*59.85 0.08
C18:0 y = 0.0107x + 0.233 0.9974 50.50*400.00 0.03
C18:1 y = 0.019x + 0.9099 0.9991 300.00*800.00 0.04
C18:2 y = 0.0234x + 0.3494 0.9998 300.00*800.00 0.05
g-C18:3 y = 0.0458x – 0.0249 0.9972 5.25*25.00 0.08
C18:3 y = 0.0232x + 0.0615 0.9914 3.40*25.00 0.08
C20:2 y = 0.0197x + 0.0038 0.9972 5.10*25.00 0.08
C20:4 y = 0.024x – 0.005 0.9990 50.00*250.00 0.05
C20:5 y = 0.1727x – 0.0759 0.9961 1.25*15.50 0.05
C22:4 y = 0.017x – 0.0064 0.9998 1.00*20.00 0.03
C22:5 y = 0.0146x + 0.0182 0.9941 5.00*50.00 0.06
C22:6 y = 0.0085x + 0.0202 0.9987 20.00*100.00 0.07
C24:0 y = 0.0084x + 0.034 0.9964 20.00*60.00 0.08
C24:1 y = 0.0416x – 0.0124 0.9964 2.30*15.00 0.05

ax is the quality of fatty acids and y is the relative peak area, which is the peak area of the fatty acid/peak area of the internal standard
C17:0.

bLinearity is described using the linear correlation coefficients of calibration curves.
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time, ultrasound power level, concentration of catalyst, and
reaction temperature were the influencing parameters. At
the same time, the effects of these parameters on the meth-
ylation yield were investigated and observed: (i) with 20, 30,
40, 50, and 60 min of reaction duration under the condition
of 10% H2SO4 catalysts, 80 W, and 62 8C; (ii) with 40, 60,

80, and 100 W of power under the condition of 10% H2SO4
catalysts, 50 min, and 62 8C; (iii) with 5%, 10%, 15%, 20%,
and 25% H2SO4 catalysts under the condition of 50 min, 60
W, and 62 8C; (iv) at 50, 55, 60, 62, and 65 8C reaction
temperatures under the condition of 10% H2SO4 catalysts,
50 min, and 60 W. After completion of the reaction, the sol-

Table 3. Intraday and interday assays of serum spiked with known amounts of fatty acids.

Intraday (n = 3) Interday (n = 3)

Fatty
acids

Background
value (mg mL–1)

Added
(mg mL–1)

Found
(mg mL–1) CV% Bias%

Added
(mg mL–1)

Found
(mg mL–1) CV% Bias%

3.02 2.00 4.73±0.47 9.94 85.52 2.15 5.43±0.57 10.50 112.11
C14:0 3.02 3.00 5.99±0.58 9.68 98.90 3.25 6.04±0.47 7.86 92.79

3.02 5.00 7.93±0.41 5.17 98.31 5.00 8.53±0.69 8.09 110.27
222.54 200.00 440.39±45.06 10.23 108.94 200.00 420.17±24.91 5.93 98.82

C16:0 222.54 300.00 542.51±38.84 7.16 106.73 300.00 539.15±40.60 7.53 105.54
222.54 400.00 658.00±23.62 3.59 108.90 400.00 649.28±43.69 6.73 106.69
22.77 20.00 43.79±1.85 4.23 105.16 20.00 44.08±2.86 6.49 106.55

C16:1 22.77 30.00 52.10±5.21 10.00 97.82 30.00 51.99±1.64 3.15 97.41
22.77 40.00 64.37±3.80 5.91 104.03 40.00 63.59±4.76 7.49 102.05

231.74 250.00 472.89±20.00 4.23 96.57 250.00 485.36±38.35 7.90 101.45
C18:0 231.74 350.00 543.24±41.01 7.55 89.08 350.00 546.87±31.29 5.72 90.04

231.74 450.00 674.93±19.10 2.83 98.57 450.00 701.48±52.85 7.53 104.39
206.38 150.00 364.06±21.34 5.86 105.14 150.00 370.16±21.32 5.76 109.19

C18:1 206.38 250.00 453.55±17.37 3.83 98.98 250.00 450.21±37.24 8.27 97.53
206.38 350.00 540.01±28.94 5.36 95.36 350.00 526.47±28.22 5.36 91.45
448.52 500.00 955.92±59.36 6.21 101.48 500.00 1001.16±62.17 6.21 110.53

C18:2 448.52 600.00 1040.19±73.75 7.09 98.61 600.00 1020.34±72.34 7.09 95.30
448.52 700.00 1140.92±95.50 8.37 98.91 700.00 1069.21±89.49 8.37 88.67
10.61 5.00 15.05±1.24 8.24 88.73 5.00 14.93±1.15 7.70 86.40

g-C18:3 10.61 10.00 19.14±0.66 3.47 85.32 10.00 21.34±2.01 9.42 86.40
10.61 15.00 24.63±0.53 2.16 93.47 15.00 26.87±2.58 9.60 107.32
7.33 5.00 12.32±1.08 8.77 99.78 5.00 11.65±1.04 8.93 108.40

C18:3 7.33 10.00 18.01±1.17 6.51 106.89 10.00 18.01±1.17 6.51 86.40
7.33 15.00 22.63±1.84 8.14 102.01 15.00 21.46±1.75 8.14 106.89

10.23 10.00 19.85±1.87 9.42 96.21 10.00 20.15±1.56 7.74 99.23
C20:2 10.23 20.00 29.15±2.57 8.82 94.64 20.00 31.23±2.45 7.85 105.04

10.23 30.00 41.23±3.45 8.37 103.32 30.00 40.87±2.91 7.12 102.14
91.34 50.00 140.56±7.12 5.07 98.41 50.00 138.23±12.14 8.78 93.83

C20:4 91.34 100.00 189.12±5.03 2.66 97.87 100.00 190.15±7.36 3.87 98.84
91.34 150.00 243.02±4.25 1.75 101.14 150.00 236.42±10.27 4.34 96.72
4.43 3.00 7.05±0.59 8.37 87.36 3.00 7.18±0.56 7.80 91.74

C20:5 4.43 5.00 9.02±078 8.65 91.81 5.00 9.69±0.64 6.60 105.21
4.43 8.00 11.98±1.08 9.02 94.47 8.00 12.08±0.95 7.86 95.61
9.16 5.00 14.56±1.28 8.79 108.08 5.00 14.12±1.26 8.92 99.24

C22:4 9.16 10.00 19.89±1.37 6.89 107.34 10.00 18.67±1.14 6.11 95.16
9.16 15.00 24.79±2.14 8.63 104.24 15.00 25.08±1.39 5.54 106.17

12.21 10.00 21.45±1.95 9.09 92.43 10.00 21.87±1.63 7.45 96.61
C22:5 12.21 15.00 27.89±2.57 9.21 104.62 15.00 28.09±1.57 5.59 105.90

12.21 20.00 32.67±2.65 8.11 102.34 20.00 33.17±2.04 6.15 104.84
27.97 20.00 48.25±3.17 6.57 101.43 20.00 47.95±2.59 5.40 99.91

C22:6 27.97 30.00 58.26±5.24 8.99 101.04 30.00 59.37±3.82 6.43 104.76
27.97 40.00 69.01±4.19 6.07 102.60 40.00 70.12±4.23 6.03 105.44
21.41 10.00 30.89±2.54 8.22 94.84 10.00 31.04±1.57 5.06 96.37

C24:0 21.41 20.00 40.68±3.71 9.12 96.32 20.00 39.95±2.18 5.46 92.71
21.41 30.00 52.09±2.99 5.74 102.37 30.00 51.78±2.14 4.13 101.20
4.15 3.00 6.98±0.58 8.31 94.34 3.00 7.25±0.61 8.41 103.38

C24:1 4.15 5.00 8.99±0.69 7.68 96.86 5.00 9.01±0.58 6.44 97.24
4.15 8.00 12.98±1.07 8.24 110.42 8.00 11.97±0.91 7.60 97.80
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ution was treated with saturated sodium chloride and then
was extracted with 2 mL of hexane. The product, a mixture
of FAMEs, was analyzed by GC–MS.

Sample preparation

Conventional heat methylation
Each collected fasting blood sample was immediately

centrifuged at 3000g for 10 min and the serum was trans-
ferred into a clean Eppendorf tube. The serum samples
were stored at –80 8C until analysis. Samples were ran-
domly selected for free fatty acids extract and GC–MS ac-
quisition. Briefly, aliquots (200 mL) of serum were spiked

with internal standard (IS) working solution (200 mL hepta-
decanoic acid C17:0, 200 mg mL–1) and 2 mL 10% H2SO4/
CH3OH was added, vortex-mixed for 30 s, reacted at 62 8C,
and had a water bath for 2 h. This was followed by adding
2 mL of saturated sodium chloride solution, then it was ex-
tracted with 2 mL of hexane using a vortex mixer for 60 s,
and FAMEs were obtained. The samples were evaporated to
dryness under N2 gas and hexane (100 mL) was then added
prior to analysis.

Ultrasonic wave methylation
Aliquots (200 mL) of serum were spiked with IS working

solution (200 mL heptadecanoic acid, C17:0, 200 mg mL–1).
H2SO4/CH3OH (2 mL) was added to the serum and reacted
at the optimal reaction condition. After that, 2 mL of satu-
rated sodium chloride solution were added, then it was ex-
tracted with 2 mL of hexane using a vortex mixer for 60 s,
and FAMEs were obtained. The samples were evaporated to
dryness under N2 gas and hexane (100 mL) was then added
prior to analysis.

Gas chromatography and mass spectrometry
GC–MS analysis was performed on a gas chromatograph

coupled to an ion trap mass spectrometer (TRACE GC/Po-
larisQ MS, Thermo Finnigan, USA). Separation was accom-
plished on a J&W DB-WAX capillary column (30 m �
0.25 mm I.D, 0.25 mm film thickness). Helium was used as
the carrier gas with a flow rate of 1.0 mL min–1. The tem-
perature of the injector was 230 8C, and the sample
(1.0 mL) was injected, with the split ratio of the injector
being 1:10. FAMEs were separated at a constant flow with
the following oven program: (i) 50 8C for 2 min, (ii) in-
creased at a rate of 10 8C/min up to 200 8C, (iii) held at
200 8C for 10 min, (iv) increased at a rate of 10 8C/min up
to 220 8C, and (v) held at 220 8C for 15 min. The transfer
line was maintained 230 8C. The ion trap mass spectrometer
was operated in electron ionization (EI) mode and full scan
monitoring mode (m/z 30–450). The source temperature was
at 230 8C and electron energy at 70 eV.

Table 4. Quantitative determinations after methylation of serum using convectional heat and direct ultrasonic wave
heat.

Fatty acids
(mg mL–1)

Convectional
(n = 6) Convectional CV%

Ultrasonic wave
(n = 6) Ultrasonic wave CV% p

C14:0 3.31±0.08 2.42 3.30±0.35 10.60 0.967
C16:0 306.69±5.79 19.16 313.61±13.79 4.39 0.431
C16:1 28.11±1.49 5.30 32.31±4.25 13.15 0.223
C18:0 347.50±26.15 7.52 379.53±37.26 9.82 0.686
C18:1 261.83±7.03 2.68 314.92±20.76 6.59 0.210
C18:2 608.44±21.08 3.46 562.26±33.92 6.03 0.397
g-C18:3 11.03±0.33 2.99 11.39±0.66 5.79 0.456
C18:3 10.61±0.46 4.33 11.70±1.88 16.07 0.418
C20:2 9.41±0.33 3.51 9.94±0.59 5.93 0.265
C20:4 134.34±8.58 6.38 136.93±6.05 4.42 0.694
C20:5 6.95±0.16 2.30 6.61±0.40 6.05 0.270
C22:4 10.23±0.57 5.57 9.11±1.08 11.85 0.208
C22:5 22.63±1.16 5.12 22.49±1.16 5.16 0.925
C22:6 28.76±0.42 1.46 28.91±1.68 5.81 0.888
C24:0 38.74±1.78 4.59 37.27±3.75 1.01 0.584
C24:1 4.68±0.38 8.11 4.91±0.80 16.29 0.682

Table 5. Quantitative analysis of FFAs of health controls and
T2DM patients.

Fatty acid
(mg mL–1)

Health controls
(n = 31)

T2DM patients
(n = 30) t-test

C14:0 2.92±0.15 3.30±0.41 1
C16:0 215.38±63.67 439.03±189.29 1
C16:1 29.34±3.27 34.18±6.29 1
C18:0 195.37±65.20 334.77±143.11 1
C18:1 193.57±35.84 291.81±101.60 1
C18:2 718.25±105.68 947.71±111.62 1
g-C18:3 5.44±1.53 7.21±2.88 1
C18:3 6.34±2.56 9.76±3.84 1
C20:2 7.81±2.84 10.41±2.88 1
C20:4 141.57±38.91 218.55±69.05 1
C20:5 4.05±1.40 4.65±1.36 0
C22:4 6.24±1.89 8.86±3.51 1
C22:5 7.57±4.13 13.62±8.83 1
C22:6 28.65±0.91 28.80±0.50 0
C24:0 61.21±17.87 114.98±37.56 1
C24:1 2.07±0.33 2.00±0.26 0
Total 1625.80±272.36 2469.64±524.12 1

Note: FFA values of type 2 diabetic patients and health controls
were compared using t-tests. A p value of <0.05 was considered statis-
tically significant and assigned 1, therefore, 0 indicates statistical insig-
nificance.
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Method validation
Calibration samples were prepared using serum from

healthy human subjects, which were spiked at increasing
amounts (2.0–700.0 mg mL–1) with 16 fatty acid standards.
The limit of detection (LOD) was defined as the lowest con-
centrations with signal-to-noise (S/N) ratios of 10. Preci-
sions and accuracies of QC samples were determined using
intraday and interday assays that had three different concen-
trations including a low, medium, and high point of the cal-
ibration range (see Table 1), which were expressed as
coefficients of variation (CV%) and percentage biases
(bias%), respectively.

Application to the human serum samples
Human serum samples were collected from 31 healthy

adults (the age range was 35–69) and 30 patients with type
2 diabetes mellitus (the age range was 35–71). All type 2
diabetic patients were from the Second Affiliated Hospital
of Harbin Medical University of China with a fasting plasma
glucose concentration above 7.0 mmol L–1. The study was
approved by the Ethical Committee of the Harbin Medical
University and an informed consent was obtained from all
subjects.

Statistical analysis
For quantitative analysis in this study, all of the peaks ex-

ceeding a signal-to-noise (S/N) of 10 were selected and the
internal standard method was used. Statistical analysis was
performed using the statistical package of social sciences
(SPSS) 13.0 (SPSS Inc., Chicago, USA). Results are pre-
sented as mean ± standard deviation (SD). Data that were
not normally distributed were logarithmically transformed
to obtain near normality before analysis. Statistical evalua-
tions of continuous variables were performed by using t-
tests. All p values are two-tailed and a p value of <0.05
was considered statistically significant.

Results and discussion

GC–MS analysis
First of all, it is important to find a suitable GC–MS con-

dition to establish a stable quantitative metabolite profile
with good separation, since there are tens of fatty acids in
human serum. Column selection is one of the focuses in the
process of optimizing chromatographic conditions. Because
many long chain FAMEs with high boiling points will be as-
sayed, the highest analytical temperature was set at 220 8C.
DB-WAX, which is a polar capillary column, was chosen
because of its longer life than other columns at the high
temperature.19 Furthermore, other chromatographic condi-
tions were modified, such as temperature process, split ratio,
and injection temperature. Seventeen fatty acid methyl esters
in human serum were baseline isolated within 40 min under
those final chromatographic conditions, as depicted in the
total-ion chromatogram (Fig. 1).

Analytical accuracy and precision data are shown in Ta-
ble 1. Intraday and interday accuracy and precision (each
n = 6) were evaluated by analysis of QC samples (15, 150,
and 1500 mg mL–1 of C18:0 methyl ester). The range of co-
efficients of variation was 5.82%*9.42%. The results show

that the developed GC–MS method has good precision and
accuracy.

Effect of the parameters on the results of methylation
In this study, optimum levels of the variables affecting the

yield of FAMEs are obtained. For comparison, the reaction
time was established at 20, 30, 40, 50, and 60 min; the
powers of ultrasonic waves were taken at 40, 60, 80, and
100 W; and the reaction temperatures were chosen at 50,
55, 60, 62, and 65 8C. Effects of the concentration of cata-
lyst on the yield of FAMEs were investigated for 5, 10, 15,
20, and 25% sulfuric acid levels. The analysis results are
given in Fig. 2. The reaction time is important for maximiz-
ing the yield of FAMEs during the methylation process.
Figure 2A shows the effects of the reaction time on the yield
of FAMEs. It was observed that the yield of methylation
gradually increased before 50 min and the yield of most
fatty acid methyl esters maximized at 50 min. After 50 min,
the yield of methylation was approximately invariable. This
indicated that the balance of the reaction was obtained at 50
min. The reaction time was, therefore, chosen to be 50 min.

Figure 2B shows that the ultrasound power influenced the
yield of methylation. According to Fig. 2B, it is evident that
as the power increased, the FAMEs yield increased, reached
a maximum, and then kept to similar levels. Higher power
tends to decrease yields. This was attributed to cracking,
which was followed by oxidation of FAMEs to aldehydes,
ketones, and lower-chained organic fractions under high-
power conditions.23 Accordingly, for the power less than 60
W, most of the FAMEs yields were relatively maximized.
The power for the methylation should be maintained at 60
W to obtain maximal yields and save energy.

Sulfuric acid is often used as the catalyst in the methyla-
tion and transesterification process for fatty acids.24,25 The
concentration of sulfuric acid is another important factor in-
fluencing the FAMEs yields. Figure 2C summarized the ex-
perimental results of the effect of variations in the catalyst
concentrations from 5%–25% on the reaction conversion.
Figure 2C shows that as the catalyst concentration increased,
the FAMEs yields also increased. However, at higher cata-
lyst concentrations (15%–25%), this effect became minimal.
The upper limit to the catalyst effectiveness was reached at
a much lower catalyst concentration for larger methanol ex-
cess levels. A higher catalyst concentration increased the
solubility of methyl esters in the methanol phase. As a re-
sult, the optimal concentration of catalyst was 10%.

Temperature is one of important factors in a methylation
reaction. From Fig. 2D, as the temperature increased, the
yield of FAMEs increased. However, the maximum value
of yield was obtained at 55 8C. When the temperature was
higher than 55 8C, the yield of FAMEs decreased. As is
well-known, the reaction rate is raised with the temperature,
but high temperature (60–65 8C) makes methanol volatilize.
The results indicate that FAMEs decomposed to remedy the
decrease of methanol. Therefore, high temperature (60–
65 8C) was not in favor of the increase of methylation yield
and the optimal reaction temperature was 55 8C.

Method validation
Method validation was conducted by evaluating the line-

arity, limit of detection (LOD), precision, and accuracy of
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the present method using spiked samples prepared from free
fatty acids and human serum. The sample was methylated
under the optimum condition. The devised method had ex-
cellent linearity (correlation coefficient, r: 0.9914–0.9998).
LODs ranged from 0.03 to 0.08 mg mL–1 (Table 2). Accura-
cies and precisions were determined by analyzing three QC
samples at three different concentration levels for the 16
FFAs. Intraday (n = 3) precisions ranged from 1.75% to
10.23%, whereas accuracies ranged from 85.32% to
108.94%. Interday (n = 3) precisions and accuracies were
3.15%–10.50% and 86.40%–112.11%, respectively (Table 3).

Comparison between conventional and ultrasonic wave
heat

Two methylation methods using convectional heat and ul-
trasonic wave heat were compared. Under the same concen-
tration of catalyst, a single serum sample was analyzed by
both methods. The results demonstrated there were no sig-
nificant differences in fatty acid compositions (Table 4).
The concentration of seven FFAs with direct ultrasonic
wave methylation was a little higher than the convectional
heat’s, but there was no significant difference. Moreover,
compared with the conventional method, there was higher
precision with the ultrasonic method. This suggested that di-
rect methylation of serum by ultrasonic wave heat was much
better than the conventional method to a degree. The reason
may be that prior FFA extraction from serum followed by
conventional heat methylation resulted in values a little
lower than those obtained by methylation mediated by ultra-
sonic wave heat. Moreover, ultrasonication is able to reveal
subtle interactions and particular effects of entropic and en-
thalpic origin. The cavitation and collapse of the cavitation
bubble, where transient hot spots with local extremely harsh
conditions occur, are generally accepted as the origin of the
chemical effects.26,27 Another beneficial effect of ultrasoni-
cation compared to the corresponding convectional heat re-
action is the efficient removal of bubbles from the bulk
solution. The presence of bubbles is detrimental to the meth-
ylation process as they can attach to the drop, thus minimiz-
ing the surface available to extraction and facilitating its
dislodgement. Furthermore, it was more troublesome with
the convectional heat method than direct ultrasonic wave
methylation.

Analysis of human serum samples
According to the optimum ultrasonic wave method, serum

FFAs of type 2 diabetic patients (T2DM) and health controls
were detected (shown in Table 5). The kinds of FFA in
T2DM patients and health controls were almost the same,
while the concentrations were different. Sixteen fatty acids
were detected including four saturated fatty acids, three
monounsaturated fatty acids, and nine polyunsaturated fatty
acids. Serum levels of these FFAs were all increased from
health controls to T2DM patients. After adjusting for some
confounding factors, including age, sex, alcohol consump-
tion, smoking habits, physical activity, blood pressure, and
blood lipids, the differences in free fatty acids concentration
between groups were evaluated by analyses of t-test. The t-
test results showed that there were 13 components having
distinct differences between T2DM patients and health con-

trols. Moreover, in the clinic, total free fatty acid levels are
a very important index for diagnosis of T2DM. Here, total
FFA levels (the sum of the sixteen detected FFAs) were
also evaluated. Total FFA levels had distinct differences be-
tween T2DM patients and health controls. From the above,
there are different free fatty acids profiles among human
beings. There could be formation of more biologically po-
tent molecules from the fatty acids. Therefore, it seems that
metabolic network research of fatty acids is very important
for pathogenesis research of diabetes and it will help with
our further study of diabetes.

Conclusion
Initially, the aim of the study was to search for a method

for the determination of free fatty acids (FFAs) in serum us-
ing ultrasonic waves. In this study, the optimal reaction con-
ditions were observed. The heat from ultrasonic waves
produced high FAME yields at significantly short times in
comparison to those using the convectional batch heat
method. This method was successfully applied to construct
quantitative free fatty acid metabolic profiles in human se-
rum. We suggest that the present method is suitable for the
analysis of FFAs in metabolic studies of fatty acids.

Acknowledgement
This work was supported by the Natural Science Founda-

tion of China (No. 30671756) and China’s 11th Five-Year
Scientific and Technical Plan (No. 2006BAD27B05).

References
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Aqueous sodium hypochlorite mediated
chemoselective oxidation of chalcogenides to
monoxides and dioxides by microwave exposure

Jitender M. Khurana and Bhaskara Nand

Abstract: A solvent-free, rapid, and highly selective oxidation of sulfides, selenides, and tellurides (chalcogenides) to the
corresponding monoxides (sulfoxides, selenoxides, and telluroxides) or the corresponding dioxides (sulfones, selenones,
and tellurones) has been developed using aqueous sodium hypochlorite on solid supports by exposure to microwave. Che-
moselectivity and quantitative yields have been attained in most cases.

Key words: chalcogenides, selective oxidation, sodium hypochlorite, microwave, solid support, solvent-free.

Résumé : On a mis au point une méthode rapide et n’impliquant aucun solvant pour l’oxydation hautement sélective des
sulfures, de séléniures et des tellurures (chalcogénures) en monoxydes correspondants (sulfoxydes, sélénoxydes et telluro-
xydes) ou en dioxydes correspondants (sulfones, sélénones et tellurénones) à l’aide d’hypochlorite de sodium aqueux sur
des supports solides exposés à des microondes. Dans la plupart des cas, on a atteint la chimiosélectivité accompagnée de
rendements pratiquement quantitatifs.

Mots-clés : chalcogénures, oxydation sélective, hypochlorite de sodium, microonde, support solide, sans solvant.

[Traduit par la Rédaction]

Introduction

Oxidation of sulfur, selenium, and tellurium compounds
has significant importance in organic chemistry, medicinal
chemistry, and drug metabolism.1 Sulfoxides, sulfones, orga-
noselenium, and tellurium compounds are valuable synthons
for carbon–carbon bond formation2 as chiral auxiliaries3 and
for metal-centered catalysis.4 The chemistry of selenium and
tellurium oxides is of particular interest owing to their ther-
mal instability5 and their ability to stabilize adjacent anionic
centers.6 These transformations have been accomplished in a
variety of ways.7 Many of the reported methods suffer from
poor yields, lack of generality, use of expensive reagents/
catalysts, complex catalysts, toxic metallic compounds, or
rare oxidizing reagents. On the other hand, selective oxida-
tion of chalcogenides to their corresponding monoxides and
dioxides with the same reagent system under adjusted reac-
tion conditions is an important process, and only a few re-
ports are available.8 Diaryl and dialkyl telluroxides and
tellurones are not well-explored compounds and have not re-
ceived significant attention. Recently, microwave-enhanced
chemical reactions on inorganic solid supports under sol-
vent-free conditions9 have attracted attention for various rea-
sons. In view of the importance of these compounds, we
decided to investigate the use of inexpensive aq. sodium hy-
pochlorite for the selective oxidation of chalcogenides under
microwave irradiation.

Experimental

All the products were known and were identified by com-
parison of the spectral and physical data with the litera-
ture.7,8,10 Melting points were recorded on Tropical Labequip
apparatus and are uncorrected. IR spectra were recorded on
PerkinElmer FTIR spectrum-2000. 1H NMR spectra were re-
corded on FTNMR model R-600 Hitachi (60 MHz) with
TMS as internal standard. The products were identified by
co-TLC, melting point determination (mp), superimposable
IR, and NMR spectra with authentic samples. Silica gel
(100–200 mesh, for column chromatography) and neutral
alumina (S.D. Fine) were used as inorganic solid supports.
Sodium hypochlorite was used after estimation by the re-
ported procedure.11 Sulfides, selenides, and tellurides were
prepared by the literature-reported methods.12–17

General procedure

General procedure for the oxidation of chalcogenides to
dioxides

In a typical experiment, diphenyl sulfide (0.2 g, 1.074 mmol)
was dissolved in dichloromethane (3 mL) and adsorbed over
silica gel (100–200 mesh, 1.2 g). Aqueous sodium hypochlor-
ite (0.65 mol/L, 3 mL) was added and mixed uniformly in a
beaker. The reaction mixture was inserted in a silica bath
(20 g of silica gel) and placed in a microwave oven (Model
No.OM-9925-E, 800 W, 2450 MHz) and irradiated at 100 W
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for 10 min. The progress of the reaction was monitored by
TLC using petroleum ether as eluent, which showed com-
plete disappearance of staring material after 10 min and for-
mation of a new product having lower Rf (eluent: ethyl
acetate), which was believed to be diphenyl sulphone by
co-TLC. The reaction mixture was cooled to room tempera-
ture and the product was extracted with dichloromethane
(2 � 5 mL). The combined dichloromethane extract was
dried over anhyd. Na2SO4, filtered, and concentrated to af-
ford 0.22 g (93%) of pure diphenyl sulfone as white solid
identified by its mp 126 8C (lit.10b mp 128 8C), superimpos-
able IR, and 1H NMR spectra.

General procedure for the oxidation of chalcogenides to
monoxides

In a typical experiment, diphenyl sulfide (0.2 g, 1.074 mmol)
is dissolved in dichloromethane (3 mL) and adsorbed over
neutral alumina (1.2 g). Aqueous sodium hypochlorite (1
mL, 0.65 mol/L) was added and mixed thoroughly in a
beaker. The reaction mixture was inserted in an alumina
bath (20 g of neutral alumina) and placed in a microwave
oven (Model No.OM-9925-E, 800 W, 2450 MHz) and irra-
diated at 100 W for 3 min. After cooling for 1 min, another
1 mL of aq. sodium hypochlorite solution (0.65 mol/L) was
added, and the mixture was stirred with a glass rod and irra-
diated again for 3 min. The progress of the reaction was
monitored by TLC using petroleum ether as eluent. TLC
showed complete disappearance of the starting material after
6 min and formation of a product having lower Rf (eluent:
ethyl acetate), which was believed to be diphenyl sulfoxide
by co-TLC. The reaction mixture was cooled to room tem-
perature and the product was extracted with dichlorome-
thane (2 � 5 mL). The combined dichloromethane extract
was dried over anhyd. Na2SO4, filtered, and concentrated.
The product was purified by column chromatography on
silica gel using petroleum ether/ethyl acetate as eluent. The

white solid obtained was identified to be diphenyl sulfoxide
(0.18 g, 82%) by mp 70 8C (lit.10e mp 71 8C), superimpos-
able IR, and 1H NMR spectra. Oxidation of selenides and tel-
lurides was carried out in a similar fashion using 0.36 mol/L
aq. NaOCl solution.

Results and discussion

We report herein an efficient, mild, and rapid method for
the selective oxidation of chalcogenides (sulfides, selenides,
and tellurides) to the corresponding monoxides (sulfoxides,
selenoxides, and telluroxides) or the corresponding dioxides
(sulfone, selenone, and tellurone) with inexpensive aq. so-
dium hypochlorite under microwave irradiation. Diphenyl
sulfide was chosen as a model substrate for optimization.
Oxidation of diphenyl sulfide was attempted with aq. NaOCl
(0.65 mol/L) on different inorganic solid supports, e.g., neu-
tral, acidic, and basic alumina; silica gel and montmorillonite
K10 by adsorbing the substrate; and aq. sodium hypochlorite
on solid support followed by exposing the reaction mixture
to microwave irradiation (100 W). Oxidations on silica gel
gave diphenyl sulfone in high yields (93%) in shorter time
unlike other supports, which required longer reaction times
and (or) gave reaction mixtures. Diphenyl selenide and
di(p-methylphenyl) telluride also underwent oxidation to di-
phenyl selenone and di(p-methylphenyl) tellurone, respec-
tively, under the same reaction conditions but required even
shorter exposure to microwaves. Oxidation in the absence of
solid support was incomplete, and a mixture of monoxide
and dioxide was obtained. Subsequently, oxidation of vari-
ous substituted aromatic and aliphatic sulfides, selenides,
and tellurides was carried out with aq. sodium hypochlorite
on silica gel solid support after exposure to microwaves to
give the corresponding sulfones, selenones, and tellurones
in high yields (eq. [1], Table 1).

Table 1. Oxidation of sulfides, selenides, and tellurides with aq. sodium hypochlorite to dioxides, supported on silica gel, under micro-
wave exposure.

Entry Substrate Product Time (min) Yield (%)
1 Diphenyl sulfide Diphenyl sulfone8,10b,10c,10e 10 93
2 Dibenzyl sulfide Dibenzyl sulfone8,10b,10e 10 80
3 Di(n-dodecyl) sulfide Di(n-dodecyl)sulfone8,10b,10e 9 82
4 Benzyl phenyl sulfide Benzyl phenyl sulfone8,10b,10e 9 87
5 Phenyl n-propyl sulfide Phenyl n-propyl sulfone8,10b,10e 10 82
6 n-Dodecyl phenyl sulfide n-Dodecyl phenyl sulfone8,10b,10e 10 83
7 p-Chlorophenyl phenyl sulfide p-Chlorophenyl phenyl sulfone8,10b,10e 10 84
8 p-Bromophenyl phenyl sulfide p-Bromophenyl phenyl sulfone8,10b,10e 10 81
9 m-Chlorophenyl phenyl sulfide m-Chlorophenyl phenyl sulfone8,10b,10e 10 80
10 Diphenyl selenide Diphenyl selenone7g,10b,10d,10e 5 91
11 Dibenzyl selenide Dibenzyl selenone7g,10b,10d,10e 6 88
12 Di(p-bromophenyl) selenide Di(p-bromophenyl) selenone7g,10b,10d,10e 6 86
13 Di(p-methylphenyl) selenide Di(p-methylphenyl) selenone7g,10b,10d,10e 6 86
14 Di(p-methoxyphenyl) selenide Di(p-methoxyphenyl) selenone7g,10b,10d,10e 7 89
15 Di(p-methylphenyl) telluride Di(p-methylphenyl) tellurone7g,10b,10d,10e 5 80
16 Di(p-methoxyphenyl) telluride Di(p-methoxyphenyl) tellurone7g,10b,10d,10e 7 79
17 Di(p-bromophenyl) telluride Di(p-bromophenyl) tellurone7g,10b,10d,10e 6 76
18 Methyl phenyl telluride Methyl phenyl tellurone7g,10b,10d,10e 6 77

Note: Reactions were carried out using 3 mL of aq. NaOCl (0.65 mol/L) per mmol of substrate.
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½1�

The applicability of the reagent under microwave irradiation
was then investigated for the selective oxidation of different
chalcogenides to their monoxides. During our exploratory ex-
periments on diphenyl sulfide, we had observed that higher
amount of diphenyl sulfoxide was formed when neutral alu-
mina was used as the solid support. Subsequently, we have
found that neutral alumina is the best solid support for selec-
tive oxidation to diphenyl sulfoxide using aq. sodium hypo-
chlorite (0.65 mol/L) under microwave irradiation (100 W)
only when sodium hypochlorite was added in two portions
and the reaction mixture was irradiated twice with a 1 min
time interval. No over oxidation to the sulfone was ob-
served.

However, diphenyl selenide and di(p-methylphenyl) telluride
gave mixtures of corresponding monoxides and dioxides
under similar experimental conditions. Reaction conditions
for the selective oxidation of selenides and tellurides were
achieved with 0.36 mol/L aq. NaOCl solution. Diphenyl se-
lenide and di(p-methylphenyl) telluride underwent selective
oxidation with 0.36 mol/L aq. NaOCl solution under other-
wise identical conditions. Thereafter, selective oxidation of
a variety of sulfides was carried out with 0.65 mol/L aq.
NaOCl solution, and oxidation of different selenides and
tellurides was achieved with 0.36 mol/L aq. NaOCl solution
supported on neutral alumina to give the corresponding
monoxides in high yields in 5–10 min under microwave ex-
posure (eq. [2], Table 2). The addition of sodium hypoch-
lorite was done in two portions, and microwave exposure
was done in two intervals with a gap of 1 min for the addi-
tion of reagent and cooling.

½2�

We conclude that chalcogenides can be selectively oxi-
dized to their monoxides or dioxides in high yields by an
environmentally benign and safe protocol using aq. sodium
hypochlorite under microwave irradiation. Synergism of mi-
crowave methodology, use of aqueous reagent, and solvent-

free conditions make this oxidation an attractive and facile
synthetic protocol.

Acknowledgement
BN thanks the Council of Scientific and Industrial Re-

Table 2. Oxidation of sulfides, selenides, and tellurides with aq. sodium hypochlorite to monoxides under microwave exposure, sup-
ported on neutral alumina.

Entry Substrate Product Time (min)a Yield (%)
1 Diphenyl sulfide Diphenyl sulfoxide8,10a–10c,10e 6 (3+3) 82
2 Di(n-butyl) sulfide Di(n-butyl) sulfoxide8,10a,10b,10e 5 (3+2) 87
3 Benzyl phenyl sulfide Benzyl phenyl sulfoxide8,10a,10b,10e 5 (3+2) 83
4 Phenyl n-propyl sulfide Phenyl-n-propyl sulfoxide8,10a,10b,10e 5 (3+2) 84
5 Di(n-dodecyl) sulfide Di(n-dodecyl) sulfoxide8,10a,10b,10e 6 (3+3) 81
6 Methyl phenyl sulfide Methyl phenyl sulfoxide8,10a,10b,10e 6 (3+3) 80
7 Dibenzyl sulfide Dibenzyl sulfoxide8,10a,10b,10e 6 (3+3) 91
8 n-Dodecyl phenyl sulfide n-Dodecyl phenyl sulfoxide8,10a,10b,10e 6 (3+3) 83
9 n-Butyl phenyl sulfide n-Butyl phenyl sulfoxide8,10a, 6 (3+3) 84
10 p-Chlorophenyl phenyl sulfide p-Chlorophenyl phenyl sulfoxide10b,10e 7 (3+4) 77
11 p-Bromophenyl phenyl sulfide p-Bromophenyl phenyl sulfoxide10b,10e 7 (3+4) 78
12 Diphenyl selenide Diphenyl selenoxide10b,10e 7 (3+4) 89
13 Di(p-methylphenyl) selenide Di(p-methylphenyl) selenoxide10b,10e 8 (4+4) 87
14 Di(p-chlorophenyl) selenide Di(p-chlorophenyl) selenoxide10b,10e 8 (4+4) 84
15 Di(p-methylphenyl) telluride Di(p-methylphenyl) telluroxide10b,10e 10 (5+5) 88
16 Di(p-methoxyphenyl) telluride Di(p-methoxyphenyl) telluroxid10b,10e 9 (5+4) 86
17 Di(p-bromophenyl) telluride Di(p-bromophenyl) telluroxide10b,10e 10 (5+5) 87

Note: Reactions were carried out using 2 mL of aq. NaOCl per mmol of substrate. Aqueous NaOCl solution (0.65 mol/L) was used for the oxidation of
sulfides, and aq. NaOCl (0.36 mol/L) was used for the oxidation of selenides and tellurides.

aSodium hypochlorite used in two lots and the reaction mixture was irradiated in two intervals after a time gap of 1 min.

908 Can. J. Chem. Vol. 88, 2010

Published by NRC Research Press

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

U
ni

ve
rs

ity
 o

f 
E

le
ct

ro
ni

c 
an

d 
Sc

ie
nc

e 
T

ec
ho

no
lo

gy
 o

f 
C

hi
na

 o
n 

09
/1

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



search (CSIR), New Delhi, India, for the grant of Junior Re-
search Fellowship.

References
(1) Patai, S.; Rappoport, Z. C. J. M., Eds. Stirling. The Chemis-

try of Sulphones and Sulphoxides; John Wiley, 1988; Vol. 3.
(2) Kumar, A.; Akanksha. Tetrahedron Lett. 2007, 48 (44),

7857; and references cited therein. doi:10.1016/j.tetlet.2007.
08.128.

(3) Fernández, I.; Khiar, N. Chem. Rev. 2003, 103 (9), 3651.
doi:10.1021/cr990372u. PMID:12964880.

(4) (a) Hiroi, K.; Watanabe, K.; Abe, I.; Koseki, M. Tetrahedron
Lett. 2001, 42 (43), 7617. doi:10.1016/S0040-4039(01)
01646-X.; (b) Priego, J.; Mancheño, O. G.; Cabrera, S.; Car-
retero, J. C. J. Org. Chem. 2002, 67 (4), 1346. doi:10.1021/
jo016271p. PMID:11846685.

(5) (a) Sharpless, K. B.; Lauer, R. F.; Teranishi, A. Y. J. Am.
Chem. Soc. 1973, 95 (18), 6137. doi:10.1021/ja00799a062.;
(b) Reich, H. J.; Renga, G. M.; Reich, I. L. J. Am. Chem.
Soc. 1975, 97 (19), 5434. doi:10.1021/ja00852a019.; (c) Shi-
mizu, M.; Ando, R.; Kuwajima, I. J. Org. Chem. 1984, 49
(7), 1230. doi:10.1021/jo00181a020.; (d) Uemura, S.; Fuku-
zawa, S. J. Am. Chem. Soc. 1983, 105 (9), 2748. doi:10.
1021/ja00347a039.

(6) Reich, H. J.; Shah, S. K. J. Am. Chem. Soc. 1975, 97 (11),
3250. doi:10.1021/ja00844a072.

(7) (a) Khurana, J. M.; Panda, A.; Ray, A.; Gogia, A. Org. Prep.
Proced. Int. 1996, 28 (2), 234. doi:10.1080/
00304949609356529.; (b) Noguchi, T.; Hirai, Y.; Kirihara,
M. Chem. Commun. (Camb.) 2008, (26): 3040. doi:10.1039/
b802502a. PMID:18688341.; (c) Bordoloi, A.; Vinu, A.;
Halligudi, S. B. Chem. Commun. (Camb.) 2007, 4806.
doi:10.1039/b709459k. PMID:18004448.; (d) Fraile, J. M.;
Lázaro, B.; Mayoral, J. A. Chem. Commun. (Camb.) 1998,
10 (17), 1807. doi:10.1039/a804180f.; (e) Pordea, A.; Creus,
M.; Panek, J.; Duboc, C.; Mathis, D.; Novic, M.; Ward, T.
R. J. Am. Chem. Soc. 2008, 130 (25), 8085. doi:10.1021/
ja8017219. PMID:18507383.; (f) Zen, J. M.; Liou, S. L.; Ku-

mar, A. S.; Hsia, M. S. Angew. Chem. Int. Ed. 2003, 42 (5),
577. doi:10.1002/anie.200390166.; (g) Khurana, J. M.; Kand-
pal, B. M.; Chauhan, Y. K. Phosphorus Sulfur Silicon Relat.
Elem. 2003, 178 (6), 1369; and references cited therein.
doi:10.1080/10426500307909.

(8) Bahrami, K. Tetrahedron Lett. 2006, 47 (12), 2009; and re-
ferences cited therein. doi:10.1016/j.tetlet.2006.01.051.

(9) (a) de la Hoz, A.; Dı́az-Ortiz, Á.; Moreno, A. Chem. Soc.
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Synthesis and characterization of low-molecular-
weight azo-acetoxystyrene and azo-naphthalene
oligomers via stable free radical polymerization
(SFRP)

Dildar Ali, Zaheer Ahmed, Peter M. Kazmaier, and Erwin Buncel

Abstract: As an approach toward controlled molecular architecture through stable free radical polymerization (SFRP), we
have prepared a series of oligomers of controlled molecular weights (Mn) and low polydispersities (structures 2 and 3,
with n values ranging from 2 to 52). Definitive evidence of structure was obtained through MALDI/MS (inter-peak inter-
val of 162 m/z in azo-acetoxystyrene oligomers 2 and 260 m/z in azo-naphthalene oligomers 3, which correspond to the
acetoxystyrene (AS) and naphthalenic (Np) repeating units, with corroborative evidence from NMR and GPC. Two syn-
thetic pathways were explored. Pathway 1 yields azo-acetoxystyrene oligomer 2 via SFR addition of a TEMPO-capped un-
imer 1 to acetoxystyrene. Subsequent reactions would convert 2 into 3. In an alternative pathway 2, SFR addition of 1 to
4-(1-methoxynaphthyl)styrene gives azo-naphthalene oligomer 3 directly. Thus, the present reported methodology for con-
trolled architecture has achieved synthesis of oligomers from low Mn (chlorobenzene, PhCl, solvent) to relatively high Mn

(bulk), with incorporation of naphthyl (donor) and azobenzene (acceptor) moieties, as well as spacer moieties, in a con-
trolled manner.

Key words: azo-acetoxystyrene oligomers, azo-naphthalene oligomers, stable (controlled) free radical polymerization.

Résumé : Comme approche à une architecture moléculaire contrôlée par le biais d’une polymérisation à l’aide de radicaux
libres stables (PRLS), on a préparé une série d’oligomères de masses moléculaires (Mn) contrôlées et de faibles polydisper-
sités (structures 2 et 3, avec des valeurs de n allant de 2 à 52). Les données définitives permettant de déterminer les struc-
tures ont été obtenues par spectrométrie de masse avec ionisation laser assistée par une matrice de désorption (SM-
ILAMD) [intervalle entre pics de 162 m/z dans les oligomères azo-acétoxystyrène 2 et de 260 m/z dans les oligomères
azo-naphtalène 3 qui correspondent aux motifs constitutifs de l’acétoxystyrène (AS) et naphtalénique (Np)] et corroborées
par RMN et par chromatographie par perméation de gel (CPG). On a exploré deux voies de synthèse. La voie 1 conduit à
l’oligomère azo-acétoxystyrène 2 par le biais d’une addition à l’aide de radicaux libres stables (RLS) de l’unimère 1 cou-
vert d’un groupe tétraméthylpipéridine oxyle (TEMPO) à l’acétoxystyrène. Des réactions subséquentes devraient permettre
de transformer le produit 2 en 3. Dans une voie alternative 2, une addition à l’aide de radicaux libres stables aux 4-(1-mé-
thoxynaphtyl)styrène conduit directement à l’oligomère azo-naphtalène 3. La méthodologie rapportée ici pour obtenir une
architecture contrôlée a permis de réaliser la synthèse d’oligomères à partir de produits de masses moléculaires basses
(chlorobenzène, PhCl, solvant) à des masses moléculaires relativement élevées (en bloc), avec l’incorporation de portions
naphtyles (donneur) et azobenzène (accepteur) ainsi que de portions agissant comme d’espacement d’une façon contrôlée.

Mots-clés : oligomères de l’azo-acétoxystyrène, oligomères de l’azo-naphtalène, stable (contrôlée), polymérisation par radi-
caux libres.

Introduction

As part of a research program in materials science, we
have been engaged in studies of light harvesting (LH) sys-
tems and underlying energy transfer (ET) processes.1–4 En-
ergy transfer and (or) electron transfer are basic to the
process of light harvesting and processes such as photosyn-
thesis.5–10 In turn, the efficiency of ET has been shown to

require specific architecture that, typically, incorporates en-
ergy donor (D) and energy acceptor (A) moieties, as shown
in Scheme 1. The donor group(s) absorb light energy, which
is then transferred from the excited D group (D*), with
varying degrees of efficiency, to the acceptors. In principle,
electron transfer could also occur, depending upon D and A
groups incorporated in the LH system.

Considerable effort has gone into understanding the pho-
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tochemical and photophysical processes involved in light
harvesting and this effort is, partly, reflected in the range of
authoritative reviews that have appeared lately.11–16

We have taken a two-pronged approach to probing LH
systems. First and in common with a number of research
groups,5,6,17,18 we have prepared a range of dendrimer and
starburst polymeric LH model systems, including azoben-
zene moieties as A groups and naphthalenes as D moi-
eties.1–4 Second, we have prepared two LH model systems
(Scheme 1) using naphthalene D and azobenzene A groups
tethered by methoxy linkages: A–(OCH2)–D and D–
(CH2O)–A–(OCH2)–D. Our study of the photophysical/
chemical properties of two models (Scheme 1) revealed a
new criterion for efficiency of energy transfer, involving ra-
tios of rate constants for cis–trans isomerization and ratios
of light energy absorption; the LH models were each com-
pared to relevant benchmark molecules. According to this
new criterion, energy transfer was virtually complete for
both model systems. Electron transfer, under the conditions
studied, was not found to be feasible. However, a need for
a greater loading of light harvesting donor groups was also
identified, as a pre-requisite to the preparation of more prac-
tical LH systems.4 To this end, we have now prepared a ser-
ies of oligomers 3 containing an azobenzene acceptor group
at one end of the chain and a progressively larger number of
donor naphthalenic repeating units, as shown in Scheme 2.
The long-term goal is to study the LH 3 to 4 interconversion
and the photophysics involved (Scheme 2).

Herein, we describe our synthetic strategy, which is based
on stable free radical polymerization (SFRP, also termed ni-
troxide-mediated polymerization, NMP)19–27 to yield LH
oligomers in a controlled manner. SFRP has proven to be
particularly valuable in the preparation of polymers with
controlled architecture. The Georges,21,23 Hawker,20,22,25

Fischer,19 and Matyjaszewski26 groups, among others, have
pioneered and elaborated on this approach to the preparation
of high-molecular-weight polymers. Our aim here, however,
is the preparation of low-molecular-weight oligomers for the
purpose of preparation of controlled oligomeric structures.
The starting point in two different synthetic approaches is
the same: the azobenzene-containing unimer, 1, which is
capped reversibly with the persistent nitroxyl radical
TEMPO. Reaction of the 1 with 4-acetoxystyrene, 5, was ex-
pected to give low-molecular-weight oligomers 2 (Scheme 2,
pathway 1) incorporating the acetoxystyrene repeating unit, n,

for subsequent conversion of acetoxy functions to naphthyl
methoxy donor groups, i.e., formation of 3. In an alternative
preparation (Scheme 2, pathway 2), the SFRP process in-
volved addition oligomerization of 4(1-methoxynaphthyl)-
styrene, 6, with the unimer 1 to give 3. The results of
preparation of the LH models containing 4-(1-methoxynaph-
thyl)styrene donor repeating units and their characterization
(MALDI-TOF/MS and GPC analyses), as well as corrobora-
tive NMR analyses, will be discussed in terms of optimiza-
tion of reaction time and the use of a suitable solvent to
control the molecular weight.

Results and discussion

Synthetic strategy
Two synthetic approaches (Scheme 2, pathways 1 and 2),

which differed in the structure of the arylvinyl monomer oli-
gomerized with unimer 1, were examined as routes to the
target oligomers, 3. Addition under SFRP conditions of the
benzylic radical derived from 1 (arising from facile scission
of the C–O bond of the TEMPO cap) to 4-acetoxystyrene, 5,
should yield oligomers, 2, with a range of acetoxystyrene re-
peating units, n. Hydrolysis of 2 followed by functionaliza-
tion with a naphthyl moiety yields the azonaphthyl oligomer
3.

The alternative route (Scheme 2, pathway 2) consists of
SFRP-style addition of the benzylic radical of 1 (formed as
before) to the 4-(1-methoxynaphtyl)styrene, 6, should again
give models, 3.

The difference in the two routes lies, then, in whether the
naphthyl donor group is incorporated into the product 3 after
oligomerization (pathway 1) or, alternatively, preparation of
a suitable arylvinyl monomer, 6, leads to direct oligomeriza-
tion to give 3 (pathway 2).

In the preparation of model 3, controlled low-molecular-
weight oligomers were desired. To this end, both the reaction
medium and the reaction times were empirically optimized.
For the azo-acetoxystyrene oligomerization to yield 2, bulk
(at 130 8C) and solution media (at 120 8C) were studied,
where varying amounts, i.e., 1:1 to 1:5 w/w ratios of the ar-
ylvinyl monomer to chlorobenzene (PhCl) solvent,20,22,25,28

were used. Reaction times were varied from 1 min to 5 h in
a given set of solvent conditions by quenching a reaction
run by pouring the reaction mixture into excess cold metha-
nol (~10 mL). For the azo-naphthalene oligomerizations to
yield 3 directly, only the solution conditions (i.e., dilution
with PhCl at 120 8C) were studied, as a consequence of the
information gleaned from the results in the azo-acetoxystyrene
systems, 2. Reaction times were varied from 10 min to 1 h,
again as prompted by the results in the related oligomeriza-
tion system.

The results of these two preparatory routes are listed in
Tables 1 and 2 and will be discussed below.

Azo-acetoxystyrene oligomers, 2
The results of the SFRP between the unimer 1 and 4-ace-

toxystyrene, 5, as the arylvinyl monomer, are summarized in
Table 1. Specifically, the reaction conditions including reac-
tion times, the analysis of the maximum number of acetox-
ystyrene repeating units (n) as determined by MALDI-TOF/
MS,29–31 the number average molecular weight of the

Scheme 1.
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oligomers (Mn) as determined by GPC, as well as the poly-
dispersity (PD = Mw/Mn) are listed in the Table.

Mechanistic effects on oligomerization
As can readily be seen in Table 1, even at short reaction

times, bulk conditions (experiment series A) yield relatively

long chain oligomers, 2. For example, a 3 min reaction time
produces 2 with Mn of 6.7 kDa, corresponding to about a
maximum of 37 acetoxystyrene repeating units (n = 37),
and a relatively broad molecular weight distribution (PD =
Mw/Mn = 1.4). In fact, repetition of the oligomerization at a
somewhat lower temperature (120 8C here versus 130 8C in

Scheme 2.

Table 1. Characterization of azo-acetoxystyrene (AS) oligomers, 2, as a function of reaction conditions: MALDI-TOF/MS and GPC results.

Conditions (w/w ratio AS:PhCl) Reaction time (min)a MALDI/MS repeating units nb GPC (Mn,c kDa (PD))d

A = Bulk
A-1, A-2, A-3, A-4 1, 3, 5, 10 0,e 37, 50, 52 0,e 6.7(1.6), 7.8(1.4),8.2(1.3)

B = 1:1
B-1, B-2, B-3 5, 30, 240 25, 30, 39 4.6(1.4), 5.3(1.3), 9.7(1.3)

C = 1:2
C-1, C-2, C-3 5, 20, 90 0,e 5, 10 NAf

D = 1:3
D-1, D-2, D-3 5, 20, 114 0,e 20, 24 0,e 5.1(1.2), 8.49(1.1)

E = 1:4
E-1, E-2, E-3 5, 20, 90 0,e 7, 17 NA

F = 1:9
F-1, F-2, F-3 5, 20, 300 0,e 0,e 0e 0,e 0,e 0e

aBulk reactions were carried out at 130 8C. Solution reactions with PhCl diluent were carried out at 120 8C. Both were quenched by addition to cold MeOH
accompanied by precipitation of oligomeric product(s) at times cited.

bn is the maximum number of repeating acetoxystyrene (AS) units in 2 observed (±5%–10% error).
cNumber average molecular weight (kDa) from GPC, calibrated with polystyrene standards.
dPolydispersity, Mw/Mn.
ePeaks (m/z) corresponding to oligomer formation were not observed; the only major peak recorded is ascribed to the parent molecular ion for protonated

azobenzene unimer at [M + H]�+ = 472. Oligomer formation was not observed in GPC traces.
fNA: not applicable.
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the bulk system) and with an equal weight of chlorobenzene
(experiment series B) requires 240 min (B-3) to yield 2 with
approximately the same number of repeating units (according
to MALDI/MS), i.e., n = 39. Representative MALDI/MS
spectra for experimental series C-1 to C-3 are shown in
Fig. 1 and illustrate the number of repeating units, n, ana-
lyzed via this method.

These results are consistent with the mechanism of SFRP,
where at the temperature of the reaction the TEMPO-capped
unimer 1 dissociates to give persistent TEMPO nitroxyl radi-
cal and a resonance-stabilized benzylic radical.32 The benzylic
radical concentration is partitioned between recombination
with the TEMPO radical and addition to 4-acetoxystyrene, 5.
Under bulk conditions, the TEMPO-benzylic radical pair is
effectively caged by 5, the arylvinyl monomer. Addition of
the benzylic radical to the vinyl functional group of the sur-
rounding acetoxystyrenes should be facile, and relatively
high Mn oligomer, 2, arises in accord with the results listed
in Table 1. Recombination of TEMPO with the growing
benzylic radical end of the chain provides a termination
step in the chain mechanism, and through potential further
dissociation, provides an avenue for conversion to a
‘‘living’’ chain mechanism.

Chlorobenzene solvent effects on oligomerization
In principle, addition of chlorobenzene solvent could have

two effects.20,22,25,28 The first and presumably smaller effect
is a solvent effect on the dissociation of the unimer. Prefer-
ential solvation of the dissociated radicals (e.g., via p–p
stacking) relative to the bulky TEMPO-capped unimer could
favour dissociation of the unimer. On the other hand, the
concentration of acetoxystyrene in the cage surrounding the
radical pair would be reduced as a function of increasing
added PhCl and the probability of addition to the vinyl
group reduced. At short reaction times, the number of re-
peating groups incorporated in the oligomer would be re-
duced, as is observed (Table 1).

Generally, then, increasing dilution (Table 1, experiment
series C through F) leads to lower-molecular-weight
oligomer at comparable reaction times. At 5 min, a 1:1 dilu-
tion (AS:PhCl, B-1) gives an oligomer, 2, incorporating 25
repeating units according to MALDI/MS analysis, while

with all other series, a 5 min reaction time yields no
oligomer detectable by MALDI/MS or GPC. The results at
20 min appear anomalous; a 1:2 dilution (AS:PhCl; Table 1,
C-2) yields an oligomer with five repeating units, while 1:3
dilution (D-2) gives 20 repeating unit oligomer and 1:4 dilu-
tion gives seven repeating-unit oligomer, but 1:9 dilution
(F-2) yields no detectable oligomer, 2.

One possibility that accounts for the observed behaviour,
namely, an increase in number of repeating units for D-2,
as compared to the C-2 and E-2 experiments (Table 1), is
that the solvent effect of dilution (i.e., preferential stabiliza-
tion of the dissociated radicals that would favour dissocia-
tion) opposes the concentration effect, that would reduce
the probability of radical addition to the arylvinyl monomer.
In short, dilution favours dissociation freeing the benzylic
radical derived from 1 to add to the vinyl function of 5, but
the decreased concentration of the styrene counteracts this
effect partly. The interplay of these factors could lead to the
behaviour observed.

At extreme dilution (series F), none of the reaction times
studied (5 to 300 min) were sufficient to lead to any
oligomer formation. The radicals derived from 1 are effec-
tively free in solution but the concentration of AS is too
low to lead to oligomerization.

Also in accord with the foregoing interpretation are the
polydispersities determined by GPC (Table 1). In Fig. 2, the
GPC traces for experimental series B, D, and F (Table 1) are
shown. The bulk run even at 3 min reaction time (Table 1,
A-1) gives a PD of 1.6, and modest dilution (B-1, 5 min)
yields only a somewhat narrower molecular-weight distribu-
tion (PD = 1.4). In living polymerizations, an effective equi-
librium is established between dormant or dead polymer
(oligomer). This arises from recombination of the benzylic
radical end of the growing chain and the TEMPO radical,
on the one hand, and propagation of the chain by addition
of the benzylic radical to the arylvinyl monomer, on the
other. The closer the PD value is to 1 (i.e., monodispersity),
the more nearly the polymerization is considered a living
process. With a 1:3 dilution with PhCl (D-2, 20 min), the
PD drops to 1.3.

The relatively low overall mass recovery found for the
acetoxystyrene oligomer 2 indicated that additional steps

Table 2. Characterization of azo-naphthalene oligomers, 3, as a function of reaction conditions: MALDI-TOF/MS and GPC results.

Conditions (w/w ratio AS:PhCl) Reaction time (min)a MALDI/MS repeating units nb GPC (Mn,c kDa (PD))d

Q = 1:3
Q-1, Q-2 15, 40 2, 12 0.75 (1.2), 3.8 (1.3)

R = 1:4
10 2 0.69 (1.1)

S = 1:5
30 10 2.5 (1.2)

T = 1:49
60 5 1.8 (1.1)

aSolution reactions (PhCl diluent) were carried out at 120 8C and were quenched by addition to cold MeOH accompanied by precipitation of oligomeric
product(s) at times cited.

bn is the maximum number of repeating 4-(1-methoxynaphthyl)styrene (Np) units in 3 observed (±5%–10% error).
cNumber average molecular weight (kDa) from GPC, calibrated with polystyrene standards.
dPolydispersity, Mw/Mn.
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leading to the desired LH-model oligomer, 3, could result in
little final product. The time-consuming nature of the neces-
sary oligomer characterization at each subsequent step was
another consideration that prompted us to consider direct in-
corporation of the naphthalenic donors (Np) in the SFRP
step (Scheme 2). However, the results of the preparation of
oligomer 2 indicated that dilutions of 1:3 to 1:5 could yield
the appropriate LH oligomer 3 comprising a controlled
range of repeating donor units.

Azo-naphthalene oligomers, 3
SFRP using unimer 1 and 4-(1-methoxynaphthyl)styrene,

6, under the range of conditions identified as favouring for-
mation of low-molecular-weight oligomer 2, was undertaken
to prepare 3 directly (Scheme 2). Table 2 summarizes the
MALDI-TOF/MS and GPC characterization of 3.

With a ratio of 1:3 of the arylvinyl monomer, 6, to PhCl
solvent (120 8C; experiment Q, comparable to the D series
of experiments in Table 1), SFRP yields low average molec-
ular weight oligomer (Mn = 0.75 kDa) with low polydisper-
sity (PD = 1.2). MALDI/MS analysis shows the expected
inter-peak m/z interval of 260 that corresponds to the naph-
thalenic repeating unit (Np) as shown in Fig. 3 for experi-
ment R. At 15 min reaction time (experiment Q-1), the

Fig. 1. MALDI/MS spectra of azo-acetoxystyrene oligomers with varying acetoxystyene repeating unit (n) values: (a), n = 0; (b), n = 5; (c),
n = 10, corresponding to experiments C-1, C-2, and C-3, respectively (see Table 1).
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maximum number of repeating units found was two; the
‘‘oligomer’’ here consists solely of unimer and dimer. An in-
crease in reaction time to 40 min (Q-2) gives higher-molecular-
weight oligomer (Mn = 3.9 kDa; 12 repeating units by
MALDI/MS analysis) with only a slight broadening of the
molecular weight distribution (PD = 1.3 by GPC). Note, for
comparison, that at 20 min reaction time in the acetoxystyr-
ene series (Table 1, D-2), MALDI/MS analysis gave
oligomer 2 containing a maximum of 20 repeating units and
GPC traces indicated a number average molecular weight of
5.1 kDa for the oligomer with a PD of 1.2, all similar to
the results obtained here for experiment Q-2 with a
reaction time of 40 min. Clearly, the experimental condi-
tions optimized for the acetoxystyrene SFR oligomerizations
(Scheme 2, pathway 1) extend reasonably to the 4-(1-methoxy-
naphthyl)styrene additions, i.e., formation of 3 directly via
pathway 2 in Scheme 2.

Reasonably, the considerations of solvent enhancement of
the dissociation of the unimer 1 and the opposing influence
of dilution on the addition step apply consistently to path-
way 2 to give 3. It follows that experiments R (1:4, 6:PhCl
solvent) through T (1: 49, 6:PhCl; Table 2) mimic the trend
in degree of oligomerization and polydispersity found for
the comparable experimental series D through F (Table 1)
found for pathway 1. The number average molecular weight
of the oligomer increases, according to GPC, in going from
R (1:3) to T (1:4), i.e., from 0.69 kDa to 2.5 kDa with sim-
ilar PD values and in a maximum number of repeating units
of two rising to 10 in the latter run. Experiment T gives an

oligomer with a lower maximum number of repeating units
(n = 5) and a lower number average molecular weight
(1.8 kDa). This parallelism, namely, first increase and then
decrease in molecular weight and maximum number of
repeating units, which was found in the acetoxystyrene oli-
gomerization runs to give 2, is consistent with the behaviour
found in the oligomerization to give 3. The same reasons ap-
pear to apply: compensatory interplay of solvent and dilu-
tion effects on the SFRP chain mechanism.

Highlights of characterization and fractionation

MALDI-TOF/MS
Figure 1 shows the MALDI-TOF/MS analysis29–31 for

three experimental runs (Figs. 1a to 1c, C-1 to C-3,
Scheme 2, pathway 1). As can be seen in run C-1, no ace-
toxystyrene oligomer 2 formed (i.e., n = 0); the major MS
peak corresponds to unmodified unimer 1 (M – H+ =
472 m/z) while in the subsequent runs, C-2 and C-3, the ma-
jor peaks correspond to the oligomers with n = 5 and n = 10,
repeating units, respectively. Significantly, for C-2 and C-3,
the main fragmentation route involves sequential scission of
the acetoxystyrene repeating units. Accordingly, in Fig. 1b,
main peaks are seen at n = 5 (m/z = 1282) and at consecu-
tively smaller m/z values with intervals of 162 m/z for n = 4,
3, 2, and 1. This pattern applies equally to C-3 and all ex-
perimental runs summarized in Table 1.

An additional feature of these MALDI/MS spectra is the
presence of minor peaks at m/z values significantly greater
than that of the main peak. Representative is C-2 (Fig. 1b).
Arising from the presence of TEMPO radical in the system
and multiple benzylic sites for H-abstraction and coupling,
the possibility exists for incorporation of multiple TEMPO
moieties at the oligomeric end groups. This accounts for
these higher m/z peaks.

Beyond the major sequential splitting off of repeating
units, small fragmentation peaks are evident between the
162 m/z intervals, e.g., between n = 5 and n = 4 in C-3
(Fig. 1c). These small peaks may result from minor defects
in the oligomer structure.

Turning to pathway 2 (Scheme 2), the direct preparation
of oligomer 3, representative MALDI/MS spectra are shown
in Fig. 3 for experiment R; reaction conditions are given in
Table 2. Once again major peaks result from the oligomer
molecular ions with the main fragmentation route involving
sequential repeating-unit scission with intervals now of
260 m/z. Minor fragmentation routes for 3 are accounted for
as previously outlined for 2 (Scheme 2).

Importantly, the dominant features of the MALDI/MS
analysis of 2, which apply equally to 3, are the observation
of the M – H+ molecular ions corresponding to the maxi-
mum number of repeating units in the respective oligomers.
Further, the sequential loss of the repeating moiety empha-
sizes the source of these oligomers: a living SFRP process.
Thus, the nature of any minor peaks, arising from impurities
or defects, was not investigated in detail, but their presence
cannot affect the conclusions or impact the main theme of
this study.

GPC
Oligomers 2 and 3 were analyzed by GPC30 (UV–vis de-

Fig. 2. GPC chromatograms for experiments (a) B (B-1, B-2, B-3);
(b) D (D-1, D-2, D-3); and (c) F (F-2, F-3) (see Table 1).
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tector; see Experimental). The results of molecular weight
determination (polystyrene calibration) and polydispersity
(PD) are summarized in Tables 1 and 2 and discussed earlier
in the text (see Fig. 2). Typical GPC traces for 4-(1-methox-
ynaphthyl)styrene monomer 6 (Fig. 4, experiments R, T, and
S) show the separation of oligomeric fractions 3 with elution
time, as well as the presence/absence of residual monomer.

1H NMR
1H NMR spectra (Supplementary data, Figs. S2 and S3)

for the acetoxystyrene oligomerizations (Scheme 2, pathway
1) are in accord with the MALDI/MS and GPC analyses
summarized in Table 1. Specifically, the spectra for
oligomer 2 contain a diagnostic signal at 2.27 ppm for the
acetoxy methyl of the repeating unit. This signal increases
in relative intensity with increasing n values for 2. Similarly,
for samples A-2 to A-4, B-1 to B-3, C-2, and C-3 (Fig. S3),
increasingly broad signals are found centred at 6.2 and
6.9 ppm and are ascribed to the aromatic protons of the ace-
toxystyrene residues. These NMR peaks for the acetoxystyr-
ene repeating unit of 2 are absent in those runs (e.g., A-1)
where oligomerization was deemed to be absent, on the ba-
sis of MALDI/MS and GPC determinations.

Considering formation of 3 (Scheme 2, pathway 2), 1H
NMR spectroscopic analysis agrees with the results given in
Table 2 in that higher degrees of oligomerization are accom-
panied with more intense signals attributable to the Np re-
peating units and overall broadening of all signals in the
relevant spectrum. This is shown in Fig. 5 for experiments
T and S.

Fractionation of azo-naphthalene oligomers 3 via flash
chromatography

Reaction of a scaled up quantity of 1 and 1-[(4-vinylphen-
oxy)methyl]naphthalene (20 min; 1:4, monomer:PhCl)

yielded a mixture of oligomers containing an oligomer 3
with a maximum of 14 Np repeating units. Flash column
chromatography (dichloromethane eluant) gave, after recom-
bination based on TLC, five fractions. The first (H-1) con-
sisted only of unmodified arylvinyl monomer, 6.

The remaining fractions contained mixtures of oligomers
3; the longest chain oligomers eluted first. Hence, fraction
H-2 contained oligomers with a maximum of 14 Np repeat-
ing units according to MALDI/MS. The next in order had
n = 8 (H-3), n = 2 (H-4), and n = 1 (H-5).

GPC analysis of the crude reaction product (H) prior to
fractionation gave a number average molecular weight of
0.73 kDa with a relatively broad molecular weight distribu-
tion (PD = 1.5). Fractions H-2 and H-3 gave GPC peaks cor-
responding to lower-molecular-weight oligomer (Mn =
0.57 kDa) and narrower distribution (PD = 1.4), while frac-
tion H-4 was found to have Mn = 1.1 kDa with a PD of 1.2.
Figure 6 shows an ESI-MS spectrum for oligomer 3 where n =
1 (fraction H-5).

The results show that the number of Np repeating units, n,
in the oligomer 3 (via pathway 2 in Scheme 2) and the cor-
responding molecular weight with low polydispersity
(Table 2) may be achieved through careful control of the
SFRP reaction conditions (temperature and dilution with
PhCl). The oligomeric mixture may be further fractionated
by standard flash chromatography.

In conclusion, it can be envisaged that the described
methodology will lead to a controlled range of oligomers,
varying in the numbers of naphthalenic donor units.

Experimental

Instruments and materials
1H NMR spectra were recorded using a Bruker Avance-

Fig. 3. MALDI/MS spectra for azo-naphthalene oligomer, 3, experiment R (n = 2).
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400 spectrometer operating at 400.1 MHz, broad band
probe, auto-tuned. All chemical shifts are reported as d in
parts per million (ppm) relative to residual CHCl3 (d =
7.28 ppm) and CHDCl2 (d = 5.30 ppm) in CDCl3 (source:
CDN) and CD2Cl2 (CDN) solvents, respectively. Coupling
constants (J) are reported in Hz. IR samples were recorded
using a Bomem MB-120 FTIR spectrophotometer. Dilute
samples dissolved in a suitable volatile solvent were allowed
to evaporate to provide a film on a KBr plate. Melting
points were measured using a Fisher–Johns melting point
apparatus and are reported as uncorrected. Gel permeation
chromatography (GPC) was performed using Waters 2695
HPLC (Waters 410 differential refractometer detector,

40 8C) with a separation module consisting of four Waters
Ultrastyragel1 (HR5.0, HR3.0, HR1.0, and HR0.5) in series.
Distilled THF was used as eluant with a flow rate of
1.0 mL min–1. The GPC system was calibrated with standard
polystyrenes up to an elution time of 35 min. MALDI-TOF/
MS traces were recorded using an Applied Biosystems Voy-
ager DE-STR MALDI-time of flight/mass spectrometer with
a nitrogen laser (337 nm), delayed extraction and reflectors.
An accelerating potential of 20 kV was used in the MS de-
tector in both linear and reflector modes. The optimum matrix
used for oligomer characterization was 2,5-dihydroxybenzoic
acid (DHB) containing no added salt. Typically, oligomeric
samples were prepared by mixing a THF solution of the
oligomer(s) (1 mg mL–1) with a solution of DHB
(20 mg mL–1 in 1:1 MeCN:MeOH) in 1:1 (v/v) proportions
to give the analytical matrix. A 1 mL aliquot of the analyti-
cal matrix was placed onto a sample plate and the solvent
was evaporated at room temperature to give the MALDI-
TOF/MS sample for characterization.

All common solvents (acetone, THF, and so forth) used in
the preparations outlined below were purchased commer-
cially in HPLC-grade or better and, where necessary, were
further purified by standard methods.33 4-Hydroxyazoben-
zene (Aldrich) was recrystallized from ethanol and THF
(VWR) was dried over and distilled from sodium metal/ben-
zophenone. All inorganics (e.g., NaBH4) and the remaining
requisite chemicals and organic reagents were purchased
commercially and used without further purification. 4-Ace-
toxystyrene (96%, Aldrich), di-t-butyl peroxide (3.5 mol/L
in decane, Aldrich), 18-crown-6 (98%, Aldrich), 4-ethylbenzal-
dehyde (98%, Aldrich), oxalyl chloride (95%, Aldrich), and
2,2,6,6-tetramethyl-1-piperidinoxyl (TEMPO, gift of Xerox
Research Canada) were used as received.

The azo unimer 1 was prepared in a five-step procedure
as previously described1,27 starting from 4-ethylbenzalde-
hyde that was reduced with NaBH4 to 4-ethylbenzyl alcohol,
converted to the bromide, and capped with 2,2,6,6-tetra-
methyl-1-piperidinoxyl) using TEMPO and di-t-butylperoxy-
oxalate. Further reaction with NaI in acetone converted the
bromide to the iodide, which, in a final step, was reacted
with 4-hydroxyazobenzene in the presence of K2CO3 and
18-crown-6 in acetone to give 1. The overall yield of this
five-step procedure was 24%. All physical and spectroscopic
properties were in good agreement with those previously
published.1 The MALDI/MS of 1 contained small extrane-
ous peaks at greater m/z values than the protonated molecu-
lar ion for 1 (i.e., M – H�+ at 472.28 m/z). The minor
impurity was not removed by column chromatography (60
mesh silica gel; dichloromethane eluent), and 1 was used as
is in the following syntheses.

Preparation of azo-acetoxystyrene oligomers, 2
Azo-acetoxystyrene oligomers, 2, capped with TEMPO

were prepared under SFRP reaction conditions via addition
of 1 to acetoxystyrene, AS, under bulk and chlorobenzene
(PhCl) solvent conditions.

General bulk procedure
Mixtures of 1 and AS were introduced into silicone-septum-

capped ampoules (10 mL), swept with N2, and these were
immersed in an oil bath thermostatted to 130 8C. After the

Fig. 4. GPC chromatograms showing the increasing molecular
weights of 3 and peaks for 1, 3, and 6 (Scheme 2), experiments R,
T, and S.
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set reaction times, each mixture was poured into excess cold
MeOH (10 mL) to quench the reaction and the precipitate,
in each case, was collected by filtration. The precipitates
were dried in vacuo (<1 torr, 50 8C) (1 torr = 133.322 Pa)
overnight to give yellow coloured powders.

General solvent procedure
Experimental series B–F (cf. Table 1) were carried out at

120 8C. Mixtures of the reagents and PhCl solvent were pre-
pared in ampoules, as given above, and the temperature
maintained by immersion of the vials in the thermostatted
oil bath. The mass ratios of AS to PhCl are listed in Table 1.
Three aliquots were withdrawn via gas-tight syringe from
each experimental series at different time intervals to yield
a range of oligomeric mixtures, 2, that were analyzed by
MALDI-TOF/MS, 1H NMR spectrometry, IR spectropho-
tometry, and GPC (UV–vis detector), as outlined in the pre-
vious text and in the Results and discussion section.

Table 3 shows molar ratios and amount of PhCl solvent
used in each experimental run.

Preparation of azo-naphthalene oligomers, 3
Saponification of 4-acetoxystyrene (10 g, 0.061 mol in

2.5 g MeOH) with KOH (0.25 g, 0.0045 mol), under N2 at-
mosphere, followed by acidification (glacial AcOH) and ad-
dition of toluene to precipitate any poly(4-hydroxystyrene)

gave a colourless solution, after filtration. This filtrate was
cooled (~ –70 8C) from which 4-vinylphenol (4-hydroxys-
tyrene) crystallized as colourless crystals (4.5 g, 45%);
mp 59–60 8C (lit. 68–69 8C,34 73.5 8C35). IR (KBr, cm–1) n:
3249, 2977, 1656, 1541, 1410, 1110, 992, 834, 647. 1H
NMR ([CD3]2CO, 400 MHz) d: 8.45 (1H, s, OH), 7.34 (2H,
d, J = 6.8, H-4,8), 6.98 (2H, d, J = 6.8, H-5,7), 6.67 (1H,
d,d, 17.6, 10.4, H-2), 5.60 (1H, d, Jtrans = 17.6, H-1), 5.01
(1H, d, Jcis = 10.4, H-1). 13C NMR (CD3OD, 100 MHz) d:
157.0, C-6; 136.4, C-5,7; 129.4, C-3; 127.0, C-4,8; 114.9,
C-1; 109.4, C-2. EI-MS (M + H)+ m/z: 120.0532 (calcd.
for C8H8O: 120.0531 g/mol).

4-(1-methoxynaphthyl)styrene
Weighed quantities of 4-vinylphenol (1.04 g, 8.6 mmol),

1-chloromethylnaphthalene (1.2 g, 6.8 mmol), K2CO3
(2.05 g, 14.7 mmol), and 18-crown-6 polyether (0.29 g,

Fig. 5. 1H NMR spectra for azo-naphthalene oligomers, 3, experiment T (n = 5) and experiment S (n = 10).
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1.1 mmol) were mixed with acetone (25 mL) in a round-bot-
tom flask and the reaction mixture was brought to reflux for
36 h. The acetone was removed under reduced pressure (ro-
tary evaporator) and the residue added to water and di-
chloromethane. Separation, drying, and evaporation of the
organic layer yielded crude product as an oil. This product
was purified by column chromatography (CH2Cl2/hexane,

1:1 v/v) to yield after evaporation of solvent colourless crys-
tals of 4-(1-methoxynaphtyl)styrene (1.7 g, 75%); mp 48–
50 8C. 1H NMR (CD2Cl2, 400 Mz) d: 8.23 (1H, d, J = 7.6,
H-16), 7.99 (1H, d, J = 8.8, H-13), 7.95 (1H, d, J = 8.0, H-
11), 7.66 (1H, m, H-15), 7.61 (2H, m overlapping signals,
H-10.14), 7.56 (1H, d, J = 8.4, H-9), 7.45 (2H, d, J = 8.0,
H-4,4’).

Fig. 6. ESI-MS spectrum for oligomer 3 with repeating unit ‘‘n’’ equal to 1 after separation with column chromatography (fraction H-5).

Table 3. Reaction conditions for azo-acetoxystyrene oligomers 2.

Experimental series Azo unimer, 1 mg (mmol) Acetoxystyrene, 5 mg (mmol) Chlorobenzene (PhCl) mg (mmol)
A-1a 10 (0.02) 251 (1.54) Bulk (monomer solvent)
A-2 10 (0.02) 230 (1.41) Bulk (monomer solvent)
A-3 10 (0.02) 267 (1.65) Bulk (monomer solvent)
A-4 10 (0.02) 250 (1.54) Bulk (monomer solvent)
B 28 (0.06) 170 (1.05) 170 (1.51)
C 31 (0.06) 162 (1.05) 324 (2.90)
D 30 (0.06) 162 (1.05) 487 (4.34)
E 31 (0.06) 162 (1.05) 648 (5.78)
F 31 (0.06) 162 (1.05) 1600 (14.2)

aExperiments A-1 through A-4 were performed at 130 8C. All other runs were performed at 120 8C.

Table 4. Azo-naphthalene oligomers 3. Reaction conditions: 120 8C.

Experiment 1 mg (mol) 6 mg (mmol) PhCl mg (mmol) Ratio 6:PhCl (w/w) Time (min)
Q-1 12 (0.027) 500 (1.92) 1500 (13.3) 1:3 15
Q-2 12 (0.027) 500 (1.92) 1500 (13.3) 1:3 40
R 13 (0.025) 50 (0.20) 288 (2.57) 1:4 10
S 13 (0.028) 110 (0.42) 600 (5.30) 1:5 30
T 11 (0.024) 50 (0.20) 1 mL 1:49 60
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Oligomerization to give 3
Mixtures of 1, 6, and PhCl were placed in a 25 mL round-

bottomed flask sealed with Teflon rubber septum and purged
with N2 for 5 min prior to immersion in an oil bath stabi-
lized at 120 8C. After selected reaction times (Table 4), the
reaction was quenched by addition of copious cold MeOH to
give a gummy material that was dissolved upon addition of
THF (2 mL). Precipitation of 3 with MeOH and evaporation
of solvent in vacuo yielded 3 after filtration; the product was
dried under high vacuum (<1 torr) overnight.

Table 4 lists reaction conditions including mole ratios of
reagents and reaction times for the preparation of 3.

Supplementary data

Supplementary data (MALDI-MS traces, 1H NMR spec-
tra, GPC profiles for oligomers) for this article are available
on the journal Web site (canjchem.nrc.ca).
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Naphthalene derivatives from Diospyros wallichii

Abdul-Wahab Salae, Chatchanok Karalai, Chanita Ponglimanont,
Akkharawit Kanjana-Opas, and Supreeya Yuenyongsawad

Abstract: Three new naphthalene derivatives, 2-hydroxymethyl-1,5-dimethoxynaphthalen-4-ol (1), 2,2’-bis-hydroxymethyl-
1,1’,5,5’-tetramethoxy-3,3’-binaphthalen-4,4’-diol (2), and 5,5’-dihydroxy-2,2’-dimethyl-7,7’-binaphthalen-1,1’,4,4’-tetraone
(3), were isolated from the hexane and CH2Cl2 extracts of the roots and fruits of Diospyros wallichii, along with sixteen
known compounds comprising nine naphthoquinones (4–12), a coumarin (13), and six triterpenes (14–19). The structures
of these compounds were established on the basis of spectroscopic data and comparison with reported values. The antibac-
terial, antifungal, and cytotoxic activities of naphthalene derivatives were also reported.

Key words: Diospyros wallichii, Ebenaceae, naphthoquinones, triterpenoids, antibacterial activity, cytotoxicity.

Résumé : L’extraction à l’aide d’hexane et de CH2Cl2 des racines et des fruits de Diospyros wallichii a permis d’isoler
trois nouveaux dérivés du naphtalène, le 2-hydroxyméthyl-1,5-diméthoxynaphtalène-4-ol (1), le 2,2’-bis-hydroxyméthyl-
1,1’,5,5’-tétraméthoxy-3,3’-binaphtalène-4,4’-diol (2) et le 5,5’-dihydroxy-2,2’-diméthyl-7,7’-binaphtalène-1,1’,4,4’-tétraone
(3), ainsi que seize composés connus, dont neuf naphtoquinones (4–12), une coumarine (13) et six triterpènes (14–19). Les
structures de ces produits ont été établies sur la base de données spectroscopiques et par comparaison avec des données
rapportées antérieurement. On rapporte aussi les résultats d’études sur les activités antibactériennes, antifongiques et cyto-
toxiques des dérivés naphtaléniques.

Mots-clés : Diospyros wallichii, Ebenaceae, naphtoquinones, triterpénoı̈des, activité antibactérienne, cytotoxicité.

Introduction

The genus Diospyros (family Ebenaceae) is found in most
part of the tropics and subtropics and many of the species
have been used in traditional medicines, e.g., the fruit of D.
montana is used to treat hiccups, ulcers, urinary diseases,
and dysentery. The fruit of D. decandra and D. malabarica
is used as an emmenagogue in Vietnam and leukorrhea in
India, respectively.1 Several workers have isolated triterpe-
noids and naphthoquinones from some species of Diospyros,
including the stem bark of D. decandra2 and fruits of D. eh-
retioides.3 In our ongoing search for bioactive compounds,
we have studied D. wallichii, which is known in Thailand
as ‘‘damtako’’.4 This plant grows to about 10–20 m in
height, whose round fruits are poisonous and used for fish-
ing. We report herein the isolation of three new naphthoqui-
none derivatives (1–3), together with sixteen known
compounds comprising nine naphthoquinones (4–12), a cou-
marin (13), and six triterpenes (14–19) from the roots and
fruits of D. wallichii (Fig. 1). The new compounds were de-
termined to be 2-hydroxymethyl-1,5-dimethoxynaphthalen-
4-ol (1), 2,2’-bis-hydroxymethyl-1,1’,5,5’-tetramethoxy-3,3’-

binaphthalen-4,4’-diol (2), and 5,5’-dihydroxy-2,2’-dimethyl-
7,7’-binaphthalen-1,1’,4,4’-tetraone (3).

Results and discussion

The crude hexane and methylene chloride extracts from
the roots and fruits of D. wallichii were subjected to a suc-
cession of chromatographic procedures to afford three new
compounds (1–3), together with sixteen known compounds
(4–19). Characterization of the known compounds was car-
ried out by direct comparison of their physicochemical data
with those reported in the literature. The structures of the
new compounds were established as follows.

Compound 1 was obtained as a white amorphous powder
with a molecular formula of C13H14O4, on the basis of [M]+

at m/z 234.0920 in the HR-EI-MS, which suggested seven
unsaturations. The UV spectrum exhibited absorption bands
at 231 and 291 nm, while IR spectrum showed absorption
bands for a hydroxyl (3400 cm–1) and aromatic ring
(1613 cm–1). The 1H and 13C NMR spectral data, together
with COSY, DEPT, HMQC, HMBC, and NOESY experi-
ments allowed full assignment of the NMR data.
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The analysis of the 13C NMR spectral data of 1 (Table 1)
through DEPT revealed 13 carbons among which are two
methoxyls (dC 56.1 and 62.3), an oxymethylene (dC 60.3),
four sp2 methine, and six sp2 quaternary carbons. Of the six
sp2 quaternary carbons, three were linked to oxygen atoms
in view of their deshielded chemical shifts at dC 145.5,
150.7, and 156.3. Since two methoxyl groups are present,
the third oxygenated quaternary carbon should link to a hy-
droxyl group. These data, together with seven unsaturations,
suggested a naphthalene skeleton.

The 1H NMR data (Table 1) showed four aromatic proton
signals. The first three signals appeared at dH 6.72 (1H, d, J
= 8.4 Hz, H-6), 7.30 (1H, t, J = 8.4 Hz, H-7), and 7.60 (1H,
d, J = 8.4 Hz, H-8). The fourth aromatic proton signal ap-
peared as a broad singlet at dH 6.86 (1H, H-3), suggesting a
substituent group in ring B and three substituent groups in
ring A of a naphthalene skeleton. The two methoxyl protons,
a hydroxyl proton and oxymethylene protons, appeared at dH

3.81, 3.98, 9.13, and 4.78 ppm, respectively. The HMBC ex-
periment allowed the assignment of the structure as follows:
the methyl singlet of O-CH3 at d 3.81 showed a correlation
with C-1 (d 145.5), whereas that at d 3.98 showed a correla-
tion with C-5 (d 156.3), indicating the locations of the two
O-CH3 groups at C-1 and C-5, respectively. A methine pro-
ton H-3 (d 6.86) showed clear 3J correlations with oxy-
methylene carbon C-11 (d 60.3), the oxyquaternary carbon
C-1 (d 145.5), and C-10 (d 115.1), and a 2J correlation with
an oxyquaternary carbon C-4 (d 150.7), in turn, oxymethy-
lene protons H2-11 (d 4.78) showed correlations with C-1 (d
145.5), C-2 (d 131.1), and C-3 (d 109.8), hence, the hydrox-
ymethyl group was located at C-2 and a hydroxyl group at
C-4 of ring A. The NOESY experiment revealed interactions
between 1-OCH3–H2-11, H2-11–H-3, 1-OCH3–H-8, and 5-
OCH3–H-6, thus supporting the assigned structure (Fig. 2).
Compound 1 was therefore characterized as 2-hydroxy-

Fig. 1. Structures of compounds 1–13.
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methyl-1,5-dimethoxynaphthalen-4-ol, a reduced and 1-O-
methylated derivative of compound 9.

Compound 2 was obtained as a white amorphous powder.
The HR-EI-MS spectrum showed a molecular ion peak [M]+

at m/z 466.1622, suggesting a molecular formula of
C26H26O8. A comparison of the NMR and mass spectral
data between compounds 1 and 2 suggested that 2 was a
dimer of 1 with C2 symmetry (see Table 1). A broad singlet
signal of H-3 at d 6.86 as shown in 1 was absent in 2, sug-
gesting the dimeric linkage between C-3 and C-3’. In addi-
tion, the methylene protons H2-11 and H2-11’ were shown
as two sets of doublets (d 4.50 and 4.56, each J = 11.1 Hz)
implying a biaryl axis with four ortho substituents, which
led to a restricted rotation. On the basis of this evidence,
compound 2 was identified as 2,2’-bis-hydroxymethyl-
1,1’,5,5’-tetramethoxy-3,3’-binaphthalen-4,4’-diol.

Compound 3 was obtained as a red solid. The HR-EI-MS
spectrum showed a molecular ion peak [M]+ at m/z
374.0812, corresponding to the molecular formula of
C22H14O6. The UV spectrum exhibited bands at 210, 270,
and 415 nm, typical of the general pattern observed for
plumbagin.5 The IR spectrum showed absorption bands for
a hydroxyl (3473 cm–1), carbonyl (1664 cm–1), and aromatic
ring (1600 cm–1). The 13C and 1H NMR spectral data re-
vealed only 11 carbon signals and proton signals similar to
a plumbagin, but the mass spectrum and the molecular for-
mula revealed 22 carbons, thus suggesting that 3 is a sym-
metrical dimer of plumbagin. The 1H NMR spectrum (see
Table 1) of 3 was comparable to that of plumbagin (4) ex-
cept that there were no clear signals for the ortho- and
meta-coupled protons, but there was the presence of a broad
singlet aromatic proton at dH 7.73 (2H, H-6 and H-8). The
triplet proton signal of H-7 at d 7.46, as was present in 4,
was absent in 3, thus suggesting the linkage to be at the 7
to 7’ positions. The structure of 3 was thus established to be
5,5’-dihydroxy-2,2’-dimethyl-7,7’-binaphthalen-1,1’,4,4’-tet-
raone, a 7–7’-plumbagin dimer.

In addition, sixteen other compounds of known structures
were isolated from D. wallichii, viz., plumbagin (4),6 iso-
shinanolone (5), epi-isoshinanolone (6),7 droserone (7),5 2,3-
epoxyplumbagin (8),8 2-hydroxymethyl-5-methoxy-1,4-
naphthoquinone (9),9 diomuscinone (10),10 maritinone (11),6

methylene-3,3’-biplumbagin (12),8 scopoletin (13),11 lupe-
none (14), lupeol (15), betulin (16), betulinaldehyde (17),
betulinic acid (18),12 and queretaroic acid (19).13 All of the
isolates were first reported from this species.

The antibacterial activity of naphthalene derivatives 1–5
and 7–11 are reported in Table 2. Compound 4 showed sig-
nificant antibacterial activities against Bacillus subtilis and En-T
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terococcus faecalis, but moderate activity against methicillin-
resistant Staphylococcus aureus (MRSA), vancomycin-resistant
E. faecalis (VRE), and Shigella sonei. Compounds 9 and 10
exhibited moderate antibacterial activities against B. subtilis
and S. sonei, while compound 9 also exhibited moderate
antibacterial activities against E. faecalis and MRSA. Anti-
fungal activity against Candida albicans was inactive for all
compounds. In addition, the cytotoxity against MCF-7
(human breast adenocarcinoma) cell line of compounds 1–5
and 7–12 was also evaluated. All compounds except com-
pound 5 were active. Compounds 3 and 11 exhibited better
activity than the rest of the tested compounds with IC50 val-
ues of 0.09 and 0.06 mg/mL, respectively.

Experimental

General experimental procedures
Melting points were determined on the Fisher–Johns melt-

ing-point apparatus. The optical rotation [a]D was measured
in chloroform solution with sodium D line (590 nm) on a
JASCO P-1020 digital polarimeter. UV and IR spectra were
recorded on a SPECORD S100 (Analytikjena) and Perki-
nElmer FTS FTIR spectrophotometer, respectively. NMR
spectra were recorded using 300 and 400 MHz Bruker
FTNMR Ultra Shield spectrometers in CDCl3 with TMS as
the internal standard. Chemical shifts are reported in d
(ppm) and coupling constants (J) are expressed in hertz. EI
and HR-EI mass spectra were measured on a Kratos MS 25
RFA spectrometer. Solvents for extraction and chromatogra-
phy were distilled at their boiling point ranges prior to use
except chloroform was an analytical grade reagent. Quick
column chromatography (QCC) and column chromatography
(CC) were carried out on silica gel 60H (Merck) and silica
gel 100 (Merck), respectively.

Plant material
The roots and fruits of D. wallichii were collected in De-

cember 2008 from Satun Province in the southern part of
Thailand. This plant was identified by Professor Puangpen
Sirirugsa and a voucher specimen (No. PSU 0013410) has
been deposited at the Herbarium of the Department of Biol-
ogy, Faculty of Science, Prince of Songkla University
(PSU), Thailand.

Extraction and isolation
The dried roots of D. wallichii (2.5 kg) were extracted

with hexane and CH2Cl2 successively (2 � 10 L for each
solvent for one week) at room temperature and evaporated
under reduced pressure to provide crude hexane (30.7 g)
and CH2Cl2 (20.2 g) extracts.

The crude hexane extract (30.7 g) was subjected to quick
column chromatography (QCC) using hexane as eluent and
increasing the polarity with EtOAc to give nine fractions
(F1–F9). Fraction F2 (8.8 g) was recrystallized from methyl-
ene chloride to give 4 (4.3 g). Fraction F4 (3.5 g) was sepa-
rated by QCC using EtOAc–hexane (1:9, v/v) as the eluting
solvent to afford five subfractions (F4a–F4e). Subfraction
F4d (762.3 mg) was purified by QCC with EtOAc–hexane
(0.5:9.5, v/v) to afford 6 (117.2 mg). Fraction F6 (1.5 g)
was separated by QCC using CH2Cl2–hexane (4:6, v/v) as
the eluting solvent to afford three subfractions (F6a–F6c).
Subfraction F6c (428.6 mg) was purified by QCC with
EtOAc–hexane (2:8, v/v) to give 5 (47.7 mg). Fraction F7
(6.4 g) was separated by QCC with EtOAc–hexane (3:7, v/v)
to afford 15 (3.9 g) and 17 (509.2 mg). Fraction F9 (1.3 g)
was separated by QCC with EtOAc–CH2Cl2 (1:9, v/v) to
give 3 (156.4 mg).

The CH2Cl2 extract (20.2 g) was separated by QCC using
hexane as eluent and increasing the polarity with EtOAc to
give six fractions (F1–F6). Fraction F2 (3.6 g) was separated
by QCC with EtOAc–hexane (2:8, v/v) to afford 13
(35.4 mg), 14 (3.7 g), and 16 (25.6 mg). Fraction F3 (1.2 g)
was separated by QCC using acetone–hexane (2:9, v/v) as

Table 2. Antibacterial and cytotoxic activities of compounds 1–5 and 7–12

Antibacterial activity (MIC, mg/mL) Cytotoxic activity

Gram-positive bacteriaa Gram-nagative bacteriab

Compounds
B. subti-
lis

S. aur-
eus

E. faeca-
lis MRSA VRE

S. ty-
phi S. sonei

P. aerugi-
nosa MCF-7 (IC50, mg/mL)c

1 75 300 150 150 150 300 150 >300 0.78
2 >300 >300 >300 >300 >300 >300 >300 300 0.51
3 150 >300 300 150 300 >300 150 >300 0.09
4 4.68 37.5 4.68 9.37 9.37 37.5 9.37 150 0.46
5 300 >300 300 >300 >300 >300 300 >300 9.57
7 150 >300 300 >300 150 >300 150 >300 0.29
8 75 150 75 18.75 75 300 75 300 0.35
9 9.37 37.5 9.37 9.37 37.5 37.5 9.37 >300 0.80
10 9.37 75 18.75 18.75 37.5 75 9.37 300 0.86
11 150 >300 150 >300 >300 >300 >300 >300 0.06
12 — — — — — — — — 0.31
Camptothecin <0.024
Vancomycin <2.34 <2.34 <2.34 <2.34 <2.34 <2.34 <2.34 <2.34

aBacillus subtilis, Staphylococcus aureus TISTR 517, Enterococcus faecalis TISTR 459, methicillin-resistant S. aureus (MRSA) ATCC 43300, and
vancomycin-resistant E. faecalis (VRE) ATCC 51299.

bSalmonella typhi, Shigella sonei, and Pseudomonas aeruginosa.
cHuman breast adenocarcinoma cell line.
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the eluting solvent to afford six subfractions (F3a–F3f). Sub-
fraction F3d (352.8 mg) was purified by QCC with EtOAc–
hexane (1:9, v/v) to give 7 (33.6 mg). Fraction F4
(612.8 mg) was separated by QCC with acetone–hexane
(1:9, v/v) to afford 10 (18.4 mg). Fraction F5 (2.3 g) was
separated by QCC using EtOAc–hexane (3:7, v/v) as the
eluting solvent to afford four subfractions (F5a–F5d). Sub-
fraction F5c (1.5 g) was separated by QCC using acetone–
hexane (2:8, v/v) as the eluting solvent to afford five
subfractions (F5c1–F5c5). Subfraction F5c3 (527.2 mg) was
purified by QCC with CH2Cl2–hexane (4:6, v/v) to give 1
(40.4 mg). Subfraction F5c5 (752.3 mg) was purified by
QCC with EtOAc–hexane (3:7, v/v) to give 2 (32.4 mg).

The fresh fruits of D. wallichii (0.5 kg) were extracted
with MeOH successively (2 � 2 L for each solvent for one
week) at room temperature. The extract was evaporated to
dryness and the residue was partitioned between CH2Cl2
and H2O. The CH2Cl2 layer was evaporated and the residue
(9.2 g) was subjected to QCC using hexane as eluent and in-
creasing the polarity with EtOAc to give five fractions (F1–
F5). Fraction F2 (1.3 g) was separated by QCC using
EtOAc–hexane (1:9, v/v) as the eluting solvent to afford
five subfractions (F2a–F2e). Subfraction F2d (452.2 mg)
was purified by QCC with EtOAc–hexane (0.5:9.5, v/v) to
give 8 (19.5 mg) and 19 (11.7 mg). Subfraction F2e
(552.3 mg) was separated by QCC using EtOAc–hexane
(0.5:9.5, v/v) as the eluting solvent to afford two subfrac-
tions (F2e1 and F2e2). Subfraction F2e2 (359.3 mg) was pu-
rified by QCC with CH2Cl2–hexane (3:7, v/v) to afford 11
(14.7 mg). Fraction F3 (3.3 g) was separated by QCC using
acetone–hexane (2:8, v/v) as the eluting solvent to afford
five subfractions (F3a–F4e). Subfraction F3a (528.1 mg)
was purified by QCC with EtOAc–hexane (3:7, v/v) to give
9 (10.5 mg) and 12 (13.4 mg). Fraction F4 (1.5 g) was sep-
arated by QCC with EtOAc–hexane (5:5, v/v) to afford 18
(18.9 mg).

2-Hydroxymethyl-1,5-dimethoxynaphthalen-4-ol (1)
White amorphous powder; mp 63–65 8C. UV (MeOH, nm)

lmax: 231 and 291. IR (neat, cm–1) ymax: 3400, 1633, 1613,
1445, 1387, 1262, 1239, 1072, 996, 755. 1H NMR (CDCl3,
300 MHz) and 13C NMR (CDCl3, 75 MHz), see Table 1.
HR-EI-MS m/z [M]+: 234.0920 (calcd. for C13H14O4:
233.9992).

2,2’-Bis-hydroxymethyl-1,1’,5,5’-tetramethoxy-3,3’-
binaphthalen-4,4’-diol (2)

White amorphous powder; mp 115–117 8C. ½a�27
D +5.64 (c

0.36, CHCl3). UV (MeOH, nm) lmax: 228 and 295. IR
(neat, cm–1) ymax: 3389, 1632, 1605, 1455, 1382, 1357,
1244, 1069, 998, 762. 1H NMR (CDCl3, 400 MHz) and 13C
NMR (CDCl3, 100 MHz), see Table 1. HR-EI-MS m/z [M]+:
466.1622 (calcd. for C26H26O8: 466.1627).

5,5’-dihydroxy-2,2’-dimethyl-7,7’-binaphthalen-1,1’,4,4’-
tetraone (3)

Red solid; mp 250 8C (decomposed). UV (MeOH, nm)
lmax: 210, 270, and 415. IR (neat, cm–1) ymax: 3473, 1664,
1641, 1600, 1418, 1367, 1353, 1261, 774. 1H NMR (CDCl3,
300 MHz) and 13C NMR (CDCl3, 75 MHz), see Table 1.

HR-EI-MS m/z [M]+: 374.0812 (calcd. for C22H14O6:
347.0790).

Bioassays

Antibacterial assay
The isolated compounds from the roots and fresh fruits of

D. wallichii were tested against both Gram-positive and
Gram-negative bacteria: B. subtilis, S. aureus TISTR 517,
E. faecalis TISTR 459, methicillin-resistant S. aureus
(MRSA) ATCC43300, vancomycin-resistant E. faecalis
(VRE) ATCC 51299, Streptococcus faecalis, Salmonella ty-
phi, S. sonei, and Pseudomonas aeruginosa. The microor-
ganisms were obtained from the culture collections from the
Department of Industrial Biotechnology and Department of
Pharmacognosy and Botany, PSU, Thailand, except for the
TISTR and ATCC strains, which were obtained from the
Microbial Research Center (MIRCEN), Bangkok, Thailand.
The antibacterial assay employed was the same as described
in Boonsri et al.14 Vancomycin, which was used as a stand-
ard, showed antibacterial activity against vancomycin-resist-
ant E. faecalis (VRE) ATCC 51299 at <2.34 mg/mL.

Cytotoxic assay
The cancer cell lines MCF-7 (human breast adenocarci-

noma) were grown in Dulbecco’s modified eagle medium:
nutrient mixture F12 (D-MEM/F12) supplemented with
10% fetal bovine serum (FBS). Cells were seeded in 96
wells (3000 cell/well) and allowed to adhere for 24 h at
37 8C with 5% CO2 in a fully humidified incubator. Then
100 mL of 25 mg/mL crude extract or fivefold diluted pure
compound in medium (final concentration 0.008, 0.04, 0.2,
1, and 5 mg/mL) were dispensed into wells of the cell plates
and incubated further for 72 h. After removal of the sample
medium, the cells were topped up with 200 mL D-MEM/F12
medium and incubated. After 72 h, cells were fixed with
cold 40% trichloroacetic acid and kept at 4 8C for 1 h and
washed with tap water. The cells were determined by a sul-
phorodamine assay. The absorbance was measured at
492 nm using a microplate reader. The results were based
on the ability of the extracts to inhibit cell growth compared
to control (cells in media without extract) and calculated for
IC50 using probit analysis. Camptothecin, which was used as
a standard, showed cytotoxic activity at <0.024 mg/mL.
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Electrochemical oxidation of sulfide ion in
synthetic sour brines using periodic polarity
reversal at Ebonex1 electrodes

Shaimaa El-Sherif, Dorin Bejan, and Nigel J. Bunce

Abstract: The Magneli phase Ti4O7 (Ebonex1) was used as both anode and cathode in the electrochemical oxidation of
sulfide ion in alkaline solution in the absence and presence of chloride and naphthenate ions. Ebonex anodes gradually
lost their activity through the formation of an over-oxidized surface layer, but their activity could be maintained by peri-
odic polarity reversal. In the context of the current paradigm for the mechanistic behaviour of oxide-based anodes, Ti4O7

has properties that combine those of ‘‘inactive’’ anodes (formation of hydroxyl radicals) and ‘‘active’’ anodes (formation of
a higher oxide at the surface), with the exception that the higher oxide in the case of Ti4O7 is TiO2, which is incapable of
substrate oxidation. Sulfate is the major oxidation product, especially in the presence of chloride, an ubiquitous component
of sour brines, via mediated electro-oxidation to hypochlorite. Unlike at boron-doped diamond anodes, at which sulfide is
oxidized with near-quantitative current efficiency, significant parasitic oxidation of water to O2 occurs at Ebonex, and oxi-
dation of sulfide requires ~16 F mol–1, corresponding to a 50% current efficiency.

Key words: geothermal sour brines, electrochemical oxidation of sulfide, Magneli phase Ti4O7, hydroxyl radicals.

Résumé : La phase Magneli du Ti4O7 (Ebonex1) a été utilisée tant comme anode que comme cathode dans l’oxydation
électrochimique de l’ion sulfure en solution alcaline, en l’absence et en présence d’ions chlorure et naphténate. Les anodes
d’Ebonex perdent graduellement leur activité en raison de la formation d’une couche superficielle suroxydée; toutefois,
leur activité peut être maintenue par un renversement périodique de polarité. Dans le contexte du paradigme actuel pour le
comportement mécanistique des anodes à base d’oxydes, le Ti4O7 possède des propriétés qui combinent celles des anodes
« inactives » (formation de radicaux hydroxyles) et celles des anodes « actives » (formation à la surface d’un oxyde plus
élevé); toutefois, dans le cas du Ti4O7, l’oxyde plus élevé est le TiO2 qui est incapable de donner lieu à une oxydation du
substrat. Le sulfate est le produit d’oxydation majeur, particulièrement en présence de l’ion chlorure, un composant normal
de toutes les saumures acides obtenu par l’électrooxydation en hypochlorite. Contrairement aux anodes de diamant dopées
au bore avec lesquelles le sulfure est oxydé avec une efficacité de courant pratiquement quantitative, l’Ebonex donne lieu
à une oxydation parasite importante de l’eau en O2 et l’oxydation du sulfure requiert environ 16 F mol–1, ce qui corres-
pond à une efficacité de courant d’environ 50 %.

Mots-clés : saumures acides géothermiques, oxydation électrochimique du sulfure, phase Magneli du Ti4O7, radicaux hy-
droxyles.

Introduction

Geothermal ‘‘sour brines’’ that accompany natural-gas ex-
traction contain inorganic sulfide at concentrations up to
~60 mmol L–1 and have pH ~8.1 Volatilization of hydrogen
sulfide (pKa1 = 6.88, pKa2 = 14.15)2 from sour brines is
problematic in terms of odour and toxicity, and the brine it-
self causes corrosion of metal pipes.3–6 Electrolysis is of in-
terest for their remediation because sulfide ion is readily
oxidizable, and because geothermal brines contain sufficient
electrolytes that no additional supporting electrolyte is re-
quired. Advantages of electrochemical oxidation include the
low cost of electrons per mol compared with chemical re-
agents, and avoiding the cost of disposal of toxic sludge
when metal-based oxidants or precipitants are used.7,8 Major
anionic species present in sour brines include chloride (up to

5% NaCl) and naphthenates (up to 6%); the latter are poly-
cyclic aliphatic carboxylates ubiquitously associated with
hydrocarbon resources.

Our research into the electrochemical oxidation of sulfide
in geothermal brines has the goal of finding cheap, rugged,
and long-lasting anode materials that oxidize sulfide effi-
ciently. The experimental approach involves studying the ki-
netics and products of sulfide oxidation in synthetic
solutions in the absence and presence of chloride and naph-
thenate ions. To date, no anode material satisfies all the
above conditions. Boron-doped diamond (BDD) anodes
gave exceptional (near quantitative) chemical and current ef-
ficiencies for the oxidation of sulfide to sulfate in both the
absence and presence of chloride ion,9 but are not available
inexpensively in large format. Carbon anodes (graphite,
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granulated activated carbon, and industrial coke) behaved
sacrificially, giving preponderantly organosulfonate species
as products.10,11 Dimensionally stable anodes based on Ti/
IrO2–Ta2O5 were gradually poisoned by sulfide,12 as previ-
ously observed with other noble metal anodes.13–16

Ebonex1 is the registered trademark for an electrically
conductive and corrosion-resistant ceramic ‘‘sub-oxide’’ of
TiO2 having the approximate composition Ti4O7.17 Ebonex
is structurally a Magneli phase, with interleaved layers aver-
aging one TiO unit for every three TiO2 units. Ebonex is
like BDD with respect to its wide stability range vs. water
decomposition under both anodic (>2 V vs. SCE) and catho-
dic (–1.4 V vs. SCE) polarization.18–21 To date, the chief
commercial application of Ebonex is cathodic protection of
the reinforcing bars in structural concrete, to inhibit corro-
sion through exposure to road salt17 and as coated electrodes
in bipolar lead-acid batteries.22,23

Our interest in the use of Ebonex as an anode for environ-
mental remediation24 was stimulated by a report of the min-
eralization of trichloroethylene at an Ebonex anode.25 The
present investigation was undertaken to evaluate the per-
formance of Ebonex for the remediation of sour brines.

Materials and methods

Materials
Sodium sulfide nonahydrate (ACS reagent, 98%) and ba-

rium chloride dihydrate were provided by Sigma-Aldrich
(St. Louis, MO). Sodium chloride and sodium hydroxide
were supplied by Fisher Scientific (Fair Lawn, NJ) and
naphthenic acids were supplied by Fluka (Sigma-Aldrich,
Oakville, ON). Bleach ‘‘No Name’’ was bought from Zehrs,
Guelph. Sodium thiosulfate and starch indicator used in io-
dometric titrations, magnesium chloride, potassium nitrate,
anhydrous sodium acetate, hydrochloric acid, and glacial
acetic acid were provided by Fisher Scientific (Fair Lawn,
NJ). Iodine, potassium iodide, and sodium sulfate (anhy-
drous, 99%) were provided by Caledon Laboratories, Geor-
getown, ON. Solutions were prepared using distilled water
and reagent-grade chemicals.

Cylindrical Ebonex electrodes (length 7.5 cm and diame-
ter 1.8 cm) were supplied by Vector Corrosion, Stoney
Creek, ON, and were cut lengthwise for use as semicylindri-
cal electrodes. The immersed area was 10 cm2. In inital ex-
periments, stainless steel plates (machine shop, University of
Guelph) were used as cathodes.

Apparatus
Batch electrolyzes were performed at constant current in a

100 mL Pyrex beaker with 80 mL of solution under stirring
using a magnetic stir bar. Power was supplied by an EG&G
Model 363 potentiostat/galvanostat. The electrode material
was cut into pieces of 7.5 � 1.8 cm and the immersed area
was 10 cm2. Electrical connections were made to the elec-
trodes with alligator clips. The electrodes were positioned
vertically to allow the escape of gases evolved during elec-
trolysis. Most experiments were done by switching polarity
between two Ebonex electrodes using a Siemens Logo! 12/24
RC device. A multimeter (Wavetek DM5XL) was used to
monitor the voltage as well as the anode potential, against a
Hg/HgSO4 reference electrode, in some experiments.

Electrolysis in flow mode of operation utilized a rectangu-
lar Plexiglas cell (internal dimensions: 2.9 � 2.9 � 7.5 cm)
whose lid (also Plexiglas) held four cylindrical Ebonex elec-
trodes (7.5 cm length and 1 cm diameter, external dimen-
sions) and immersed 6 cm length in 40 mL of solution. A
single-pass upward flow was provided by a Masterflex C/L
peristaltic pump with adjustable flow. The electrodes were
connected in diagonal pairs and operated with periodically
reversed polarity.

Experimental procedures
The solutions contained sodium sulfide (5–60 mmol L–1)

with 0.25 mmol L–1 sodium hydroxide supporting electro-
lyte. Experiments were also conducted in the presence of so-
dium chloride (1%–5% w/v) and (or) naphthenic acids (1%
w/v). Concentrations of sulfide and tetrathionate were deter-
mined iodometrically.26,27 The concentration of sulfate was
determined by turbidimetry at 420 nm using a Pharmacia
LKB Novaspec II UV–vis spectrophotometer. Throughout
the paper, including in Tables 1–4, the ‘‘rate of sulfate for-
mation’’ is based on the fit to a linear model (where appro-
priate), but ‘‘sulfate yield’’ is calculated as mol sulfate
formed per mol sulfide consumed, based on the final data
point in the experiment. For samples containing naphthenic
acids, a 1 mL sample was acidified with two drops of con-
centrated HCl, and the naphthenic acids were extracted with
1 mL of chloroform prior to analyzing for sulfate turbidi-
metrically. Hypochlorite was determined iodometrically.26

X-ray photoelectron spectroscopy was carried out using a
Kratos Axis Ultra X-ray photoelectron spectrometer at the
Surface Science Western laboratories of the University of
Western Ontario, London, ON. Survey scan analyses were
carried out with an analysis area of 300 � 700 microns (1

Table 1. Repeated use of the same Ebonex anode in the electrolysis of sulfide; cathode: stainless steel; supporting electrolyte:
0.25 mol L–1 NaOH; current, 100 mA; experiments 6 and 7 with 1% sodium chloride. All ± values represent one standard deviation.

Sulfide loss Sulfate formation

Experiment No. Rate (slope) (mmol L–1 min–1) Intercept Rate (mmol L–1 min–1) Intercept Sulfate yield (%)
1 0.073 (±0.004) 56.0 (±0.3) 0.017 (±0.007) 1.4 (±0.5) 39
2 0.033 (±0.004) 40.9 (±0.5) 0.006 (±0.006) 6.1 (±0.8) 9
3 0.024 (±0.001) 30.2 (±0.2) 0.005 (±0.005) 2.6 (±0.3) 21
4 0.020 (±0.001) 17.3 (±0.3) 0.015 (±0.002) –0.9 (±0.5) 76
5 0.029 (±0.002) 30.6 (±0.4) 0.009 (±0.002) 0.7 (±0.2) 38
6 0.011 (±0.002) 31.4 (±0.4) 0.011 (±0.001) 0.4 (±0.2) 104
7 0.004 (±0.001) 32.6 (±0.1) 0.001 (±0.001) 0.5 (±0.2) 69
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micron = 1 mm) and pass energy of 160 eV. High-resolution
analyses were carried out with an analysis area of 300 �
700 microns and pass energy of 20 eV.

Results and discussion

Batch cell experiments in the absence of naphthenic acids
Initial experiments were carried out in the undivided cell

with an Ebonex anode and stainless steel cathode, using
Na2S in the presence of 0.25 mol L–1 NaOH as supporting
electrolyte at constant current of 100 mA (10 mA cm–2).
The loss of sulfide was current-controlled (linear with time/
charge). The formation of sulfate ion was also linear with
time, and corresponded to a yield of 79% based on moles of
sulfide reacted (Fig. 1). The anode lost its activity upon re-
peated use, as shown in Table 1, which shows the trends for
loss of sulfide and formation of sulfate (in mmol L–1 min–1).

The Ebonex anode was regenerated after 10 experiments
by sandblasting its surface to remove the presumed surface
oxide layer. When it was then used for the oxidation of
30 mmol L–1 sulfide, the activity was greater than that of an
unused and untreated anode in the first hour of use (rate of

oxidation of sulfide: 0.087 mmol L–1 min–1) but then de-
creased to 0.034 mmol L–1 min–1 (see Fig. 1 in the Supple-
mentary data).

In previous work, a galvanic cell was produced when
Ebonex anode and Ebonex cathode were used in an electro-
lytic cell. This indicated that the surface of the former anode
had been oxidized to a composition Ti4O>7 and that of the
former cathode had been reduced to Ti4O<7.28 In that work,
Ebonex gradually lost its anodic activity towards the oxida-
tion of the organic substrates p-nitrosodimethylaniline and
acetaminophen upon repeated use, but could be partly reac-
tivated by a single reversal of the polarity. This technique
was also used in the present work, but a more successful
method was to use Ebonex as both anode and cathode, and
to reactivate the anode by reversing the polarity periodically.
When a pair of Ebonex electrodes was used for the oxida-
tion of sulfide under the same conditions as before, but
with polarity reversal every 60 min, the efficiency of sulfide
oxidation was maintained (Table 2) (the apparent anomaly
that the activity was highest on the first use of the electrodes
will be discussed below). Polarity reversal was used in all
subsequent experiments except as noted. Unlike at BDD,9

Table 2. Repeated use of the same Ebonex pair of electrodes in the electrolysis of sulfide with reverse polarity every 60 min; sup-
porting electrolyte: 0.25 mol L–1 NaOH; current: 100 mA; experiments 4, 5, and 6 with 1%, 3%, and 5% sodium chloride, respec-
tively. All ± values represent one standard deviation.

Sulfide loss Sulfate formation

Experiment No. Rate (slope) (mmol L–1 min–1) Intercept Rate (mmol L–1 min–1) Intercept Sulfate yield (%)
1 0.052 (±0.004) 30.1 (±0.7) 0.038 (±0.002) 0.4 (±0.2) 72
2 0.042 (±0.003) 27.9 (±0.3) 0.032 (±0.002) 0.6 (±0.2) 85
3 0.049 (±0.002) 30.6 (±0.3) 0.030 (±0.003) 0.6 (±0.5) 71
4 0.046 (±0.000) 30.4 (±0.1) 0.031 (±0.002) 0.8 (±0.2) 78
5 0.061 (±0.003) 31.3 (±0.4) 0.033 (±0.002) 0.1 (±0.1) 57
6 0.058 (±0.003) 30.1 (±0.4) 0.045 (0.004) 0.0 (±0.6) 82
7 0.043 (±0.001) 30.0 (±0.2) 0.024 (±0.005) 0.0 (±0.6) 56

Table 3. Sulfide reaction rate and sulfate yield in the electrolysis of 30 mmol L–1 sulfide with
different concentrations of NaCl; supporting electrolyte: 0.25 mol L–1 NaOH; current: 100 mA;
reversed polarity every 60 min.

Sulfide

Chloride concentration (%) Rate (mmol L–1 min–1) Intercept Sulfate yield (%)
0 0.042 (±0.003) 27.9 (±0.3) 85
1 0.046 (±0.000) 30.4 (±0.1) 78
3 0.061 (±0.003) 31.3 (±0.4) 57
5 0.058 (±0.003) 30.1 (±0.4) 82

Table 4. Sulfide reaction rate and sulfate yield in the electrolysis of 30 mmol L–1 sulfide with
1% NaCl at different switching polarity times; supporting electrolyte: 0.25 mol L–1 NaOH;
current: 100 mA.

Sulfide

Polarity switching time (min) Rate (mmol L–1 min–1) Intercept Sulfate yield (%)
60 0.046 (±0.000) 30.4 (±0.1) 78
30 0.064 (±0.003) 29.3 (±0.3) 88
15 0.072 (±0.004) 29.7 (±0.4) 91
5 0.060 (±0.002) 28.1 (±0.3) 100
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the oxidation of sulfide at Ebonex was accompanied by sig-
nificant evolution of O2 at the anode, showing that the cur-
rent efficiency for oxidation of sulfide was not quantitative.

Tables 1 and 2 show that sulfate was not formed quantita-
tively when sulfide ion was oxidized at an Ebonex anode.
Missing material was identified as tetrathionate ion;27 one
such experiment (still in the absence of chloride), starting
with 32 mmol L–1 sulfide, produced 88% sulfate and 8% tet-
rathionate, leaving only 4% unaccounted for. Tetrathionate
is formed by a sequence involving formation and dispropor-
tionation of polysulfide (written here as HS2

–), yielding thio-
sulfate ion, which is further oxidized (Scheme 1).14

Kinetically, the rate of oxidation of 30–60 mmol L–1 sul-
fide was independent of the initial substrate concentration,
and proportional to the applied current (50 and 100 mA). In
a current-controlled process such as this, there is always an
abundance of substrate at the anode. In a series of experi-
ments beginning with a low concentration of sulfide
(5 mmol L–1), the kinetics tended towards mass-transport
control.29 We noted that the relationship between [sulfate]
and absorbance was nonlinear in this low concentration
range (for the calibration curve, see Fig. 2 in the Supple-
mentary data). A typical experiment is shown in Fig. 2.

Possible mechanisms for sulfide oxidation include direct
oxidation of HS– at the anode and chemical oxidation of sul-
fide by electrolytically produced hydroxyl radicals. We at-
tempted to resolve this question by voltammetry. Previously,
Lawrence et al.,30 had reported that the overpotential for
the two-electron oxidation of sulfide at pH 10 was anode-
dependent: E values (vs. SCE) were +1.30, +0.76, +0.45,
and +0.36 V at BDD, gold, glassy carbon, and platinum, re-
spectively. The thermodynamic value for oxidation of sul-
fide to elemental sulfur is +0.44 V vs. SHE.31

To avoid the reproducibility problems encountered in pre-
vious voltammetry experiments with Ebonex anodes28, the
microelectrodes in this work were prepared by cutting a
slice (~1 mm) of Ebonex, making an electrical contact, and
then encasing the assembly in epoxy resin in a small poly-
propylene test tube. Once cured, the bottom of the test tube
was sawn off, and the rigidity of the assembly allowed fresh
anode surfaces (~3 mm2) to be obtained by abrasion. No ox-

Fig. 1. Loss of sulfide (&) and formation of sulfate (~) in the
electrolysis of a 28 mmol L–1 sulfide solution at an unused Ebonex
anode; cathode: stainless steel; supporting electrolyte: 0.25 mol L–1

NaOH; current: 100 mA.

Fig. 2. Electrolysis of sulfide using an Ebonex pair of electrodes
with polarity reversal every 60 min; supporting electrolyte:
0.25 mol L–1 NaOH; current: 100 mA; sulfide (&); sulfate (~).

Scheme 1.

Fig. 3. Electrolysis of sulfide using a sandblasted Ebonex pair of
electrodes with polarity reversal every 60 min; supporting electro-
lyte: 0.25 mol L–1 NaOH; current: 100 mA.
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idation current for sulfide was seen independent of the oxi-
dation of water, consistent with a high overpotential for oxi-
dation of sulfide at this material.32

We interpreted the behaviour of Ebonex anodes in the
context of the paradigm developed by Kapałka et al.33 to ex-
plain the oxidation chemistry of substrates at oxide-based
anodes. At ‘‘inactive’’ anodes such as Ti/SnO2, b-PbO2, and
BDD, the substrate undergoes a series of one-electron oxida-
tions with hydroxyl radicals sorbed to the anode surface A,
i.e., A~OH�. By contrast, at ‘‘active’’ anodes based on noble
metals (e.g., Ti/IrO2, Ti/RuO2), the initially formed A~OH�
is further oxidized to A=O, and substrate oxidation is a
two-electron reaction. Panizza and Cerisola34 have recently
suggested that not all anodes necessarily fall neatly into ac-
tive and inactive classifications; there may be some overlap
in properties.

In this work, significant evolution of O2 at the anode,
combined with the high overpotential for sulfide oxidation,
indicated the intermediacy of hydroxyl radicals by partial
oxidation of water. The wide anodic range of water stabil-
ity18–21 indicates that Ebonex probably behaves as an inac-
tive (BDD-like) anode, acting as a source of sorbed
hydroxyl radicals A~OH�.35 This conclusion is consistent
with our previous observation that ethanol quenched the ox-
idation of p-nitrosodimethylaniline at an Ebonex anode.28

HS–(aq) and HO�(aq) react together at nearly the rate of
diffusion (k = 5.4 � 109 M–1 s–1),36 so it is likely that the
reaction between HS–(aq) and anode-sorbed HO� is also
fast. However, the products of this reaction are unknown.
Equations [1–3] show three possibilities, although we cannot
unequivocally rule out direct electron transfer between sul-
fide ion and the anode, because the kinetics of current-con-
trolled oxidation indicates that there is always a ready
supply of substrate at the anode.

½1�

½2�

½3�

In terms of the paradigm of Kapałka et al.,33 we propose
that Ti4O7 initially oxidizes water to form Ti4O7�OH�. Un-
like at BDD, for which ‘‘BDD�OH�’’ does not oxidize fur-
ther, the fate of Ti4O7�OH� is a three-way competition:
reaction with an oxidizable substrate, oxidation of the sorbed
HO� to O2, and oxidation of Ti4O7�OH� to Ti4O8 (= TiO2) on

the surface. To the extent that hydroxyl radical chemistry
competes with surface oxidation, Ebonex exhibits properties
characteristic of active and inactive anodes, as suggested by
Panizza and Cerisola.34 Unlike at active anodes based on Ti/
IrO2 or Ti/RuO2, the oxidized surface layer cannot initiate
substrate oxidation and serves only to inactivate the anode.
We hypothesized that polarity reversal during electrolysis
served to regenerate the less oxidized surface; confirmation
was obtained when sandblasted electrodes were used for the
oxidation of 30 mmol L–1 sulfide with polarity reversal
(Fig. 3). For the first 2 � 60 min, each anode was ‘‘new’’;
at subsequent time points, each anode had been previously
used and then regenerated. The reaction rate accordingly
fell after the first 2 h (compare the rates shown on Fig. 3
with those recorded in Table 1).

Investigation of the surface of Ebonex was carried out by
X-ray photoelectron spectroscopy (XPS), with unused Ebo-
nex and with samples used as anode or cathode ± sulfide
ion (without polarity reversal). Sulfur was present at levels
greater than background only in sample No. 4, which had
been used as an anode for the oxidation of sulfide (Table 5),
and was shown to be present as sulfate (binding energy:
168.7/169.9 eV) in the high resolution scans (see Figs. 3–7
in the Supplementary data).

We were unable to observe a change in the ratio Ti:O in
cathodic vs. anodic Ebonex samples, even though the Ti(2p)
binding energies of TiO and TiO2 are readily distinguish-
able.37 All samples showed only TiO2-like titanium on ac-
count of air oxidation of the surface prior to XPS analysis.
The O(1s) spectra showed the presence of both metal oxide
and metal hydroxide at the surface, with the hydroxide pre-
dominating in electrolyzed samples.

A high level of carbon was detected on the surface of
Ebonex, as previously observed by Pouilleau et al.38 The
predominant peak had binding energy of 284.9 eV, corre-
sponding to C–C and C–H bonded carbon. Sources of sur-
face carbon include its use as a desiccant in the
hydrogenation of TiO2 to Ebonex, 39 and sorption of atmos-
pheric hydrocarbon material, as routinely found in non-ab-
lated samples. All electrolyzed samples (anodes and
cathodes) showed increased carbon intensities at higher
binding energies, corresponding to C=O functional groups,
but still with a high intensity of C–C and C–H bonded car-
bon because of contamination. Elemental analysis showed
that the overall mass percentage of carbon in finely ground
Ebonex is small (0.04%); correspondingly, Ebonex anodes
released only a little organic carbon into solution during

Table 5. Survey XPS spectra of Ebonex samples (area percent); sample 1: unused Ebonex; sample 2:
Ebonex used as an anode for electrolysis of 0.25 mol L–1 NaOH; sample 3: Ebonex used as a cathode
for electrolysis of 0.25 mol L–1 NaOH; sample 4: Ebonex used as an anode for electrolysis of
0.25 mol L–1 NaOH with 30 mmol L–1 Na2S; sample 5: Ebonex used as a cathode for electrolysis of
0.25 mol L–1 NaOH with 30 mmol L–1 Na2S.

Sample No. Electrode function Electrolyte solution C O S Ti Na
1 unused —– 44.1 35.8 0.3 4.8 6.5
2 anode NaOH 26.6 44.4 0.4 5.3 14.3
3 cathode NaOH 28.0 38.1 0.2 3.7 18.7
4 anode NaOH/ Na2S 23.5 51.1 7.6 3.0 6.8
5 cathode NaOH/ Na2S 24.3 32.6 0.4 3.3 27.1
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electrolysis in 0.25 mol L–1 NaOH (first use, 5.2 ppm; sec-
ond use, 3.3 ppm).

In both the absence and presence of chloride, Ebonex an-
odes gradually lost their ability to oxidize sulfide on re-
peated use, unless polarity switching was employed.
Returning to Tables 1 and 2, we make three observations.
First, in Table 1, entries 6 and 7 (1% NaCl) show pro-
nounced anode inactivation compared with the earlier en-
tries. Second, no inhibiting effect of chloride was seen
when using polarity reversal (Table 2, entries 4–6). Third,
the activity of an Ebonex anode was greatly diminished by
the presence of hypochlorite as shown by the following ex-
periment, carried out without polarity reversal. This experi-
ment had three parts. First, sulfide was oxidized in the
absence of chloride with an Ebonex anode and stainless steel
cathode without polarity reversal at 100 mA (rate of oxida-
tion, 0.025 mmol min–1). Second, 5% NaCl/0.25 mol L–1

NaOH was electrolyzed with the same electrodes in the ab-
sence of sodium sulfide, producing hypochlorite at the
anode. Third, the first electrolysis was repeated, again using
the same electrodes; the rate of sulfide oxidation was now
only 0.009 mmol min–1. Our interpretation is that hypochlor-
ite oxidized the surface of Ebonex to the inactive, oxidized
form. Using polarity reversal, however, the active form can
be regenerated under cathodic polarization even when chlor-
ide is present.

In the oxidation of high (30 mmol L–1) concentrations of
sulfide in the presence of NaCl, the disappearance of sulfide
and the formation of sulfate were both linear with time (see
Fig. 8 in the Supplementary data), and the rate of oxidation
was directly proportional to the applied current (50 and 100
mA). The rate of oxidation and the chemical yield of sulfate
increased only slightly at higher concentrations of NaCl
(Table 3). In this system (30 mmol L–1 Na2S, 1% NaCl),
the influence of the rate of polarity reversal was also inves-
tigated over the range 5–60 min; the optimum switching
time was 15 min, but the effect was small (Table 4). The
kinetic response to chloride was significantly different at a
low (5 mmol L–1) initial concentration of sulfide; chloride
ion had a strong accelerating effect (Fig. 4), and gave a
quantitative yield of sulfate. The isoelectronic species Cl–
and S2– have very similar mass transport coefficients, and
the range 1%–5% w/v NaCl corresponds to 0.17–0.85 mol
L–1, about two orders of magnitude more than that of
5 mmol L–1 sulfide. Under these conditions, conversion of
chloride to hypochlorite is the major electro-oxidation proc-
ess, making sulfide oxidation a mediated reaction that oc-
curs in the bulk solution. Control experiments in our
previous work9 showed that hypochlorite ion oxidizes sul-
fide to sulfate quantitatively.

Batch cell experiments in the presence of naphthenic
acids with or without chloride

Naphthenic acids (NAs) have pKa ~5 and are present as
carboxylates at pH ~8, typical of sour brines. Previous work
at BDD in the presence of NAs showed that over-oxidation
of sulfide solutions produced an oily film on the anode,
which inhibited further oxidation of sulfide.40 This was ex-
plained by parasitic Kolbe decarboxylation of the naphthen-
ate anions.41,42 At Ti/IrO2–Ta2O5, the rate of oxidation of
sulfide at 100 mA was independent of the presence of 3%

NAs, but at higher current (and correspondingly higher
anode potential), the NAs inhibited sulfide oxidation be-
cause of the competing Kolbe reaction.12 In the present
work, the applied current was limited to 100 mA (at which
the anode potential was +2.8 V) to minimize the Kolbe reac-
tion.

In the oxidation of 30 mmol L–1 sulfide with 1% NA, the
disappearance of sulfide was again linear with time, with
rate (0.040 mmol L–1 min–1) similar to that in the absence
of NAs at the same current (100 mA). In contrast with ex-
periments in the absence of NAs, sulfate did not form in ap-
preciable quantities till late in the reaction, and its yield
always remained low (Fig. 5). To analyze sulfate in this sys-
tem, precipitation of NAs was required prior to turbidimetric
analysis; this was done by acidifying the solution to pH ~2
with HCl.12 The delay in the appearance of sulfate was more
pronounced starting with the low (5 mmol L–1) concentra-
tion of sulfide and the loss of sulfide was less regular with
time (see Supplementary data, Fig. 9).

In the presence of NAs, a yellow colour developed in the
partly electrolyzed solutions. Visible absorption spectro-
scopy failed to show whether this was due to the presence
of polysulfide, because of the inherent color of the NAs.
Polysulfide would form if the surfactant effect of NAs re-
moved sulfur from the anode surface before it could be oxi-
dized further. Under this hypothesis, sulfate would only
form when the remaining sulfide concentration was too low
to support the concentration of polysulfide. In support of
this hypothesis, an experiment in the presence of NAs gave
74% sulfate and 16% tetrathionate at high conversion of sul-
fide, according to Scheme 1, leaving 10% sulfide unac-
counted for. However, an alternative explanation for the
delay in forming sulfate in the presence of NAs might be
trapping of sulfur species by alkyl radical intermediates
from Kolbe oxidation of the NAs, followed by hydroxyl rad-

Fig. 4. Acceleration of the sulfide oxidation rate with sodium
chloride concentration; initial sulfide concentration: 5 mmol L–1;
supporting electrolyte: 0.25 mol L–1 NaOH; current: 100 mA; po-
larity reversal every 60 min.
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ical-mediated release of sulfate. This has been observed pre-
viously when the products of sulfide electrooxidation at a
coke anode were reoxidized at BDD.10 We do not have ex-
perimental information to distinguish these possibilities.

The oxidation of sulfide was modestly inhibited by the
presence of 1% NAs when chloride was added to the medium
(rate 0.017 mmol L–1 min–1 compared with 0.025 mmol L–1

min–1) and the yield of sulfate was nearly quantitative by
the end of the reaction. This indicates that the course of the
chloride-assisted reaction again involves mainly hypochlori-
nation (Fig. 6).

Flow cell experiments
The flow cell had a rectangular cross section and con-

tained two Ebonex anodes and two Ebonex cathodes, ar-
ranged diagonally. The solution volume was 40 mL. Ports
set near the bottom (in) and top (out) allowed flow through
the cell, with stirring provided by a magnetic stir bar, as
well as by gas evolution. Experiments were carried out only
in the absence of chloride and NAs, to show proof of con-
cept in the flow mode of operation with polarity reversal
every 60 min. No attempt was made to achieve ‘‘complete’’
remediation. Steady-state concentrations of sulfide and sul-
fate were established within 80 min at a flow rate of
0.5 mL min–1.

In the absence of flow, the rate of sulfide loss at 100 mA
in this reactor was similar (8.7 � 10–6 mol min–1) to that in
the open batch reactor (7.5 � 10–6 mol min–1); under flow
conditions at the same current, remediation rates were
4.0 � 10–6 mol min–1, 3.1 � 10–6 mol min–1, and 2.3 �
10–6 mol min–1 at flow rates 1.0, 0.5, and 0.25 mL min–1,
respectively. Fig. 7 shows that the extent of remediation did
not increase proportionately with current at constant flow
rate, nor did it increase reciprocally with flow rate at con-
stant current. This indicates that the reactor was operatingT
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Fig. 5. Electrolysis of sulfide in the presence of 1% w/v naphthenic
acids and in the absence of chloride using an Ebonex pair of elec-
trodes with polarity reversal every 60 min; supporting electrolyte:
0.25 mol L–1 NaOH; current: 100 mA; sulfide (&); sulfate (~).
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under conditions intermediate between current and mass
transport control.

Conclusions
According to the paradigm of Kapałka et al.,33 Ebonex

has the characteristic properties of both ‘‘active’’ and ‘‘in-
active’’ anodes. As an inactive anode, the oxidation of water
affords anode-sorbed hydroxyl radicals, which can be de-
scribed as Ti4O7�OH�. These are the proximate species for
substrate oxidation. However, Ti4O7�OH� is also oxidizable,

leading to a surface layer of TiO2. Unlike active anodes
such as Ti/RuO2, this surface layer is incapable of substrate
oxidation, and causes anode passivation. A significant inno-
vation in this work has been to introduce periodic polarity
reversal to overcome the problem of over-oxidation of the
Ebonex surface that causes the inactivation and the irrepro-
ducible behaviour of Ebonex electrodes observed by us28

and others.17,43

We introduced this work with the comment that no anode
material is ideal in all respects for the oxidation of sulfide
ion. Table 6 presents comparative data for the oxidation of
30 mmol L–1 sulfide under common conditions of 100 mA
current in batch cells of 80 mL capacity at several anodes
(except as noted in the Table footnotes). As the ‘‘base
case’’, we consider oxidation at BDD, which affords sulfate
ion with near 100% chemical and current yields.9 This reac-
tion has a value of ~8 F per mol sulfide remediated. Similar
values are seen for Ti/IrO2–Ta2O5,12 with the proviso that
because this anode is gradually poisoned by sulfide, the
data refer to a relatively new anode. Coke electrodes are ex-
ceptional because they show two regimes of sulfide oxida-
tion:10 sulfur is the major product at low conversion (2 F
mol S–1); subsequently, sulfate and organosulfate formation
become predominant (~8 F mol S–1).

For Ebonex, the current efficiency per mol of the oxidized
sulfide is about half that at BDD; part of the inefficiency
arises from the irreversible passivation of the Ebonex sur-
face, which can be reactivated by polarity reversal, the re-
mainder by extensive parasitic formation of O2. Despite the
lower current efficiency, this work demonstrates the pro-
spective value of Ebonex for the remediation of sulfide in
synthetic geothermal brines. Even at ~50% of current effi-
ciency, the method is viable, based on the low cost of elec-
trons per mol. Although Ebonex (the trademarked material)
is available from only a single manufacturer, the original
patent has long since expired,17 and the raw materials for
the Magneli phase Ti4O7 are TiO2 and hydrogen, both of
which are inexpensively and readily available.

Supplementary data

Supplementary data for this article are available on the
journal Web site (canjchem.nrc.ca).
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Terpenoid constituents and antifungal activity of
Aglaia forbesii seed against phytopathogens

Nantiya Joycharat, Patimaporn Plodpai, Kanda Panthong,
Boon-ek Yingyongnarongkul, and Supayang Piyawan Voravuthikunchai

Abstract: Two new trisnortriterpenoids possessing a g-lactone ring linked to the D-ring of a 3,4-secodammarane skeleton
in a 20R configuration, named isoeichlerialactone (1) and methyl isoeichlerialactone (2), were isolated from the seed of
Aglaia forbesii, along with the three dammarane triterpenes, isocabralealactone (3), isoeichlerianic acid (4), and aglinin A
(5), the sesquiterpene spathulenol (6), and the widespread sterols b-sitosterol and stigmasterol. Their structures were estab-
lished based on detailed spectroscopic analysis. Antifungal activity of A. forbesii seed against three phytopathogens, Phy-
tophthora botryosa, P. palmivora, and Rigidoporus microporus, was carried out using the mycelium inhibition test and
broth microdilution technique. Superior activity was exhibited by hexane and dichloromethane fractions containing the
compounds 1, 4, and 5 as the main components. Subsequent antiphytopathogenic fungi tests proved that compounds 1, 4,
and 5 possessed good antifungal activity.

Key words: Aglaia forbesii, Meliaceae, dammarane, triterpenes, antifungal, Phytophthora botryosa, Phytophthora palmi-
vora, Rigidoporus microporus.

Résumé : L’extraction des graines d’Aglaia forbesii a permis d’isoler deux nouveaux trisnortriterpénoı̈des possédant une
g-lactone attachée au cycle D au squelette du 3,4-sécodammarane dans la configuration 20R, l’isoeichlérialactone (1) et
l’ester méthylique de la isoeichlérialactone (2), ainsi que trois triterpènes de la famille du dammarane, l’isocabraléalactone
(3), l’acide isoeichlérianique (4) et l’aglinine A (5), le sesquiterpène spathulénol (6) et les stérols très répandus b-sitostérol
et stigmastérol. On a établi leur structure sur la base d’analyses spectroscopiques détaillées. Faisant appel au test d’inhi-
bition du mycélium et à la technique de microdilution du bouillon, on a étudié l’activité antifongique des graines d’A. For-
besii contre trois phytopathogènes, Phytophthora botryosa, Phytophthora palmivora et Rigidoporus microporus. Des
solutions contenant les composés 1, 4 et 5 comme composants principaux dans de l’hexane et du dichlorométhane présen-
tent une activité supérieure. Un test de champignon antiphytophathogène subséquent a permis de démontrer que les com-
posés 1, 4 et 5 possèdent une bonne activité antifongique.

Mots-clés : Aglaia forbesii, Meliaceae, dammarane, triterpènes, antifongique, Phytophthora botryosa, Phytophthora palmi-
vora, Rigidoporus microporus.

Introduction

The genus Aglaia, consisting of over 100 species, forms
an important component of the moist tropical forest in the
Indo–Malaysian region.1 Previous phytochemical investiga-
tions of plants in this genus have revealed the presence of a
variety of compounds including several flavaglines (cyclo-
penta[b]benzofurans, cyclopenta[bc]benzopyrans, and ben-
zo[b]oxepines),2,3 bisamides,4 triterpenoids (baccharane,
cycloartane, dammarane, glabretal, lupane, and tirucallane
types),5 steroids (cholestane, ergostane, pregnane, and stig-
mastane types),6,7 limonoids,8 sesquiterpenes,9 lignans,10 and
flavonoids.11 Some of these known isolates were shown to

possess high insecticidal activity,4,11 antifungal activity,12

antiviral activity,13 anti-inflammatory activity,14 as well as
significant antiproliferative activity.2

Aglaia forbesii, a large tree of up to 35 m, is widely dis-
tributed in the southern region of Thailand. So far, phyto-
chemical studies on the bark and leaf extracts of this plant
have been documented.3,9 In our previous work, we de-
scribed several new compounds including benzopyran fla-
vaglines desacetylpyramidaglains A, C, and D and the
triterpene 23,24,25-trihydroxycycloartan-3-one from the leaf
extract of this plant, some of which showed antituberculosis
and antiviral activities.9 However, no information on the
chemical profiles and the biological activities from the seed
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of this plant species is currently available. Regarding the
available data of bioactivities of plants in the genus Aglaia,
less is known about the antifungal activity. To date, only a
few studies have been performed on the antifungal activities
of some members of this genus, including A. elaeagnoi-
dea,8,12 A. leptantha,10 A. edulis,12 and A. odorata.12

Our preliminary test for antifungal activity against the
three plant pathogens Phytophthora botryosa, P. palmivora,
and Rigidoporus microporus, based on the mycelium inhibi-
tion test, demonstrated that the ethanolic extract from the
seed of this plant species exhibited more pronounced activ-
ity against phytopathogenic fungi tested than those from the
leaves and pericarp, as well as some other medicinal plants
previously documented for their good antibacterial activities
in our laboratory, including Rhodomyrtus tomentosa and
Quercus infectoria.15

P. botryosa, P. palmivora, and R. microporus have been
frequently isolated as the important phytopathogens in
many economically important agricultural crops, especially
rubber. P. botryosa and P. palmivora cause various diseases
on rubber, of which black stripe is the most severe,16 while
R. microporus is the causative pathogen of white root dis-
ease in rubber plantations.17 Interestingly, plants produce a
wide variety of physiologically active chemicals, which
often serve as alternative sources for the control of fungal
diseases in plants.18

Phytochemical investigation of the A. forbesii seed has
led to the isolation of two new trisnortriterpenoids linking
the g-lactone system of the side chain to the D-ring of the
3,4-secodammarane skeleton in a 20R configuration (1) and
the corresponding methyl ester (2), along with four known
terpenoids (3–6) and the common phytosterols b-sitosterol
and stigmasterol. We described herein the isolation and
structure elucidation of the two newly isolated trisnortriter-
penoids, as well as the antifungal activity of the crude etha-
nolic extract, fractions, and some isolated compounds from
the seed of A. forbesii against the three phytopathogens P.
botryosa, P. palmivora, and R. microporus.

Results and discussion
Chromatographic separation of the n-hexane fraction of

the ethanolic seed extract of A. forbesii yielded a new tris-
nortriterpenoid (1), named isoeichlerialactone, together with
six known compounds including the three known dammar-
anes, isocabralealactone (3), isoeichlerianic acid (4), and
aglinin A (5), the sesquiterpene spathulenol (6), and the
common phytosterols b-sitosterol and stigmasterol. Simi-
larly, repeated silica gel chromatography of the CH2Cl2 frac-
tion also afforded the newly isolated compound 1 and the
three known dammarane triterpenes (3–5), as well as another
new compound, named methyl isoeichlerialactone (2). The
known compounds, isocabralealactone (3),19 isoeichlerianic
acid (4),20 aglinin A (5),21 spathulenol (6),22 and the mixture
of b-sitosterol and stigmasterol23 were identified by compar-
ison of their spectroscopic data with those previously re-
ported in the literature.

Compound 1 was isolated as colourless needles. The mo-
lecular formula was deduced as C27H42O4 based on a molec-
ular ion peak at m/z 430.3086 [M]+ (calcd.: 430.3083) in the
HR-EI-MS. The important fragment ion peak visible at m/z

99 (C5H7O2) indicative of a g-butyrolactone was observed
in the EI-MS. The IR spectrum showed the absorption bands
due to carboxylic acid (3500–2500, 1707 cm–1), olefinic
(3073, 1636, 1455, 936, 892 cm–1), and a g-lactone
(1763 cm–1). The 1H NMR (Table 1) spectrum revealed the
presence of four shielded methyl singlets (d 1.32, 0.99, 0.88,
0.84), one methyl singlet on a double bond (d 1.71), and two
singlets of olefinic methylene protons (d 4.86, 4.65). The 13C
NMR spectrum (Table 1) in combination with DEPT-135
experiments indicated 27 signals: five signals for tertiary
methyl groups (d 23.18, 22.44, 20.11, 16.11, 15.31), an ester
carbonyl (d 176.91), a carboxylic carbon (d 178.18), eleven
methylenes in which one of them is an olefinic methylene
(d 113.52), four methines, five quaternary carbons including
a carbon bearing an oxygen atom (d 89.86), and an olefinic
quaternary carbon (d 147.39). Further inspection of the 13C
NMR spectrum of 1 revealed resonance signals similar to
those of isoeichlerianic acid (4),20 but instead of an isopro-
panol group, it showed an extra carbonyl carbon (d 176.91).
According to previous literature, the trinor-g-lactone deriva-
tives, obtained by Jones oxidation of the corresponding tri-
terpenoid precursors possessing a tetrahydrofurylisopropanol
side chain, showed no evidence of epimerization at C-20
during the oxidation reaction.24,25 Similarly, the co-occur-
rence of compound 4, the C-20R isomer of eichlerianic
acid, suggested that this compound should be considered an
intermediate in a biosynthetic pathway to the further oxida-
tion of product 1 with the configuration at C-20 remaining
unchanged.

Based on the data mentioned above, compound 1 was
suggested to be a trisnor-g-lactone derivative of 4 and its
configuration at C-20 could be assumed to be 20R, followed
from that of 4. The 13C chemical shift values of compound
1, especially C-21 of the g-lactone ring, significantly dif-
fered from the corresponding data of eichlerialactone. The
13C chemical shift of C-21 for eichlerialactone appeared at
25.0 ppm in CDCl3,26 whereas that of compound 1 was
22.44 ppm, which differs by about 3 ppm. In addition, ac-
cording to recent literature, the 20R and 20S isomers of
dammarane-type triterpenoids with a tetrahydrofuryl side
chain can be easily distinguished by the resonances of C-
21, which resonated at about d 23.6–27.2 ppm and at about
d 21.7–22.0 ppm for the 20S isomer and 20R isomer, respec-
tively.20 Consequently, this fact was used to assign either
20S or 20R configuration of triterpenes accumulated in the
genus Aglaia.27 In our case, the shift value of C-21 for 1 ap-
peared at d 22.44 ppm, which was almost identical to that of
the 20R isomer; therefore, the configuration could be as-
signed unambiguously as 20R.20 Regarding the trisnor-g-lac-
tone (1), only its 20S isomer (eichlerialactone) was reported
earlier;26 therefore, the 20R compound 1, namely, isoeichler-
ialactone, is new.

The structure elucidation of 1 was accomplished by com-
plete spectral analyses (1H–1H COSY, HMQC, HMBC, and
ROESY). The observed COSY (Table 1) coupling between
H2-1 (d 1.62, m) and H2-2 (d 2.35, ddd, J = 9.1, 8.3, 3.2
Hz, H-2a; d 2.16, ddd, J = 15.6, 9.1, 6.4 Hz, H-2b), as well
as the HMBC cross peaks from H2-2 to C-3 (d 178.18, s)
and from H2-28 (d 4.86, 4.65, br s each) to C-5 (d 50.79, d)
and C-29 (d 16.11, q) confirmed the assignments of ring A-
seco-3 acid moiety. The HMBC data (Table 1), especially
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the long range correlations of five methyl groups, proved to
be very valuable in assigning the resonances of the rings A–
D of the 3,4-secodammarane skeleton. The HMBC correla-
tions from Me-18 to C-7, C-8, C-9, and C-19, from Me-19
to C-1,C-2, C-5, C-9, and C-10, from Me-21 to C-17, C-20,
and C-22, from Me-29 to C-5 and C-28, and from Me-30 to
C-8, C-13, and C-15 supported the estimated structures. This
is also in accordance with the extensive NMR data described
for other related compounds recently reported.20 The 20R
configuration of 1 was confirmed by the diagnostic ROESY
cross peaks from Me-21 to H-22a and from H-17 to Me-21,
H-22a, and Me-30. The absence of ROESY correlation be-
tween Me-21 and H-13 was observed in compound 1 and
further supported the 20R configuration in which the Me-21
was in the a-position (Fig. 1).

Compound 2 was obtained as colourless needles. It has al-
most identical 1H and 13C NMR spectral data to those of 1,
suggesting that they have the same core structure of the 3,4-
secodammarane triterpenoids with the g-lactone side chain.

The additional characteristic features of an ester carbonyl
and a methyl ester with their respective resonances at d

174.4 and 51.59 ppm, as well as a corresponding singlet in-
tegrated for three protons visible at d 3.64 ppm in the 1H
NMR spectrum, indicated that compound 2 was a corre-
sponding ester of 1. This was supported by the [M]+ peak
in the HR-EI-MS at m/z 444.3240 (calcd.: 444.3240) corre-
sponding to the molecular formula of C28H44O4. The 20R
configuration of 2 was determined by comparison of the typ-
ical 13C resonance of C-21 (22.41) with those of 1 and other
relevant compounds,20 and they completely agree with the
proposed structure. The synthetical 20S isomer of 2 has al-
ready been published.24 However, the trisnortriterpene pos-
sessing the 20R configuration of 2 has not been documented
yet. Therefore, the new compound was designated as methyl
isoeichlerialactone (2). Its 1H and 13C NMR spectral data are
summarized in Table 2.

Compound 3 has a molecular formula of C27H42O3, which
was assigned from its mass spectrum ([M]+ at m/z 414) in

Table 1. NMR spectroscopic data (400 MHz, CDCl3) for isoeichlerialactone (1).

Position d C d H (mult., J in Hz) 1H–1H COSY HMBC
1 34.19 t 1.62 m H-2a, H-2b C-2, C-5, C-19
2 27.97 t a 2.35 (ddd, 9.1, 8.3, 3.2) H2-1, H-2b C-1, C-3

b 2.16 (ddd, 15.6, 9.1, 6.4) H2-1, H-2a
3 178.18 s
4 147.39 s
5 50.79 d 1.97 m
6 24.53 t a 1.95 m

b 1.28 m
7 33.86 t a 1.54 m

b 1.20 m
8 40.09 s
9 41.04 d 1.52 m H-11a, H-11b
10 39.08 s
11 21.82 t a 1.43 m H-11b, H-12a, H-12b

b 1.26 m H-11a, H-12a, H-12b
12 26.36 t a 1.76 m

b 1.28 m
13 42.67 d 1.61 m H-12a, H-12b, H-17
14 50.39 s
15 31.04 t a 1.47 m

b 1.16 m
16 24.97 t a 1.85 m C-21

b 1.19 m
17 49.41 d 1.94 m H-13, H-16a, H-16b C-13, C-16, C-20, C-21, C-22, C-

23
18 15.31 q 0.99 s C-7, C-8, C-9, C-19
19 20.11 q 0.84 s C-1, C-2, C-5, C-9, C-10
20 89.86 s
21 22.44 q 1.32 s C-17, C- 20, C-22
22 32.92 t a 2.03 m C-20, C-21, C-23, C-24

b 1.90 m
23 28.66 t a 2.57 (dt, 18.1, 9.0) C-20, C-22, C-24

b 2.49 (ddd, 18.1, 10.1, 5.1)
24 176.91 s
28 113.52 t a 4.86 br s C-5, C-29

b 4.65 br s
29 23.18 q 1.71 s C-5, C-2, C-8
30 16.11 q 0.88 s C-8, C-13, C-15

Joycharat et al. 939
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combination with the 1H and 13C NMR spectra and its IR
spectrum, which indicated the presence of carbonyl function
(1705 cm–1) and a g-lactone system (1767 cm–1). Further
comparison of the 1H and 13C spectra of 3 with the corre-
sponding data of 1 revealed that the two compounds have
very similar resonances except for the signals in the A-ring
region. The former did not show the resonances of a carbox-
ylic carbon (d 178.18), an olefinic methylene (d 113.52), and
an olefinic quaternary carbon (d 147.39), instead, a keto car-
bonyl (d 217.95) was evident in the 13C spectrum. This indi-
cated that compound 3 possessed a g-lactone ring attached
to the D-ring of a dammaran-3-one skeleton. The 13C chem-
ical shift of C-21, visible at 22.13 ppm, was indicative of a
20R configuration in comparison to 1 and the other 20R iso-
mers.20 Up until now, within the Meliaceae, only the 20S
isomer (cabralealactone) of compound 3 has been pub-
lished.25 Whereas the 20R isomer of cabralealactone, named
isocabralealactone, has been previously mentioned in some
literature,28 its 13C NMR (Table 2) spectral data are docu-
mented here for a first time.

Antifungal activity screening against the three phytopath-
ogens P. botryosa, P. palmivora, and R. microporus re-
vealed that the ethanolic extracts from the seed and pericarp
of A. forbesii exhibited higher activity than the leaf etha-
nolic extracts of R. tomentosa and Q. infectoria. In the my-
celium inhibition test, the percentage of inhibition of
mycelial growth from the seed, pericarp, and leaf extracts
of A. forbesii are in the range of 39%–68%, 38%–65%, and
0%–12%, respectively, whereas those of R. tomentosa and
Q. infectoria are in the range of 11%–41% and 0%–18%, re-
spectively. R. microporus was more susceptible to all ex-
tracts of A. forbesii than P. botryosa and P. palmivora, of

which the ethanolic seed extract, with 68% mycelial growth
inhibition, is the most active extract.

The crude ethanolic extract, fractions, and pure com-
pounds from A. forbesii seed were further evaluated for their
minimum inhibitory concentration (MIC) and minimum fun-
gicidal concentration (MFC) values against the plant patho-
gens using broth microdilution method. The MIC and MFC
values of A. forbesii seed extract ranged from 500 to 1000
mg mL–1 and 1000 to 2000 mg mL–1, respectively (Table 3).
3). All the fractions, except for that of buthanol, showed a

higher and broader spectrum of antifungal activity as com-
pared to that of the unfractionated ethanolic extract.
Although almost of the active extract and fractions demon-
strated stronger inhibitory effect against R. microporus with
MICs and MFCs better than those of the other organisms,
both the hexane and dichloromethane fractions in which the
3,4-secodammarane triterpenes (1, 4, and 5) were observed
to be the major components displayed similar antifungal ef-
fect against all the plant pathogens tested, with their respec-
tive MIC and MFC values ranging from 250 to 500 mg mL–1

and 250 to 1000 mg mL–1.
The 3,4-secodammarane triterpenes, isoeichlerialactone

(1), isoeichlerianic acid (4), and aglinin A (5), showed a
broad antifungal spectrum against all phytopathogens tested,
whereas the dammaran-3-one derivative (3) and the sesqui-
terpene (6) were only active against R. microporus. Among
the compounds tested, isoeichlerialactone (1) was found to
be the most effective derivative against R. microporus with
the identical MIC and MFC values of 62.5 mg mL–1, better
than a positive control carboxin with the MIC and MFC val-
ues of 125 and 250 mg mL–1, respectively. Compounds 1, 4,
and 5 showed a very similar effect against P. botryosa and
P. palmivora. However, aglinin A (5) was more active

Fig. 1. Structures of compounds 1–6.
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against P. botryosa with the MIC and MFC values of 125
and 250 mg mL–1, respectively, comparable to the activity
of a positive control metalaxyl.

A number of plant-derived seco-A-triterpenoids have been
described to be highly antimicrobial.29 Similarly, among the
closely related dammarane compounds, 1, 3, 4, and 5, the
3,4-seco-3 acid derivatives, 1, 4, and 5, exhibited higher ac-
tivity than the dammaran-3-one derivative (3), suggesting
that the 3,4-seco-3 acid skeleton could account for some of
the antifungal properties. In recent work, antimycobacterial
activity of the related dammarane-type triterpenoids has
been published.30 Antifungal activity of the other Aglaia
spp. has been previously reported against a few organisms
causing rice blast disease12 and two other fungal plant
pathogens in the genus Cladosporium.8,10 With respect to
the increasing negative effects of synthetic fungicides to hu-

mans and the environment, as well as the improved resist-
ance of phytopathogenic fungi against conventional
fungicides, our finding suggests possible benefits of bioac-
tive compounds from A. forbesii seed for effective control
of fungal plant pathogens.

Experimental

General
The following instrumentation was used: Mps, Electro-

thermal 9100; Optical rotation, Jasco P-1020 polarimeter;
IR, EQUINOX 55, Bruker FTIR; 1D- and 2D-NMR, FT-
NMR Bruker Advance 400 MHz; EI-MS and HR-EI-MS,
MAT 95 XL mass spectrometer (Thermofinigan). Column
chromatography (CC) was performed using silica gel
(Merck, 70–230 mesh ASTM) and Sephadex LH20 (Phar-
macia). Thin-layer chromatography (TLC) was carried out
on precoated sheets of silica gel 60 F254. Compounds were
monitored by TLC sprayed with an anisaldehyde–sulfuric
acid solution or 10% sulfuric acid. Fungal culture media,
the Standard Roswell Park Memorial Institute (RPMI) 1640
powder, as well as potato dextrose agar (PDA) and V8 juice
agar (VA), were purchased from Sigma-Aldrich (St. Louis,
MO) and Difco (Detroit, MI). Dimethyl sulfoxide (DMSO)
was purchased from Merck (Darmstadt, Germany).

Plant material
The seed of A. forbesii was collected in March 2009 from

Nakhon Sri Thammarat, Thailand. Identification was made
by comparision with authentic specimens (ES-0403) previ-
ously established.9 A voucher specimen (NJ-0309) was de-
posited at the Herbarium of the Department of Biology,
Faculty of Science, Prince of Songkla University, Thailand.

Extraction and isolation
The seed of A. forbesii (48 g) was dried, ground, and ex-

haustively extracted with EtOH at room temperature three
times, filtered, and concentrated. The EtOH extract (5.7 g)
was resuspended in a mixture of MeOH and water and then
extracted with hexane, CH2Cl2, and BuOH, successively.
Each filtrate was pooled and evaporated to dryness under re-
duced pressure at 40 8C to yield the hexane fraction (2.42 g,
5.04%), CH2Cl2 fraction (1.87 g, 3.89%), and BuOH frac-
tion (1 g, 2.08%).

The hexane fraction (2.42 g) was subjected to CC using
silica gel as adsorbent and eluted with a gradient system of
EtOAc–hexane, then washed down with MeOH. The frac-
tions were then combined, on the basis of their TLC pro-
files, to give seven fractions (IH–VIIH). Fraction IIH (94 mg)
was rechromatographed on silica gel, eluting with 20%
CH2Cl2 in hexane affording compound 6 (7 mg). Fraction
IIIH (97.2 mg), yielding a white precipitate during the con-
centration process, was further recrystallized from acetone
to give a mixture (9.1 mg) of b-sitosterol and stigmasterol.
Fraction IVH (150 mg) was purified on a silica gel column
with 20% acetone in hexane as the eluent and further by a
Sephadex LH20 column with CH2Cl2–MeOH (1:1) as the
eluent to yield compound 1 (4.7 mg). Fraction VH (500 mg)
was further separated by a silica gel CC, eluting with 40%
acetone in hexane and then by crystallization in EtOH to
give compound 4 (10.2 mg). Fraction VIIH (93.7 mg) was

Table 2 . 1H (400 MHz) and 13C NMR (100 MHz)
data for methyl isoeichlerialactone (2) and 13C NMR
(100 MHz) data for isocabralealactone (3) in CDCl3.

2 3

Position d H (mult.) d C d C
1 1.63 m 34.42 t 39.85 t
2 a 2.32 m 28.39 t 34.07 t

b 2.16 m
3 174.4 s 217.95 s
4 147.45 s 47.39 s
5 1.95 m 50.74 d 55.34 d
6 a 1.26 m 24.58 t 19.62 t

b 1.95 m
7 a 1.22 m 33.89 t 34.58 t

b 1.54 m
8 40.09 s 40.34 s
9 1.53 m 41.00 d 50.0 d
10 39.12 s 36.85 s
11 a 1.42 m 21.83 t 21.78 t

b 1.23 m
12 a 1.76 m 26.39 t 30.99 t

b 1.26 m
13 1.61 m 42.69 d 42.77 d
14 50.40 s 50.0 s
15 a 1.46 m 31.05 t 33.15 t

b 1.16 m
16 a 1.82 m 24.98 t 26.43 t

b 1.18 m
17 1.93 m 49.44 d 49.47 d
18 0.99 s 15.32 q 15.19 q
19 0.83 s 20.11 q 15.99 q
20 89.81 s 89.88 s
21 1.32 s 22.41 q 22.13 q
22 a 2.03 m 32.96 t 33.15 t

b 1.88 m
23 a 2.52 m 28.65 t 28.62 t

b 2.48 m
24 176.81 s 176.8 s
28 a 4.83 br s 113.45 t 26.72 q

b 4.64 br s
29 1.71 s 23.25 q 21.01 q
30 0.87 s 16.09 q 16.1 q
–COOCH3 3.64 s 51.59 q
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loaded to a Sephadex LH20 column, eluting with CH2Cl2–
MeOH (1:1), and further purified by recrystalization from
EtOH to afford compound 5 (8.4 mg).

The dichloromethane fraction (1.87 g) was applied to CC
over silica gel using gradient elution with acetone–CH2Cl2,
and finally washed down with MeOH. The fractions were
then combined according to their TLC patterns, to give
seven fractions (ID–VIID). Fraction IID (48 mg) was rechro-
matographed on silica gel, eluting with a gradient system of
acetone–hexane, and followed by crystallization in EtOH to
yield compound 3 (4.1 mg). Fraction IVD (136 mg) was
loaded on a silica gel column, eluting with 8% acetone in
CH2Cl2 and then by crystallization in EtOH gave compound
1 (10.7 mg). Fraction VD (243 mg) was subjected to silica
gel CC using gradient elution with acetone–hexane. Column
fractions eluted with 15% and 40% acetone in hexane af-
forded compound 2 (3 mg) and compound 4 (14.2 mg), re-
spectively. Fraction VIID (218 mg) was further purified on a
silica gel column with 20% acetone in hexane as the eluent
and then on a Sephadex LH20 column eluting with CH2Cl2–
MeOH (1:1) to yield compound 5 (26 mg).

Isoeichlerialactone (1)
Colourless needles (EtOH); mp 166–167 8C. ½a�20

D +19.2
(c 0.33 g/100 mL EtOH). IR (neat, cm–1) nmax: 3500–2500,
3073, 2945, 2872, 1763, 1707, 1636, 1455, 1383, 1294,
1195, 1126, 936, 892, 756. 1H NMR (400 MHz, CDCl3)
and 13C NMR (100 MHz, CDCl3) data: see Table 1. EI-MS
m/z (% rel. int.): 430 ([M]+, 3), 357 (9), 331 (8), 290 (1),
235 (9), 221 (11), 180 (16), 107 (35), 99 (100), 95 (42), 81
(33), 71 (11), 67 (12). HR-EI-MS m/z: 430.3086 [M]+;
calcd. for C27H42O4: 430.3083.

Methyl isoeichlerialactone (2)
Colourless needles (EtOH); mp 141–143 8C. ½a�20

D +19.8
(c 0.19 g/100 mL EtOH). 1H NMR (400 MHz, CDCl3) and
13C NMR (100 MHz, CDCl3) data: see Table 2. EI-MS m/z
(% rel. int.): 444 ([M]+, 9), 363 (89), 357 (37), 345 (6), 154
(14), 121 (36), 115 (11), 109 (27), 99 (100), 95 (43), 81
(35), 71 (13), 67 (16). HR-EI-MS m/z: 444.3240 [M]+;
calcd. for C28H44O4: 444.3240.

Isocabralealactone (3)
White solid (CH2Cl2); mp 180–1828. IR (neat, cm–1) nmax:

2952, 2869, 1767, 1705, 1461, 1382, 1255, 1193, 1152, 936,
755. 1H NMR (400 MHz, CDCl3) d: 0.87 (3H, s, H-30), 0.92
(3H, s, H-19), 0.98 (3H, s, H-18), 1.02 (3H, s, H-29), 1.06
(3H, s, H-28), 1.32 (3H, s, H-21). 13C NMR (100 MHz,
CDCl3) data: see Table 2. EI-MS m/z (% rel. int.): 414
([M]+, 52), 399 (12), 315 (28), 205 (72), 195 (23), 147 (26),
107 (44), 99 (100), 95 (64), 81 (51).

Antifungal activity evaluation
Phytopathogenic fungi including P. botryosa, P. palmi-

vora, and R. microporus, as well as fungicides, metalaxyl,
and carboxin, were obtained from the Department of Pest
Management, Faculty of Natural Resources, Prince of Song-
kla University, Thailand. Preliminary screening for antifun-
gal activity was employed based on the mycelium inhibition
test.31 The MIC and MFC were evaluated using the broth
microdilution method.32

Mycelium inhibition test
The ethanolic extracts from the leaves, pericarp, and seed

of A. forbesii were tested. The ethanolic leaf extracts of R.
tomentosa and Q. infectoria from the Natural Products Re-
search Center, Faculty of Science, Prince of Songkla Uni-
versity, Thailand were included. The mycelial growth
inhibition of phytopathogenic fungi tested was determined
as previously described.32 Briefly, each extract was dis-
solved in 10% DMSO and added on PDA at concentrations
of 200 mg mL–1. A mycelial plug of phytopathogenic fungi
from a three day old culture was placed in the center of the
PDA plate and incubated at 28 8C. After seven days, per-
centage inhibition of mycelial growth was recorded and cal-
culated by a formula, 100 – [(R2/r2) � 100], where R and r
represent the radius of the fungus colony in the treated and
control plates, respectively. There were four replications in
each treatment and the experiment was designed as a com-
pletely randomized design. DMSO (10%) was included as
control.

Inoculum preparation
Sporangiospore suspensions of Phytophthora spp. and a

Table 3. The minimum inhibitory concentrations and minimum fungicidal
concentrations of extract, fractions, and compounds from Aglaia forbesii seed
against Phytophthora botryosa, P. palmivora, and Rigidoporus microporus.

MIC/MFC (mg mL–1)
Sample tested P. botryosa P. palmivora R. microporus

EtOH extract 1 000/2 000 1 000/1 000 500/1 000
Hexane fraction 500/500 250/250 250/500
CH2Cl2 fraction 500/1 000 500/500 250/500
BuOH fraction 1 000/2 000 1 000/1 000 2 000/>2 000
Isoeichlerialactone (1) 250/>250 250/250 62.5/62.5
Isocabralealactone (3) >250 >250 125/250
Isoeichlerianic acid (4) 250/>250 250/250 125/250
Aglinin A (5) 125/250 250/250 62.5/125
Spathulenol (6) >250 >250 125/125
Metalaxyl 125/125 125/125 NAa

Carboxin NAa NAa 125/250

aNot applicable.
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mycelial suspension of R. microporus were prepared from
10 day old cultures incubated at 35 8C on VA and PDA, re-
spectively. The colonies were covered with 1 mL of sterile
0.85% saline and the surface scraped with a sterile loop.
The mixture of zoospore and hyphal fragments were trans-
ferred to sterile tubes. After heavy particles were allowed to
settle for 15 min, the upper homogenous suspensions were
transferred to sterile tubes. Turbidity of the inocula was ad-
justed to 0.4 � 106 to 5 � 106 cfu mL–1 at a wavelength of
520 nm and transmission was adjusted to 68%–70% in a
spectrophotometer. The inocula were diluted (1:50) in
RPMI 1640 to a final concentration of 0.4 � 104 to 5 � 104

cfu mL–1. The inocula were quantified by plating 0.01 mL
of a 1:100 dilution of the adjusted inoculum on PDA plates
to determine the viable number of colony-forming units
(cfu) per milliliter. The plates were incubated at 28 8C and
observed daily for the presence of growth.32

Broth microdilution method
The crude extract, fractions, and pure compounds from A.

forbesii seed and fungicides were evaluated. The broth mi-
crodilution method was performed according to the guide-
lines of the Clinical and Laboratory Standards Institute
document M38-A.32 The tests were performed in polystyrene
microtitre plates with 96 flat-bottomed wells. Stock solu-
tions of the crude extract, their fractions, pure compounds,
metalaxyl, and carboxin were prepared in DMSO to a 100-
fold the final concentration needed and followed by further
dilution in RPMI 1640 to yield twice the final strength re-
quired for the test. Aliquots of 100 mL of samples tested
were inoculated into the wells with a multichannel pipette.
Each microplate was inoculated with 100 mL of the diluted
inoculum suspensions to bring the dilutions of the inoculum
to 0.4 � 104 to 5 � 104 cfu mL–1. Sample solutions were
subsequently serially diluted twofold in the plates with the
broth, starting with the final concentration of 2 000 mg
mL–1 for the extract and fractions and 250 mg mL–1 for the
pure compounds and fungicides. The microplates were incu-
bated at 35 8C for 24 h. All the tests were performed in trip-
licate. The MIC was defined as the lowest concentration that
completely inhibited growth. The MIC of samples was de-
tected following the addition of resazurin (10 mL/well) and
incubated at 37 8C for 30 min. Viable microorganisms re-
duced the blue dye to a pink colour. To obtain the MFCs,
100 mL volumes were taken from every well showing inhib-
ition and were spread on PDA. Colony forming units were
counted after incubating the plates at 35 8C until growth of
the subcultures from the growth control well was apparent.
The MFC was defined as the lowest drug concentration at
which 99% of the inoculum was killed.

Supplementary data

Supplementary data for this article are available on the
journal Web site (canjchem.nrc.ca).
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Understanding the reversible anodic behaviour and
fluorescence properties of fluorenylazomethines —
A structure–property study

Satyananda Barik, Sayuri Friedland, and W.G. Skene

Abstract: A series of fluorenylazomethine dyads and triads were prepared by simple condensation between the corre-
sponding amine and aldehyde fluorene derivatives. These compounds were prepared as model compounds for investigating
the effects of substitution and electronic groups on both the electrochemical properties and fluorescence quantum yields. It
was found that the oxidation potential could be decreased by both incorporating electron donating groups and increasing
the degree of conjugation. It was further found that alkylation in the fluorene’s 9-position increased the azomethine degree
of conjugation by forcing all the fluorene moieties to be coplanar with the azomethine bonds to which they are attached.
Meanwhile, reversible radical cation behaviour was possible by substituting the terminal 2,2’-positions with atoms other
than hydrogen. The radical cation was theoretically found to be distributed evenly across the fluorene, corroborating the re-
versible anodic behaviour with 2,2’-substitution. The fluorescence quantum yields of the azomethines were not found to be
dependent on substitution. This was because the azomethine fluorescence was found to be quenched relative to their pre-
cursors regardless of substitution. The fluorescence could be restored at both low temperature and by acid protonation.

Key words: fluorenylimines, reversible oxidation, cyclic voltammetry, azomethines, Schiff base, radical ions.

Résumé : On a préparé une série de dyades et de triades de la fluorénylazométhine par simple condensation entre des déri-
vés de l’amine et de l’aldéhyde du fluorène. On a préparé ces composés comme modèles pour des études sur les effets de
substitution et des groupes électroniques tant sur les propriétés électrochimiques que sur les rendements quantiques de
fluorescence. On a trouvé que le potentiel d’oxydation peut être réduit tant par l’incorporation de groupes électrodonneurs
que par une augmentation du degré de conjugaison. On a aussi trouvé que l’alkylation en position 9 des fluorènes aug-
mente le degré de conjugaison des azométhines en forçant toutes les entités fluorènes à être coplanaires avec les liaisons
azométhines auxquelles sont attachées. Par ailleurs, un comportement de cation radical réversible est possible si l’on sub-
stitue les positions terminales en 2,2’ par des atomes autres que l’hydrogène. On a trouvé sur une base théorique que le ca-
tion radical peut être distribué d’une façon uniforme sur l’ensemble de la portion fluorène, ce qui confirme le
comportement anodique réversible avec une substitution 2,2’. Les résultats obtenus suggèrent que les rendements quanti-
ques de fluorescence des azométhines ne dépendent pas de la substitution. Cette conclusion repose sur le fait que la fluo-
rescence de l’azométhine est désactivée par rapport à celles de leurs précurseurs quelle que soit la substitution. La
fluorescence peut être restaurée aussi bien par une basse température que par une protonation acide.

Mots-clés : fluorénylimines, oxydation réversible, voltampérométrie cyclique, azométhines, base de Schiff, ions radicaux.

Introduction
Conjugated polymers are of great interest in part due to

their electrochemical and optoelectronic properties that are
well-suited for use in plastic devices such as organic field
effect transistors (OFET), light emitting diodes (OLED),
and organic photovoltaics (OPVD), to name but a few.1–4

Polyfluorenes are particularly interesting because of their in-
herent fluorescence making them appropriate emitting materi-
als for OLED usage.5 Many polyfluorene derivatives have
been prepared and investigated to afford materials with im-
proved device efficiency and color purity for addressing the
performance requirements for the next generation of plastic
electronics and consumer demands.5–7 Desired property im-
provements are possible by connecting the fluorene segments

with vinylene linkages.7–9 Their preparation uses Gilch and
Horner–Emmons protocols, requiring rigorous reaction condi-
tions such as anhydrous solvents and inert atmospheres. These
coupling methods, unfortunately, produce significant byprod-
ucts requiring product purification in order not to compromise
the material’s colour emission and device performance.

Azomethines (–N=C–) are highly attractive alternatives to
vinylene linkages owing to their easy preparation not requir-
ing stringent reaction conditions.10 They are further advanta-
geous because their preparation is environmentally friendly
with water being the unique byproduct produced. The prepa-
ration of azomethines, therefore, requires little or no purifi-
cation. Moreover, the azomethine bond is isoelectronic to its
all-carbon counterpart, making it ideally suited for func-
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tional materials usage, but with the advantage of simple
preparation and little purification.11–13

Despite these advantages, azomethine fluorenes have not
been fully exploited as functional materials in emitting devi-
ces. This is a result of previously investigated fluorenylazo-
methine derivatives that were irreversibly oxidized and were
nonfluorescent.14,15 Such properties, unfortunately, preclude
their use in functioning devices, and as a result, have at-
tracted little attention for property improvement. It is there-
fore important to understand the reasons for irreversible
oxidation to design and prepare new azomethine derivatives
with functional materials properties. For this reason, we in-
vestigated the effect of fluorenylazomethine structure on the
electrochemical properties to achieve reversible oxidation.
We were further enticed to undertake such structure–property
studies to bring to light the potential uses of fluorenylazome-
thines as functional materials. This is in part because azome-
thines are dismissed as useful functional materials owing to
the limited properties of previously examined compounds.
We therefore examined the electrochemical properties of a
series of model fluorenylazomethines complemented with
theoretical studies to better understand the oxidation process.
The knowledge gained from such studies is not only pivotal
for demonstrating the suitability of azomethines as functional
materials, but also for designing and preparing future genera-

tions of fluorenyl compounds with tailored properties for
specific applications. Herein, we present the preparation and
electrochemical studies of a series of fluorenylazomethines,
represented in Chart 1, for understanding the structure–rever-
sible oxidation relationship.

Experimental

Materials and general experimental procedures
All reagents were commercially available from Sigma-Al-

drich and were used as received unless otherwise stated. An-
hydrous and deaerated solvents were obtained via a Glass
Contour Solvent Purification System. 1H NMR and 13C
NMR spectra were recorded on a Bruker 400 MHz spec-
trometer with the appropriate deuterated solvents.

Spectroscopic measurements
Absorption measurements were performed on a Cary-500

spectrometer and fluorescence studies were done on an Ed-
inburgh Instruments FLS-920 fluorimeter after deaerating
the samples thoroughly with nitrogen for 20 min. Relative
fluorescence quantum yields were measured at 10–5 mol/L
by exciting the corresponding compounds at its maximum
absorption in spectroscopic grade dichloromethane relative
to itself at 77 K under the same conditions.

Chart 1. Monomers and oligomers prepared and investigated and some representative analogues.
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Electrochemical measurements
Cyclic voltammetric measurements were performed on a

Bio Analytical Systems EC Epsilon potentiostat at scan rates
of 100 mV/s. Compounds were dissolved in anhydrous and
deaerated dichloromethane at 10–4 mol/L with 0.5 mol/L
Bu4NPF6. A platinum electrode and a saturated Ag/AgCl
electrode were employed as auxiliary and reference electro-
des, respectively, and ferrocene was added at the end of the
electrochemical measurements to serve as an internal refer-
ence.

The highest occupied molecular orbital (HOMO) and low-
est unoccupied molecular orbital (LUMO) energy levels and
spin densities were calculated using density functional
theory (DFT) calculation methods available in Spartan 06
(Wavefunction, Inc.) with the 6-31g* basis set.16 The bond
angles, distances, torsions, and other parameters were exper-
imentally derived from the X-ray data for an analogous
compound. The crystallographic data were used as the opti-
mized geometry from which the single point energy was cal-
culated to semiempirically calculate the molecular orbitals
and spin densities. The rotational barriers were semiempiri-
cally calculated using the AM1 method.17 The desired dihe-
dral angel was varied from 08 to 3608 and constrained at a
given angle. The heat of formation (DHf) for the given an-
gle was subsequently calculated without additional structural
optimization.

Synthetic procedures
The syntheses of 3, 4, 7, and 8 were prepared according

to reported procedures.18

9,9-Dihexylfluorene
Fluorene (5 g, 30.8 mmol) was dissolved in DMSO

(50 mL) and triethylbenzyl ammonium bromide (0.1 g,
1.5 mol) was added under N2.19 A 50% aqueous NaOH
(15 mL) solution was added while stirring at room temper-
ature. After 0.5 h, 1-bromohexane (12.41 g, 75.2 mmol)
was added dropwise for 15 min. The reaction mixture was
then stirred at room temperature for 4 d. The reaction mix-
ture was diluted with an excess of diethyl ether and the
aqueous layer was removed. The organic layer was washed
with water, 2 mol/L HCl, and brine and then dried over
MgSO4. The solvent was removed under vacuum and the
residue was purified by column chromatography over silica
gel with hexanes as eluent to give the product as a white
solid at –40 8C (7.8 g, 90%). 1H NMR (400 MHz, CDCl3)
d: 7.73 (d, 2H), 7.31–7.38 (m, 6H), 1.99 (dd, 4H), 1.07–
1.33(m, 12H), 0.77 (t, 4H), 0.63(t, 6H). 13C NMR
(100 MHz, CDCl3) d: 151.1, 141.5, 127.4, 121.1, 123.2,
120.0, 55.4, 40.8, 31.9, 30.1, 24.1, 23.0, 14.2.

2,7-Dinitro-9,9-dihexylfluorene
The nitration was done similarly to published proce-

dures.20 A solution of 9,9-dihexylfluorene (2.12 g,
6.33 mmol) in 20 mL of HNO3 in a 100 mL roundbottom
flask was heated to reflux for 2 h under N2 atmosphere.
The reaction mixture was then cooled to room temperature
and poured onto ice and the product was extracted with di-
chloromethane. The organic layer was washed with water
three times, saturated NaHCO3, and brine solution and then
finally dried over MgSO4. The solvent was evaporated and

the crude product was purified by column chromatography
with hexanes/ethyl acetate (7:3) to give a mixture of 2-ni-
tro-9,9-dihexylfluorene and 2,7-dinitro-9,9-dihexylfluorene.
The products were further recrystalized from EtOH to sepa-
rate the two products, which were isolated as yellow solids.

2,7-Dinitro-9,9-dihexylfluorene
Isolated yield of 66% (1.94 g). 1H NMR (400 MHz,

CDCl3) d: 8.33 (dd, 2H), 8.28 (d, 2H), 7.93 (d, 2H), 2.09
(dd, 4H), 1.02–1.13 (m, 12H), 0.76 (t, 4H), 0.55 (t, 6H). 13C
NMR (100 MHz, CDCl3) d: 152.7, 147.5, 127.7, 123.6,
121.6, 120.1, 56.0, 40.4, 31.8, 29.9, 24.1, 22.9, 14.3.

2-Nitro-9,9-dihexylfluorene
1H NMR (400 MHz, CDCl3) d: 8.27 (d, 1H), 8.23 (d, 1H),

7.82 (dd, 2H), 7.41–7.44 (m, 3H), 2.03 (dd, 4H), 1.05–1.13
(m, 12H), 0.76 (t, 4H), 0.60 (t, 6H). 13C NMR (100 MHz,
CDCl3) d: 152.7, 152.3, 148.0, 147.5, 129.6, 127.8, 123.6,
123.5, 121.6, 120.1, 118.6, 56.0, 40.5, 31.8, 29.9, 24.1,
22.9, 14.3.

2-Amino-9,9-dihexylfluorene (1)
2-Nitro-9,9-dihexylfluorene (0.84 g, 2.21 mmol) was dis-

solved in 10 mL of EtOH and stirred at room temperature
under N2. A catalytic amount of 10% Pd/C (0.2 g) was
added followed by the addition of hydrazine monohydrate
(1.6 g, 11.05 mmol) and the mixture was refluxed for 2 h.
The reaction mixture was filtered to remove the Pd/C and
the product was extracted with dichloromethane. The or-
ganic layer was washed with water (3 � 50 mL) and brine
solution and then dried over MgSO4. The solvent was
evaporated and the crude product was purified by column
chromatography with hexanes/ethyl acetate (1:1) as eluent
to give the product as a brown sticky liquid with an isolated
yield of 78%. The product was unstable and was kept under
N2 atmosphere and used immediately for subsequent reac-
tions. 1H NMR (400 MHz, CDCl3) d: 7.57 (d, 1H), 7.48 (d,
1H), 7.26 (m, 3H), 7.19 (dd, 2H), 6.68 (d, 2H), 1.90 (dd,
4H), 1.04 (m, 12H), 0.78 (t, 6H), 0.64 (d, 4H). 13C NMR
(100 MHz, CDCl3) d: 153.0, 150.1, 148.2, 128.9, 125.7,
122.9, 120.9, 118.7, 114.3, 110.2, 55.1, 41.0, 31.9, 30.2,
24.1, 23.0, 14.4. MS m/z: 350.54 (M+).

2,7-Diamino-9,9-dihexylfluorene (2)
The solution of 2,7-dinitro-9,9-dihexylfluorene (1.2 g,

2.8 mmol) in 20 mL of EtOH was stirred at room tempera-
ture under N2. To the above solution, a catalytic amount of
10% Pd/C (0.1 g) was added followed by hydrazine mono-
hydrate (1.02 g, 20.18 mmol) and the mixture was refluxed
for 2 h. The reaction mixture was filtered and the product
was extracted with dichloromethane. The organic layer was
washed with water (3 � 50 mL) and brine solution and then
dried over MgSO4. The solvent was evaporated and the
crude product was purified by column chromatography with
hexanes/ethyl acetate (1:1) to afford the title compound as a
brown liquid with an isolated yield of 72%. The product was
unstable and was stored under N2 until used. 1H NMR
(400 MHz, CDCl3) d: 7.35 (d, 2H), 6.66 (d, 4H), 3.94 (br,
NH2), 1.83 (dd, 4H), 1.06 (m, 12H), 0.78 (t, 6H), 0.66 (d,
4H). 13C NMR (100 MHz, CDCl3) d: 152.1, 144.3, 133.8,
119.5, 114.6, 110.7, 55.0, 41.3, 32.0, 30.2, 24.1, 23.1, 14.4.
MS m/z: 356.3 (M+).
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9,9-Dioctylfluorene-2,7-dicarboxaldehyde (3)
A 250 mL two-necked flask containing 9,9-dioctyl-2,7-di-

bromofluorene (2.2 g, 4.01 mmol) in anhydrous THF
(40 mL) was stirred under N2 at –78 8C in an acetone–dry
ice bath.21 n-Butyl lithium (7.6 mL, 16.0 mmol) was added
under vigorous stirring and stirred for 1.5 h. A deaerated
mixture of DMF (5 mL) and anhydrous THF (3 mL) was
added dropwise to the reaction mixture at –78 8C and al-
lowed to stir for 1 h at room temperature. The reaction mix-
ture was cooled to 0 8C and 10% HCl was added until the
solution was acidic (tested by litmus paper). After stirring
for 30 min, the mixture was partitioned between dichloro-
methane and water and the organic layer was isolated. The
aqueous layer was washed with dichloromethane and the
combined organic extracts were dried over Na2SO4. The
crude product was purified by column chromatography using
hexanes/dichloromethane (1:1) as eluent. The product was
obtained as colourless crystals (58%, 1.05 g). 1H NMR
(400 MHz, CDCl3) d: 10.1 (s, 2H, CHO), 7.91–7.96 (m,
6H), 2.0 (dd, 4H), 1.02 (m, 20H), 0.78 (t, 6H), 0.56 (d, 4H).
13C NMR (100 MHz, CDCl3) d: 192.5, 153.2, 146.0, 136.8,
130.7, 123.8, 121.7, 56.0, 40.4, 32.1, 30.2, 29.5, 24.2, 22.9,
14.4. MS m/z: 446.4 (M+).

9,9-Dihexylfluorene-2-carboxaldehyde (4)
The synthesis was followed according to known meth-

ods.17 The solution of 2-bromo-9,9-dihexylfluorene (4.0 g,
9.67 mmol) in anhydrous THF (50 mL) was purged with N2
at –78 8C in an acetone–dry ice bath. To the above solution,
n-butyl lithium (9.21 mL, 19.35 mmol) was added dropwise
and stirred for 1.5 h. A degassed solution of DMF (2 mL)
and anhydrous THF (3 mL) was added dropwise while
maintaining the reaction mixture at –78 8C, after which the
temperature was raised to room temperature and stirred for 1
h. The reaction mixture was cooled to 0 8C and 10% HCl
was added until the solution was acidic as verified by litmus
paper. After stirring for 30 min, the mixture was partitioned
between dichloromethane and water. The organic layer was
extracted and the aqueous layer was washed again with di-
chloromethane. The combined organic fractions were dried
over Na2SO4. After solvent removal, the crude product was
purified by column chromatography with hexanes/dichloro-
methane (1:1). The product was obtained as a colourless
liquid (2.15 g, 48%). 1H NMR (400 MHz, CDCl3) d: 10.09
(s, 1H, CHO), 7.91 (s, 1H), 7.86 (dd, 2H), 7.97 (dd, 1H),
7.41 (m, 3H), 2.02 (dd, 4H), 1.04 (m, 12H), 0.75 (t, 6H),
0.569 (d, 4H). 13C NMR (100 MHz, CDCl3) d: 192.7,
152.5, 147.9, 139.9, 135.7, 130.9, 129.2, 127.5, 123.5,
123.4, 121.3, 120.3, 55.8, 40.64, 31.8, 30.0, 29.5, 24.1,
22.9, 14.4. MS m/z: 363.24 (M+).

2-Bromo-9,9-dioctylfluorene-7-carboxaldehyde (5)
To the solution containing 9,9-dioctyl-2,7-dibromofluor-

ene (3.0 g, 5.47 mmol) in anhydrous THF (60 mL) purged
with N2 at –78 8C was added n-butyl lithium (2.84 mL,
7.11 mmol) and the reaction was allowed to stir for another
1.5 h. Afterwards, deaerated DMF (1 mL) diluted in anhy-
drous THF (1 mL) was added dropwise to the reaction mix-
ture at –78 8C, after which the temperature was allowed to
warm to room temperature and then stirred for 1 h. The re-
action mixture was cooled to 0 8C and 10% HCl was added

until the solution was acidic. The solution was stirred for
30 min then the product was extracted in dichloromethane.
The organic layer was isolated while the aqueous layer was
washed with dichloromethane once more and the combined
organic extracts were dried over Na2SO4. The crude product
was purified by column chromatography with hexanes/di-
chloromethane (1:1) to afford the title product as colorless
crystals (0.9 g, 58%). 1H NMR (400 MHz, CDCl3) d: 10.08
(s, 1H, CHO), 7.83–7.88 (m, 3H), 7.64 (d, 1H), 7.51 (d, 2H),
2.01 (dd, 4H), 1.05 (m, 20H), 0.81 (t, 6H), 0.57 (d, 4H). 13C
NMR (100 MHz, CDCl3) d: 192.5, 154.6, 151.5, 146.7,
138.9, 136.0, 130.9, 130.8, 126.8, 123.5, 122.6, 120.5, 56.0,
40.4, 32.1, 32.0, 30.2, 29.5, 24.1, 22.9, 14.4, MS m/z: 497.0
(M+).

7-[(9’,9’-Dihexylfluoren-2’-ylimino)-methyl]-9,9-
dioctylfluorene-2-carboxaldehyde (6)

Both 3 (100 mg, 0.22 mmol) and 1 (180.1 mg,
0.514 mmol) were dissolved in absolute ethanol under N2.
A catalytic amount of TFA (60 mL of 1% in absolute etha-
nol) was added and the reaction mixture was stirred over-
night at room temperature. The solvent was evaporated to
afford a dark oil that was extracted with dichloromethane
(25 mL). The organic layer was washed with water and
brine solution and then dried over MgSO4. The crude prod-
uct was chromatographed on activated basic alumina with
ethyl acetate/hexanes (1:1 v/v) to yield the product as a yel-
low oil (80 mg, 60%). 1H NMR (400 MHz, CDCl3) d: 10.08
(s, 1H), 8.65 (s, 1H), 8.00 (s, 1H), 7.89 (m, 4H), 7.86 (m,
3H), 7.74 (d, 1H, J = 7.3 Hz), 7.41 (s, 1H), 7.4 (t, 1H, J =
7.3 Hz), 7.31 (m, 2H), 2.01 (m, 8H), 1.08 (m, 30 H), 0.79 (t,
12H, J = 7.0 Hz), 0.61 (m, 8H). 13C NMR (100 MHz,
CDCl3) d: 192.8, 160.7, 152.5, 152.4, 151.9, 151.2, 147.9,
139.9, 135.7, 130.9, 129.2, 127.5, 127.3, 127.1, 123.5,
123.4, 121.3, 120.3, 119.8, 116.5, 55.6, 40.6, 32.0, 31.9,
31.8, 30.1, 30.0, 24.2, 24.1, 23.1, 23.0, 22.9, 14.4, 14.3. MS
m/z: 778.49.

2’,7’-[(9,9,9@,9@-Tetraoctylfluorene-7,7@-diylimino)-methyl]-
9’,9’-dihexyl-2,2@-dibromotrifluorene (9)

Both 6 (0.511 g, 1.02 mmol) and 4 (0.150 g, 0.411 mmol)
were dissolved in absolute ethanol (5 mL) under N2. TFA
(60 mL of 1% in ethanol) was added to the reaction mixture
and then it was stirred for 1 h at room temperature. The sol-
vent was evaporated to afford a brown oil that was extracted
with dichloromethane (25 mL). The organic layer was
washed with water (2 � 50 mL) and brine solution (2 �
50 mL) and then dried over MgSO4. The product was iso-
lated as a yellow solid (44%) after flash column chromatog-
raphy with basic activated alumina with hexanes/ethyl
acetate (7:3). 1H NMR (400 MHz, CDCl3) d: 8.64 (d, 2H),
7.9 (d, 4H), 7.62 (dd, 4H), 7.52 (d, 4H), 7.31 (d, 2H), 6.65
(4H), 2.06 (dd, 12H), 1.08 (m, 50H), 0.81 (m, 18H), 0.63
(m, 12H). 13C NMR (100 MHz, CDCl3) d: 160.3, 154.1,
153.2, 152.6, 151.4, 146.2, 143.8, 140.5, 139.8, 139.7,
136.2, 136.0, 132.5, 130.5, 129.3, 126.7, 122.8, 122.0,
120.7, 120.3, 119.6, 119.2, 116.4, 114.4, 110.2, 56.0, 55.3,
41.2, 40.6, 32.0, 30.4, 30.3, 30.2, 29.6, 24.1, 24.0, 23.0,
22.9, 14.4. MS m/z: 1323.6 (M+).
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Results and discussion

Synthesis
Compounds 6–9 were prepared and investigated to pro-

vide insight into the fluorescence and electrochemical be-
haviour of fluorenylazomethines. The compounds were
chosen as model compounds for such studies given the com-
plexity of absolute characterization of their polymeric coun-
terparts. The advantage of investigating these model
compounds is that precise structure–property relationships
can be accurately obtained. The compounds were judiciously
selected because the effect of the imine bond, 9-fluorenyl al-
kylation, degree of conjugation, and substitution of the fluo-
rene’s 2,7-positions on both the electrochemical and
photophysical properties could be investigated. The required
fluorenyl aldehyde precursors were prepared from 9,9-dioc-
tyl 2,7-dibromofluorene by standard metal–halogen ex-
change with n-butyl lithium and quenching with DMF.22

The various aldehyde derivatives were obtained by varying
the n-BuLi/dibromofluorene ratio. The complementary ami-
nofluorene derivatives were obtained by nitrating 9,9-di-
hexyl-fluorene, prepared from fluorene by known methods,
followed by reduction with activated Pd/C (10%).23 The re-
sulting amino fluorenes were extremely sensitive to ambient
conditions and underwent spontaneous decomposition. Con-
sequently, they were used immediately once synthesized for
preparing the targeted azomethines. The desired azomethines
were prepared using mild coupling conditions by refluxing
the complementary fluorenes in absolute ethanol in the pres-
ence of a catalytic amount of TFA. The desired products
were readily purified by column chromatography without
any decomposition and were obtained in sufficient purity
for electrochemical and spectroscopic characterization. The
extended degree of conjugation of 6–9 make these com-
pounds stable and less sensitive to acid hydrolysis to their
aliphatic counter parts.

Electrochemical studies
The electrochemical behaviour is an important property

for functional materials. Given that the exciton in an emit-
ting device is produced by the recombination of an electron
and hole, it is desired that the emitting layer be able to re-
peatedly sustain the harsh oxidation and reduction environ-
ment found in the device environment for ensuring device
longevity. The redox properties of the fluorenylazomethines
were therefore investigated and the structure-redox poten-
tials examined. The effects of substitution in the 2, 2’-posi-
tions, degree of conjugation, and alkylation on the
electrochemical properties are possible with the compounds
in Chart 1.

The effect of the single heteroatomic bond on the Epa is
evident by comparing 6 with 4. The oxidation potential of
the fluorenylazomethine is increased by 130 mV. Although
the Epa of 6 is expected to be reduced significantly com-
pared to 4 as a result of the increased degree conjugation
arising from the azomethine bond, the heteroconjugated
bond is a good electron-withdrawing group and counterbal-
ances some of the energetic gain from the increased conju-
gation. The Epa of 7 is increased relative to 6 owing to the
absence of the electron-withdrawing aldehyde group. Mean-
while, the Epa of 8 is 120 mV lower than 7 because of its

increased degree of conjugation. A significantly larger de-
crease in the oxidation is expected for 8 as a result of the
increased degree of conjugation; however, previous crystal-
lographic studies showed that the terminal fluorenes are
highly twisted with respect to the central axis.24 Therefore,
it has a limited degree of conjugation, located predominantly
on the =N–fluorene–N= central moiety. Conversely, 9 is
highly conjugated according to the extremely low Epa meas-
ured. The difference in conjugation between 8 and 9 is most
likely a result of the alkyl substitution that forces coplanari-
zation of the fluorene and azomethine units to minimize in-
terchain interactions. Although unequivocal confirmation of
the extended conjugation can be had from the crystal struc-
ture, repeated attempts to crystallize 9 were, unfortunately,
unsuccessful. The optimized geometry was subsequently cal-
culated via DFT for examining the structure of 9. We first
tested this method for accurately calculating the optimized
azomethine geometries by comparing calculated structures
with those measured experimentally from known crystal
structure data. The calculated optimized geometries were
consistent with those obtained by X-ray diffraction (XRD).
The resulting structure calculated for 9 showed the terminal
fluorenes to be twisted by 128 from the plane described by
the central fluorene and the azomethines. This is in contrast
to 8, whose terminal fluorenes are twisted by 26.78 and
65.38 from the central fluorene plane.18,25 The low Epa of 9
relative to the other azomethines is therefore a result of both
its extended degree of conjugation and the weak electron-
donating terminal bromines.

As seen in Fig. 1, the first oxidation process of 9 is rever-
sible. This is in contrast to the other fluorenylazomethines,
such as 6, that undergo irreversible oxidation. The electro-
chemical sample of 9 was thoroughly deaerated to ensure
that the observed reversible process was not from the reduc-
tion of residual oxygen. The peak persisted despite persistent
nitrogen purging. The anodic process corresponds to a one-

Fig. 1. Cyclic voltammogram of 6 (*) and 9 (*) measured at
100 mV/s.
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electron transfer process while oxygen reduction is a two-
electron process. The radical cation produced from the one-
electron oxidation of 9 is therefore stable, based on the ob-
served reversible oxidation, while similar intermediates for
the other azomethines are unstable, evidenced by the irrever-
sible anodic processes.

The spin densities of the radical cation of 9 were investi-
gated to understand the reversible anodic behaviour. As seen
in Fig. 2, the calculated spin densities is evenly distributed
over most of the carbons of 9. The 2,2’-positions are substi-
tuted with bromine for 9 while for the other azomethines,
such as 6–8, these positions are unsubstituted. Therefore, the
resulting radical cation undergoes homocross-coupling accord-
ing to known means when it is located in the terminal posi-
tion.26 This leads to the irreversible oxidation, as observed for
6–8.27,28 The terminal halogens of 9 effectively prevent radical
cross-coupling and make the one-electron transfer process re-
versible. Alkylation in the 9-position is also important for re-
versible radical cation formation, according to Fig. 2.
Azomethine structure and substitution play important roles in
determining both the oxidation potentials at which the radical
cation is produced and its reversible formation. The fluoreny-
lazomethine oxidation potentials and the reversibility of these

processes can thus be tuned courtesy of substitution in the
2,2’-positions. It is therefore expected that polymers derived
from 2 and 3 should sustain reversible oxidation.

Fluorescence studies
Fluorescence investigations involving previously studied

azomethines have exclusively used relative actinometry.
The challenge with this approach is the lack of universal
reference whose emission yield is accurately known and is
both wavelength and solvent independent. Also, there is no
general actinometer that consistently absorbs across the en-
tire visible spectrum for measuring the emission yields of
highly conjugated compounds regardless of the degree of
conjugation. As a result of these limitations, large variations
of fluorescence quantum yields are reported and cannot be
accurately known. The absolute quantum yields of the fluo-
renylazomethine model compounds and their precursors
were therefore measured using an integrating sphere because
of their variable absorbance and fluorescence, evident in
Fig. 3. As seen in Table 1, the fluorescence yields of the
precursors 1–5 are all quenched. This is not surprising given
that the fluorescence of fluorene is highly dependent on sub-
stitution.29,30 The addition of the azomethine bond to the flu-

Fig. 2. Calculated spin densities shown in red for the radical cation 9. The alkyl groups in the 9-positions are omitted for clarity.

Fig. 3. Normalized fluorescence spectra of 2 (~), 3 (^), 6 ($), and 9 (*) excited at their respective maximum. Inset: normalized emis-
sion spectra of 9 at room temperature (~) and 77 K (~).
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orene moiety does not increase the fluorescence. In all
cases, the fluorenylazomethine fluorescence is quenched re-
gardless of degree of oligomerization.

With increasing oligomerization, the number of degrees of
freedom increases, representing additional modes of fluorescence
deactivation. Fluorescence deactivation by aryl–azomethine bond
rotation was subsequently investigated to determine whether
this deactivation mode was responsible for the quenched
azomethine fluorescence. This was done by examining the
fluorescence emission at 77 K, at which temperature all non-
radiative fluorescence deactivation modes by bond rotation
are suppressed. Therefore, fluorescence increase is expected
at 77 K if deactivation by nonradiative means occurs. The
oligofluorenes 6–9 all exhibited significant increases in fluo-
rescence yields at this reduced temperature as seen in the
inset of Fig. 3. Unfortunately, accurate quantitative measure-
ments of the emission yields at 77 K cannot be obtained be-
cause they are reliant on the weak room temperature
fluorescence signals. Nonetheless, the fluorescence quantum
yields of the oligofluorenylazomethines at low 77 K surpass
those of their precursors at room temperature and reach the
same order of magnitude as native fluorene.

To provide further insight into the origins of the temper-
ature dependent fluorescence of the azomethines, the rota-
tional barrier around the =N–fluorenyl and =CH–fluorenyl
bonds were semiempirically calculated. A simple alkylated
dyad analogue of 7 was used as a model compound because
its crystal structure data is known, which were used for
inputting the correct optimized ground state geometry.
The heats of formation (DHf) of each torsion around the
fluorene–N= and =CH–fluorene bonds were calculated.
Although absolute DHf values are not possible as a result of
scaling errors, the relative values can, however, be accu-
rately calculated. The semiempirically calculated bond rota-
tion energies for an analogous fluorene–fluorene dyad were
also calculated. 2,2’-Bifluorene was used as a benchmark

since its fluorescence yields are reduced relative to native
fluorene as a result of nonradiative deactivation around the
fluorene–fluorene bond.24 As seen in Fig. 4, the bond rota-
tion energies for both the azomethine and fluorene dyads
are similar. This suggests that fluorescence quenching by
nonradiative bond rotation is a possible deactivation mode
for azomethines. The absolute fluorescence yield of 9 was
subsequently examined in thin films, where bond rotation
deactivation processes cannot occur. A fluorescence quan-
tum yield of 0.08 was measured in the solid state, confirm-
ing that deactivation by means other than simple fluorene–
N= and =CH–fluorene bond rotation as responsible for azo-
methine fluorescence quenching. Meanwhile, the fluores-

Table 1. Photophysical and electrochemical properties of fluorenylazomethine derivatives and their precursors.

Compound
labs

(nm)
lem

(nm)
Ffl

(77 K)a
Eg

(eV)b
Epa

(V)c
Epc

(V)d
HOMO
(eV)e

LUMO
(eV)e

Eg

(eV)f

Fluoreneg 261 302 0.72 3.9 1.36 –1.31 5.2 3.3 1.9
1h 292 389 0 3.5 — — — — —
2h 398 494 0.01 2.5 — — — — —
3 339 383 0 3.4 1.00 –1.02 5.4 3.4 2.0
4 326 366 0.01 3.5 1.15 –1.06 5.8 3.3 2.5
5 330 425 0.02 3.4 0.86 –1.90 5.26 2.5 2.76
6 384 509 0.02 (0.32) 2.6 1.30 –1.64 5.7 2.8 2.9
7i 361 445 0.01 (0.05) 2.9 1.53 –1.12 5.6 3.5 2.1
8i 396 472 0.01 (0.31) 2.8 1.41 –1.52 5.6 3.4 2.2
9 410 470 0.02 (0.38) 2.6 0.56 — 4.9 2.3 2.6

aFluorescence quantum yield at room temperature. Values in parentheses are the emission yields measured at 77 K and
calculated relative to the absolute room temperature fluorescence yields.

bSpectroscopically determined energy gap taken from the absorption onset.
cOxidation potential relative to saturated Ag/Ag+ electrode.
dReduction potential relative to Ag/Ag+.
eRelative to the vacuum level.
fElectrochemical energy gap.
gReference 25.
hReliable electrochemical data for 1 and 2 could not be obtained as a result of their instability under our experimental

conditions.
iReference 18.

Fig. 4. Rotational bond energies of the fluorene–N= (black) and
=CH–fluorene (blue) bonds for 6 and 2,2’-bifluorene (red) semiem-
pirically calculated from the heats of formation (DHf) using AM1.
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cence of both 6 and 9 could, however, be significantly re-
stored by protonating the azomethine bond with TFA. The
measured absolute fluorescence yield for these two com-
pounds was 0.4 and 0.11, respectively. The fluorescence on/
off switching by acid protonation corroborates previous
studies that the major deactivation mode is by intramolecu-
lar photoinduced electron transfer.31 Fluorenylazomethines
are therefore interesting because their fluorescence can be
tuned by both temperature and acid doping.

Conclusion
A series of dyad and triad fluorenylazomethines were pre-

pared with different electronic groups and substitution. The
oxidation potential was contingent on both substitution and
degree of conjugation. Although homoaryl groups are nor-
mally twisted by up to 658 from the azomethines to which
they are linked, increased planarity and hence increased de-
gree of conjugation was possible by alkylating the fluorene’s
9-position. Substitution in the 2,2’-position was also found to
play an important role in determining the reversibility of the
electrochemically generated radical cation. Meanwhile, the
fluorescence of the azomethines remained quenched similar
to their precursors. The fluorescence could be restored at
low temperature and by acid protonation. The fluorenylazo-
methines therefore have sensor properties. The collective
knowledge gained from the combined electrochemical and
fluorimetric studies is pivotal for the design and preparation
for the future generation of azomethines for emitting appli-
cations and will lead to highly fluorescent materials with de-
sired reversible oxidation. The results further suggest that
polymers derived from 2 and 3 will exhibit desired reversi-
ble oxidation, making them suitable materials for emitting
applications.

Supplementary data
Supplementary data for this article are available on the

journal Web site (canjchem.nrc.ca).
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Iron(II) complexes containing thiophene-
substituted ‘‘bispicen’’ ligands — Spin-crossover,
ligand rearrangements, and ferromagnetic
interactions

Haojin Cheng, Brandon Djukic, Hilary A. Jenkins, Serge I. Gorelsky, and
Martin T. Lemaire

Abstract: The synthesis and characterization of three new tetradentate ‘‘bispicen-type’’ ligands containing a substituted thi-
ophene heterocycle are described [2,5-thienyl substituents = H (7), Ph (8), or 2-thienyl (9)]. Iron(II) bis(thiocyanate) coor-
dination complexes containing 7–9 were prepared, and the electronic and variable-temperature magnetic properties of
complexes containing 7 (10) and 9 (12) are described. Complex 10 features a gradual and incomplete spin crossover in the
solid state, and 12 remains high-spin over the entire temperature range. Complex 11 is extremely unstable and rearranges
to another iron(II) complex (13), which was structurally characterized. The temperature-dependent magnetic properties of
13 are described as a one-dimensional ferromagnetic chain, with interchain antiferromagnetic interactions and (or) zero-
field splitting dominant at low temperatures. The magnetic analysis is corroborated by the molecular packing and density
functional theory calculations, which suggest intermolecular interactions between coordinated thiocyanate ligands bearing
a significant spin density.

Key words: spin crossover, iron(II), thiophene, ferromagnetic interactions.

Résumé : On décrit la synthèse et la caractérisation de trois nouveaux ligands tétradentates de type bispicène contenant un
hétérocycle thiophène substitué [substituants 2,5-thiényl = H (7), Ph (8) ou 2-thiényl (9)]. On a préparé les complexes de
coordination bis(thiocyanate) de fer(II) contenant les ligands 7–9 et on décrit les propriétés magnétiques en fonction de la
température des complexes contenant le ligand 7 (10) et le ligand 9 (12). Le complexe 10 par une inversion graduelle et
incomplète de spin à l’état solide alors que le complexe 12 garde un spin élevé sur toute la plage de température. Le com-
plexe 11 est extrêmement instable et il se réarrange en un autre complexe du fer(II) (13) dont on a caractérisé la structure.
On décrit les propriétés magnétiques du complexe 13 en fonction de la température comme une chaı̂ne ferromagnétique
unidimensionnelle avec des interactions antiferromagnétiques interchaı̂nes et (ou) un dédoublement de champ dominant
nul à basses températures. L’analyse magnétique est corroborée par des calculs d’empilement moléculaire et par la théorie
de la fonctionnelle de la densité, ce qui suggère qu’il existe des interactions intermoléculaires entre les ligands thiocyana-
tes porteurs d’une densité de spin significative.

Mots-clés : inversion de spin, fer(II), thiophène, interactions ferromagnétiques.

Introduction
Spin-crossover (SCO) in iron(II) coordination complexes

provides the best example of molecular bistability.1 There
are many examples of iron(II) complexes exhibiting abrupt
spin state transitions and concomitant thermal hysteresis,
confering true bistability on these materials.2 Exploration of
new avenues for research with SCO complexes is underway,
including coupling SCO with other properties in single-
component materials (so-called multifunctional materials).3
SCO complexes also exhibiting magnetic exchange cou-
pling, liquid crystalline behaviour, porosity, and photo-

chromism have all now been reported. A number of
research groups have also reported single-component ionic-
coordination complexes containing SCO cations and electri-
cally conducting anions as fascinating SCO conductors.4 We
are also interested in SCO conduting materials and our ap-
proach is focused on combining SCO properties with electri-
cal conductivity in novel metallopolymer materials.5 To
date, all reported SCO conductors have contained iron(III),
and we thought it would be interesting to produce SCO con-
ductors instead containing iron(II).

As an initial foray into this research, we have designed
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new tetradentate ligands with structural features that could
enable electropolymerization of the precursor iron(II) coor-
dination complexes. We also wanted the ligand to coordi-
nate the metal ion close to the polymer backbone to
facilitate stronger interactions among the coordinated SCO
unit and the conducting polymer. Inspection of the SCO lit-
erature led us to the bis(2-pyridylmethyl)-diamine type (bis-
picen) reported by Toftlund and co-workers in the 1980s
(Fig. 1).6 These tetradentate ligands feature an ethyl or
propyl spacer between the 2-pyridylmethylamine substitu-
ents, which could easily be replaced with a polymerizable
thiophene heterocycle substituted at the 3,4-ring positions
(bispicth 7). Also, cis-iron(II) complexes containing bispicen
(or other derivatives) and two equivalents of thiocyanate
have been observed to exhibit SCO, including abrupt transi-
tions with small thermal hysteresis cycles.

Herein, we describe the multistep syntheses of three new
bis-(2-pyridylmethyl) ligands containing thienyl substituents

and the preparation, electronic, and variable-temperature
magnetic properties of mononuclear iron(II) coordination
complexes containing these ligands, including the observa-
tion of SCO. We also report an unusual ligand-centered
structural rearrangment in solutions containing these coordi-
nation complexes, which produces new iron complexes. One
of these complexes features significant intermolecular ferro-
magnetic interactions.

Experimental

General procedures
All reagents were commercially available and used as re-

ceived unless otherwise stated. Deaerated and anhydrous
solvents were obtained from a Puresolve PS MD-4 solvent-
purification system, and all air- and (or) moisture-sensitive
reactions were carried out using standard Schlenk techni-
ques, unless otherwise stated. 1H/13C NMR spectra were re-
corded on a Bruker Advance 300 (or 600) MHz
spectrometer (as indicated) with a 7.05 (or 14.1) T Ultra-
shield magnet using deuterated solvents. FTIR spectra were
recorded on a Shimadzu IR/Affinity spectrometer as KBr
discs or thin films on KBr plates. EI and FAB mass spectra
were obtained using a Kratos Concept 1S High Resolution
E/B mass spectrometer, and ESI mass spectra were obtained
using a Bruker HCT Plus Proteineer LC–MS. Room temper-
ature vis–NIR spectra were recorded on a Shimadzu 3600
UV–vis–NIR spectrophotometer as solutions in appropriate
solvents. Spectra at 77 K were obtained as frozen ethanol
glasses in 5 mm NMR tubes immersed in a liquid N2 Dewar.
Elemental analyses were carried out by Guelph Chemical
Laboratories LTD, Guelph, ON, Canada.

X-ray crystallography
An orange rod was mounted on a MiTeGen mount, and

placed in the cold stream at 100 K. Data were collected on
a SMART APEX II diffractometer with Mo Ka radiation (l
= 0.71073 Å) located at the McMaster Analytical X-ray Dif-
fraction Facility (MAX). Data were collected using omega
and phi scans, integrated, and a numerical face-indexed ab-
sorption correction was applied with a secondary absorption
correction using redundant data (SADABS). The space
group chosen was C2/c, based on systematic absences. Data
were solved using direct methods (SHELXS-97), and refined
using least-squares techniques. All non-hydrogen atoms
were refined anisotropically; hydrogen atoms were located
and then treated as riding on their constituent atoms and up-
dated after each cycle of refinement. The NCS ligand
showed a 73:27 disorder over two positions, which were
symmetry-related to each other due to the twofold axis at
Fe1. The non-bonded pyridine also showed disorder between
N5 and C13/C17, which was similar in magnitude to the
NCS disorder, and due to some intermolecular interactions
between these moieties, we chose to couple the C/N disorder
in the pyridine ring to the NCS disorder.

The possibility of choosing a lower-symmetry space
group to solve the structure was investigated, with the ex-
pectation that the disorder would be resolved; however,
solving the data in Cc (the c-glide is obvious in the recipro-
cal lattice) gave a highly correlated structure, with the same

Fig. 1. Structural relationship between known bispicen ligands and
a thienyl-substituted ligand produced herein.

Table 1. Crystallographic data and structure refinement for 13.

Empirical formula C58H40FeN10S4
Formula mass 1061.09
Habit Rod
Color Orange
Crystal size (mm) 0.37�0.13�0.10
Crystal system Monoclinic
Space group C2/c
Z 4
a (Å) 17.343(4)
b (Å) 17.136(4)
c (Å) 17.227(4)
a (8) 90
b (8) 108.315(5)
g (8) 90
Collection ranges –16£h£21

–16£k£21
–21£I£20

V (Å3) 4860(2)
Dcalcd. (Mg m–3) 1.450
m (mm–1) 0.535
F(000) 2192
q range for data collection (8) 1.88–26.00
Observed reflections 26762
Independent reflections 4768 (Rint = 0.0713)
Data/restraints/parameters 4768/3/335
GOF on F2 1.326
Final R1 indices [I>2s(I)] 0.0670, 0.1791
wR2 indices (all data) 0.1162, 0.2037
Largest diff. peak and hole (e Å–3) 0.816 and –0.524
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disorder of the NCS ligand. Twin refinement indicated the
presence of the twofold rotation axis in the molecule, and
in the end, it was decided that C2/c was the correct space
group. In the final cycles of refinement, R1 = 6.70%, wR2 =
20.37% (Table 1).

Electrochemical measurements
Cyclic voltammetry (CV) experiments were performed

with a Bioanalytical Systems Inc. Epsilon electrochemical
workstation. Compounds were dissolved in anhydrous sol-
vent (CH3CN) and deaerated by sparging with N2 gas for
20 min. Solution concentrations were approximately
10–3 mol/L in analyte containing 0.1 mol/L supporting elec-
trolyte (Bu4NPF6). A typical three-electrode setup was used
including a platinum working electrode, Ag-wire pseudo-
reference electrode, and a platinum-wire auxiliary electrode.
Ferrocene was used in all cases as an internal standard and
was oxidized at a potential of +0.51 V in our setup; all po-
tentials quoted are versus the ferrocene redox potential. Scan
rates for CV experiments were, generally, 100 mV/s.

Variable-temperature magnetic susceptibility
measurements

Variable-temperature magnetic susceptibility measure-
ments were recorded on a superconducting quantum interfer-
ence device (SQUID) magnetometer (Quantum Design
MPMS) with a 5.5 T magnet (temperature range: 1.8 to
400 K) in an external field of 5000 Oe. Samples were care-
fully weighed into gelatin capsules, with empty gelatin
capsules above and below to eliminate background contribu-

Scheme 1. Preparation of ligands. Reagents and conditions: (a) concentrated H2SO4/HNO3. (b) Phenylboronic acid, 6 mol% Pd(PPh3)4,
K2CO3(aq), dimethoxyethane, 13 h reflux. (c) 2-Thienylboronic acid, 6 mol% Pd(PPh3)4, K2CO3(aq), dimethoxyethane, 8 h reflux. (d) Sn,
HCl/EtOH. (e) KOH(aq), 2-pyridinecarboxaldehyde, NaBH4, MeOH, 1 h reflux.

Scheme 2. Preparation of cis-iron(II) complexes 10 and 12.

Scheme 3. Ligand structural rearrangement in solutions of complex 11. Fig. 2. ORTEP view of 13. Thermal ellipsoids are drawn at the
50% probability level.
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tions from the gelatin, which were loaded into plastic straws,
and attached to the sample transport rod. Diamagnetic cor-
rections were made using Pascal’s constants.

Computational details
All density functional theory (DFT) calculations were per-

formed using the Gaussian 03 package using the B3LYP hy-
brid functional and the DZVP basis set for all atoms.7 Tight
SCF convergence criteria were used for all calculations. The
converged wave functions were tested to confirm that they
correspond to the ground-state surface. The evaluation of
atomic charges and spin densities was performed using the
natural population analysis (NPA).8 The analysis of molecu-
lar orbitals in terms of fragment orbital contributions were
carried out using the AOMix program.9 Time-dependent
DFT (TD-DFT) calculations at the B3LYP/DZVP level
were performed to calculate the absorption spectra as previ-
ously described.9b

Synthesis

2,5-Dibromo-3,4-dinitrothiophene (1)
H2SO4 (18 mol/L, 40 mL) was added to a three-neck

round-bottom flask then purged with N2 for 30 min and
cooled in an ice-water bath. Under N2, 2,5-dibromothio-
phene (10.74 g, 5.00 mL, 44.37 mmol) was added slowly to
maintain a temperature below 20 8C. HNO3 (16 mol/L,

7.00 mL) was then added dropwise, maintaining a tempera-
ture under 30 8C. Once the addition was complete, the reac-
tion mixture was allowed to react for an additional 3 h and
then poured over *160 g of ice. Upon melting of the ice,
the solid residue was recovered by vacuum filtration and
washed with water to produce a light yellow powder. Re-
crystallization from methanol afforded 7.64 g (52%) of pure
material. Mp 135–136 8C. The FTIR spectrum of 1 is iden-
tical to that previously reported.1013C NMR (75.5 MHz,
CDCl3): d 140.3, 113.4 ppm. MS (EI+): m/z 332 (M+,
100%).

3,4-Dinitro-2,5-diphenylthiophene (2)
Phenylboronic acid (0.20 g, 1.66 mmol) was added to a

Schlenk flask and flushed with N2 gas. Then, 1.8 mL of
H2O and 5 mL of 1,2-dimethoxyethane were added to the
reaction flask, which was sparged with N2 for 30 min. After
that, K2CO3 (0.50 g, 3.62 mmol), 1 (0.10 g, 0.60 mmol),
6 mol% Pd(PPh3)4 (0.04 g, 0.04 mmol) were added to the
flask, respectively, and the mixture was refluxed at 65 8C
under nitrogen for 13 h. The reaction mixture was washed
with water and extracted into CH2Cl2. The combined or-
ganic layers were dried over MgSO4 and concentrated to
dryness. The crude product was chromatographed over silica
gel using 1:3 CH2Cl2:hexane as eluent to yield 0.16 g (80%)
of bright yellow crystal. Mp 145–147 8C. FTIR (KBr): 3448
(m, br), 3059 (w), 1963 (w), 1542 (s), 1524 (s), 1448 (m),
1395 (s), 1327 (s), 1261 (m), 1079 (m), 902 (m), 748 (s),
691 (s) cm–1. 1H NMR (300 MHz, CDCl3): d 7.54 (m, 10H)
ppm. 13C NMR (75.5 MHz, CDCl3): d 140.8, 136.8, 130.9,
129.3, 129.1, 128.1 ppm. MS (EI+): m/z 326 (M+, 100%).
HR-MS (EI+) calculated for [C16H10N2O4S]+: 326.03613;
found: 326.03557.

3’,4’-Dinitro-2,2’:5’,2@-terthiophene (3)
Thiophene-2-boronic acid (3.29 g, 25.68 mmol) was

added to a Schlenk flask and flushed with N2. Then,
1.8 mL of H2O and 5 mL of 1,2-dimethoxyethane were
added to the reaction flask, which was sparged with N2 for
0.5 h. After that, K2CO3 (0.25 g, 1.81 mmol), 1 (3.1 g,
9.34 mmol), 6 mol% Pd(PPh3)4 (0.65 g, 0.56 mmol) were
added to the flask, respectively, and the mixture was re-
fluxed at 100 8C for 8 h. The reaction mixture was washed
with water and extracted into CH2Cl2. The combined or-
ganic layers were dried over MgSO4 and concentrated to
dryness. The crude product was chromatographed over silica
gel using 1:3 CH2Cl2:hexane as eluent to yield 0.05 g (48%)
of yellow solid. 1H NMR (300 MHz, CDCl3): d 7.20 (m,
2H), 7.57 (m, 2H), 7.62 (m, 2H) ppm. 13C NMR
(75.5 MHz, CDCl3): d 133.8, 131.3, 131.2, 128.4, 128.1,
96.13 ppm. MS (FAB+): m/z 338 [M+, 100%]. HR-MS
(EI+) calculated for [C12H6N2O4S3]+: 337.94897; found:
337.94872.

3,4-Diaminothiophene�2HCl (4)
Concentrated HCl (25 mL) was added to a three-neck

round-bottom flask and sparged with N2 for 0.5 h. Then, 1
(1.28 g, 3.80 mmol) was carefully combined with the HCl,
cooled in an ice-water bath. Tin (mossy) metal (3.19 g,
26.89 mmol) was added slowly to maintain a temperature

Table 2. Selected bond lengths (Å) and
angles (8) for 13.

Bond lengths (Å)
Fe—N(1) 2.203(3)
Fe—N(2) 2.293(3)
Fe—N(4) 2.127(5)
Fe—N(4’) 1.983(10)
C(9)—C(18) 1.502(6)
C(10)—C(24) 1.469(6)
C(5)—C(6) 1.474(5)
C(30)—S(2) 1.642(7)
C(30’)—S(2’) 1.642(8)
N(2)—C(6) 1.338(5)
N(2)—C(8) 1.404(5)
N(3)—C(6) 1.375(5)
N(3)—C(7) 1.388(5)
N(4)—C(30) 1.163(7)
N(4’)—C(30’) 1.163(8)

Bond angles (8)
N(1)–Fe–N(2) 73.46(11)
N(1)–Fe–N(4) 92.9(4)
N(1)–Fe–N(4’) 87.2(12)
N(2)–Fe–N(4) 91.0(3)
N(2)–Fe–N(4’) 100.2(10)
Fe–N(1)–C(5) 118.1(2)
Fe–N(2)–C(6) 108.7(2)
Fe–N(2)–C(8) 136.5(3)
Fe–N(4)–C(30) 166.3(6)
Fe–N(4’)–C(30’) 163(3)
N(4)–C(30)–S(2) 177.4(10)
N(4’)–C(30’)–S(2’) 178(2)
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between 25–30 8C. After stabilizing at 25 8C, the reaction
continued until all the tin metal was consumed and then
placed in a refrigerator overnight. The solid precipitate was
recovered by vacuum filtration and washed with diethyl
ether and acetonitrile until the wash was colorless to afford
0.64 g (83%) of white solid. 1H and 13C NMR spectra and
the FTIR spectrum of 4 are identical to those previously re-
ported.11 MS (EI+): m/z 114 [(M – 2HCl)+, 100%].

3,4-Diamino-2,5-diphenylthiophene�2HCl (5)
To a mixture of 2 (0.33 g, 1.00 mmol) in absolute ethanol

(30 mL) and concentrated HCl (60 mL) was added tin
(mossy) metal (3.63 g, 30.58 mmol) in small portions. The
resulting mixture was stirred at room temperature for 15 h
in air. A pale yellow solid was obtained, which was col-
lected by vacuum filtration and washed with H2O to afford
0.24 g (71%) of product. Mp 205–207 8C. FTIR (KBr):

Fig. 3. Molecular packing of 13 with a view down the ac diagonal. Intermolecular S2���S2’ and S2’���S2’ contacts are indicated by dashed
lines.

Fig. 4. Left: Visible–NIR spectrum of 10 in ethanol solution at 298 K (grey curve) and as a frozen ethanol glass at 77 K (black curve).
Right: Cyclic voltammogram of a 10–3 mol/L solution of 12 in CH3CN, containing 0.1 mol/L Bu4NPF6.

Fig. 5. Variable-temperature magnetic properties of 10 (&), 12 (~) (left) and 13 (^) (right). External magnetic field of 5000 Oe was
applied in all experiments. Magnetic data was acquired between 2–350 K for 10 and between 5–325 K for 12 and 13. The best fit to a 1-D
Bonner–Fisher chain model is indicated as a solid line.
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3330 (m, d), 3047 (w), 2920 (w), 2848 (w), 1616 (m), 1595
(m), 1523 (m), 1489 (m), 1429 (s), 1313 (w), 970 (m), 754
(s), 703 (m), 621 (w), 573 (w) cm–1. 1H NMR (300 MHz,
CDCl3): d 3.67 (br, s, 4H), 7.30 (m, 2H), 7.45 (m, 4H), 7.56
(m, 4H) ppm. 13C NMR (75.5 MHz, CDCl3): d 134.4, 133.2,
129.1, 127.6, 126.7, 116.5 ppm. MS (FAB+): m/z 266 [(M –
2HCl)+, 100%]. HR-MS (EI+) calculated for [C16H14N2S]+:
266.08777; found: 266.08880.

3’,4’-Diamino-2,2’:5’,2@-terthiophene�2HCl (6)
To a mixture of 3 (0.27 g, 0.80 mmol) in absolute ethanol

(30 mL) and concentrated HCl (60 mL) was added tin
(mossy) metal (2.84 g, 23.96 mmol) in small portions. The
resulting mixture was stirred at room temperature for 15 h
in air. A deep yellow solid was collected by vacuum filtra-
tion and washed with H2O to afford 0.28 g (88%) of the
product. Melting point and FTIR spectrum (KBr) are identi-
cal to those previously report.11 1H NMR (300 MHz,
CDCl3): d 3.76 (br, s, 4H), 7.11 (m, 4H), 7.30 (m, 2H)
ppm. 13C NMR (150.9 MHz, CDCl3): d 135.9, 133.6, 127.8,
124.0, 123.9, 110.13 ppm. MS (FAB+): m/z 278 [(M –
2HCl)+, 100%].

N,N’-Bis(2-pyridylmethyl)-3,4-diaminothiophene (7)
Compound 4 (0.20 g, 1.07 mmol) was added to an oven-

dried three-neck round-bottom flask fitted with a reflux con-
denser. The apparatus was then flushed with N2 for 5 min.
NaOH (0.086 g, 2.15 mmol) was dissolved in methanol
(20 mL), the solution was sparged with N2 for 0.5 h and
transferred by syringe into the three-neck flask. The mixture
was stirred for 0.5 h, and then 2-pyridinecarboxaldehyde
(0.24 g, 0.20 mL, 2.25 mmol) was added. The reaction mix-
ture was refluxed for 1.5 h and protected from light by cov-
ering with foil. NaBH4 (0.21 g, 5.67 mmol) was added in
small portions followed by a reflux for 14 h under N2. The
solvent was removed by rotary evaporation. The residue was
extracted into CH2Cl2, washed with water and dried over

MgSO4. The solution was filtered by passing through a Cel-
ite pad. The filtrate was concentrated by rotary evaporation,
and pentane was used to precipitate impurities, which were
removed by gravity filtration. The filtrate was then concen-
trated to dryness and chromatographed over neutral alumina
using 2:1 hexane:EtOAc, followed by 1:2 hexane:EtOAc as
eluent to yield 0.053 g (17%) of a bright yellow viscous oil.
FTIR (KBr): 3447 (s, br), 3105 (m), 2960 (w), 2923 (m),
2851 (w), 1594 (s), 15.7 (m), 1436 (m), 1261 (w), 1097 (w,
br), 801 (w), 757 (m) cm–1. 1H NMR (300 MHz, CDCl3): d
4.45 (m, 6H), 6.01 (s, 2H), 7.21 (dd, 2H, J = 5.2, 1.8 Hz),
7.39 (d, 2H, J = 7.8 Hz), 7.67 (td, 2H, J = 7.5, 1.8 Hz),
8.60 (d, 2H, J = 4.5 Hz) ppm. 13C NMR (75.5 MHz,
CDCl3): d 158.5, 149.3, 139.5, 136.7, 122.2, 121.8, 97.6,
51.4 ppm. MS (FAB+): m/z 297 [(M+, 100%)], 93 [(M –
C10H10N3S)+, 62%]. HR-MS (EI+) calculated for
[C16H16N4S]+: 296.10951; found: 296.10957.

N,N’-Bis(2-pyridylmethyl)-3,4-diamino-2,5-
diphenylthiophene (8)

Compound 5 (0.12 g, 0.35 mmol) was added to an oven-
dried three-neck round-bottom flask fitted with a reflux con-
denser. The apparatus was then flushed with N2. Then, KOH
(0.04 g, 0.69 mmol) was dissolved in methanol (20 mL) in a
round-bottom flask, the solution was sparged with N2 for
0.5 h, and transferred by syringe into the three-neck round-
bottom flask. The mixture was stirred for 0.5 h followed by
the addition of 2-pyridinecarboxaldehyde (0.22 g, 0.20 mL,
2.07 mmol). The reaction mixture was refluxed for 1 h
while protected from light by covering with foil. The reac-
tion was cooled to RT followed by adding NaBH4 (0.26 g,
6.90 mmol), and the mixture was again refluxed at 75 8C
for 1 h. The reaction mixture was diluted into Na2CO3 solu-
tion (pH 9.5) and extracted into diethyl ether. The organic
extracts were combined and dried over MgSO4. Concentra-
tion by rotary evaporation and chromatography over neutral
alumina using CH2Cl2 as eluent provided 0.12 g of a vibrant

Fig. 6. Calculated spin density distribution in 13. NPA-derived atomic spin density is shown for most important contributors. H atoms are
not shown for clarity.
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orange oil, which is very unstable. 1H NMR (300 MHz,
CDCl3): d 4.35 (br s, 6H), 7.59–7.13 (m, 16H), 8.49 (dd,
2H) ppm. HR-MS (FAB+) calculated for [C28H25N4S]+:
449.17999; found: 449.17897.

N,N’-Bis(2-pyridylmethyl)-3’,4’-diamino-2,2’:5’,2@-
terthiophene (9)

Compound 6 (0.10 g, 0.28 mmol) was added to an oven-
dried three-neck round-bottom flask fitted with a reflux con-
denser. The apparatus was then flushed with N2 for 5 min.
Then, KOH (0.032 g, 0.57 mmol) was dissolved in methanol
(20 mL) and the solution was sparged with N2 for 0.5 h. The
solution was transferred by syringe into the three-neck
round-bottom flask. The mixture was stirred for 0.5 h fol-
lowed by the addition of 2-pyridinecarboxaldehyde (0.18 g,
0.16 mL, 1.71 mmol). The reaction mixture was refluxed for
1 h while protected from light by covering with foil. The re-
action was cooled to RT, and NaBH4 (0.22 g, 5.70 mmol)
was carefuly added and the mixture was again refluxed for
1 h under N2. The reaction mixture was diluted into
NaHCO3 solution (pH 9.5) and extracted into diethyl ether.
The organic extracts were combined and dried over MgSO4.
Concentration by rotary evaporation provided 0.10 g (76%)
of a brown-yellow oil, which required no further purifica-
tion. FTIR (KBr): 3428 (s), 2922 (s), 2853 (m), 1593 (m),
1466 (m, br), 1431 (m), 1402 (m), 1219 (w, br), 1148 (m),
1045 (m, br), 691 (s) cm–1. 1H NMR (300 MHz, CDCl3): d
4.38 (s, 4H), 4.92 (br, 2H), 7.04 (m, 2H), 7.16 (m, 4H), 7.25
(m, 4H), 7.61 (m, 2H), 8.50 (d, 2H, J = 4.8 Hz) ppm. 13C
NMR (150.9 MHz, CDCl3): d 159.0, 149.1, 138.7, 136.5,
135.7, 127.2, 125.2, 124.9, 122.1, 116.1, 52.6 ppm. MS
(FAB+): m/z 461 [(M+, 52%)], 369 [(M – C6H6N)+, 100%].
HR-MS (FAB+) calculated for [C24H21N4S3]+: 461.09284;
found: 461.09655.

[FeII(7)(NCS)2] (10)
A 25 mL Schlenk flask was charged with 7 (0.025 g,

0.08 mmol) and flushed with N2. Methanol (8 mL) was
then added to the flask, which was sparged with N2 for
0.5 h. Fe(BF4)2�6H2O (0.028 g, 0.08 mmol) was added to
the solution and the mixture was stirred for 0.5 h under N2.
KSCN (0.033 g, 0.338 mmol) was dissolved in 10 mL of
H2O and was added to the mixture noted above. Gradually,
a green precipitate was observed, which was isolated by
vacuum filtration to afford 0.032 g (80%) of green powder.
UV–vis (MeOH): lmax (3) = 640 nm (400 mol/L–1 cm–1).
FTIR (KBr): 3448 (s, br), 3159 (m, br), 2920 (m), 2060 (s,
br), 1603 (m), 1425 (m), 787 (m), 762 (m) cm–1. MS
(FAB+): m/z 468 [(M+, 17%)], 410 [(M – SCN)+, 100%],
351 [(M – 2SCN)+, 99%]. HR-MS (FAB+) calculated for
[C18H16N6S3Fe]+: 467.98843; found: 467.99476.

[FeII(8)(NCS)2] (11)
A solution of 8 (0.10 g, 0.22 mmol) in 10 mL of MeOH

was degassed by sparging with N2 gas for 0.5 h.
Fe(BF4)2�6H2O (0.08 g, 0.22 mmol) was added to generate
a yellow-green solution. A solution of KSCN (0.09 g,
0.89 mmol) in 10 mL of water was added under N2, fol-
lowed by the addition of 10 mL of diethyl ether to instantly
produce a green precipitate. The solid residue was isolated
by vacuum filtration to afford 0.069 g (50%) of bright green

solid. UV–vis (MeOH): lmax = 650 nm. FTIR (KBr): 3424
(m, br), 3194 (w, br), 2921 (m), 2851 (w), 2071 (s), 1602
(w), 1508 (w), 1261 (w), 1102 (m), 1018 (m), 802 (m), 757
(m), 698 (m) cm–1. MS (FAB+): m/z 620 [(M+, 3%)], 562
[(M – SCN)+, 18%], 503 [(M – 2SCN)+, 17%]. Anal. calcd.
for C30H24N6S3Fe�2C2H6O (found %): C 59.21 (59.21), H
5.54 (4.97), N 11.21 (11.00)

[FeII(9)(NCS)2] (12)
Compound 9 (0.12 g, 0.25 mmol) was added to a Schlenk

flask and flushed with N2. Then, methanol (8 mL) was
added to the flask, which was sparged with N2 for 0.5 h.
Fe(BF4)2�6H2O (0.085 g, 0.25 mmol) was added to the solu-
tion, and the mixture was stirred for 0.5 h under N2. KSCN
(0.10 g, 1.00 mmol) was dissolved in 10 mL of H2O, and
this solution was added to the reaction. A dark green precip-
itate was observed, which was isolated by vacuum filtration
to afford 0.09 g (57%) of dark green solid. UV–vis (MeOH):
lmax (3) = 656 nm (400 mol/L–1cm–1). FTIR (KBr): 3425
(m, br), 3222 (w), 3107 (w), 3075 (w), 2921 (w), 2851 (w),
2081 (s), 2063 (s), 1602 (m), 1572 (w), 1484 (w), 1440 (w),
1411 (m), 1232 (w), 1101 (w), 899 (w), 760 (w), 697 (m)
cm–1. MS (FAB+): m/z 632 [(M+, 20%)], 574 [(M – SCN)+,
95%].Anal calcd. for C26H20N6S5Fe (found %): C 49.38
(49.30), H 3.19 (2.96), N 13.30 (12.86).

C58H40N10S4Fe (13)
Complex 11 (20 mg) was recrystallized in 1:1

MeOH:CH2Cl2 (4 mL) to produce orange rod-shaped crys-
tals over a period of two weeks. FTIR (KBr): 2961 (m),
2922 (m), 2855 (m), 2060 (s), 1628 (m), 1597 (w), 1470
(w), 1437 (w), 1261 (m), 1096 (s), 1024 (s), 802 (s), 754
(m), 694 (m) cm–1. MS (FAB+): m/z 1002 [(M – NCS)+,
8%)], 445 [(C28H21N4S)+, 100%)], 353 [(C22H15N3S)+,
52%)]. Anal. calcd. for C58H40N10S4Fe�0.5CH2Cl2 (found
%): C 63.86 (63.90), H 3.73 (2.84), N 12.63 (12.13).

Results and discussion

Ligand synthesis and coordination chemistry
Ligand preparation is outlined in Scheme 1. 2,5-Dibromo-

3,4-dinitrothiophene (1) was prepared by nitration of com-
mecrially available 2,5-dibromothiophene in a modified lit-
erature procedure.10 We chose to use non-fuming
concentrated acids and generated 1 in reasonably good yield.
To generate the 2,5-disubstituted ligands (where the sub-
stituents are phenyl or 2-thienyl), we performed Suzuki–
Miyuara cross-coupling reactions between 1 and phenylbor-
onic acid or 2-thienylboronic acid. 3,4-Dinitro-substituted
thiophenes (1–3) were reduced with a 30-fold excess of
mossy tin and the 3,4-diamino-substituted thiophenes, as di-
hydrochloride salts, precipitated out in each case.11 Tetra-
dentate ligands were prepared in one pot by neutralization
of the dihydrochloride salts with KOH, followed by conden-
sation reactions in methanol with 2-pyridinecarboxaldehyde
to generate the imine intermediates and subsequent imine re-
duction with NaBH4. Ligands 7–9 are very unstable oils
(particularly ligand 8, which is so unstable we could not
generate a quality 13C NMR spectrum prior to decomposi-
tion) and had to be purified quickly and used directly in co-
ordination reactions. To our knowledge, these instability
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issues are not observed with similar reported tetradentate li-
gands that do not feature thiophene substitution, which could
in all cases be purified by short-path vacuum distillation.6

Our attempts to purify 7–9 in this manner in all cases re-
sulted in decomposition. We speculate that the observed in-
stability likely arises from oligomerization or polymerization
of the thiophene heterocycle, and (or) from nucleophilic re-
action of the amino N atoms at the 3,4 thiophene ring posi-
tions. Unfortunately, our spectral data does not allow us to
unambiguously identify the products of the decomposition.
We have some mass spectral evidence that would seem to
suggest that ligands 8–9, in solution and over time, undergo
a similar rearrangement that is observed in complexes 11
and 12 (vida infra).

Iron(II) complexes were prepared by coordination of 7–9
with iron(II) tetrafluoroborate in deaerated methanol solu-
tion, followed by addition of excess aqueous KSCN to gen-
erate green precipitates of complexes 10 or 12 (Scheme 2).
Complexes 10 and 12 are analytically pure powders, stable
to air in the solid state, but very unstable in solution, includ-
ing deaerated solutions. It is likely that oligomerization or
polymerization of the thienyl substituents is at least one de-
stabilizing factor in these materials, but we are not exactly
sure what the pathway(s) for decomposition in these com-
plexes is (are). Mass spectral data suggests that decomposi-
tion leads to a complex mixture of products. Although X-ray
diffraction data could not be obtained from samples of 10 or
12 because of solution instability issues, we could use FTIR
spectroscopy (nC:N) to identify the stereochemistry about
the metal centre. Complexes 10 or 12 feature a strong
‘‘doublet’’ between 2060–2080 cm–1, indicating a cis stereo-
chemistry, which has been observed in other similar reported
complexes. In fact, the energy of this band has been previ-
ously correlated to the electronic ground state of the com-
plex and the energies observed for complexes 10 or 12
suggest a significant population of the high spin (HS) 5T2
state at room temperature.

Complex 11, which was prepared under identical condi-
tions to 10 or 12, is unstable in the solid state and solution,
making characterization difficult; however, based on our
spectroscopic data, we are confident in the purported struc-
ture. As opposed to 10 or 12, complex 11 features a single
sharp strong band at 2070 cm–1, which strongly suggests an
unusual trans disposition of the thiocyanate ligands (and a
HS ground state).

Attempts to recrystallize deaerated solutions of 10–12
consistently resulted in solution color changes, from green
to red over a period of days, which we anticipated was the
result of iron(II) oxidation. Red solutions of 11 deposited

X-ray quality crystals and, to our surprise, a structurally re-
arranged material was indicated. Complex 13 contains two
coordinated molecules of rearranged 8. For clarity, the li-
gand rearrangement is indicated in Scheme 3.

An Oakridge thermal ellipsoid plot (ORTEP) of the mo-
lecular structure of 13 is shown in Figure 2. The metal cen-
ter falls on a twofold axis, rendering each coordinated ligand
equivalent. Coordinate bond lengths (Table 2) are consistent
with an oxidation state assignment of +2 for the metal ion.
Each molecule of rearranged 8 is coordinated through N1
and N2 of a bidentate pyridine–imidazole-type fragment of
the molecule. The other imidazole-type ring atom N3 fea-
tures a covalently bound and uncoordinated 2-pyridylmethy-
lene substituent. Crystallographically equivalent thiocyanate
ligands are coordinated cis to the iron center, and are disor-
dered over two positions.

Along the ac diagonal, molecules of 13 pack in a one-di-
mensional chain structure, with intermolecular S���S contacts
between coordinated and disordered thiocyanate ligands
among adjacent molecules along the chain (Fig. 3). As noted
in the Experimental section, the NCS ligand exhibits a 73:27
disorder over two positions. The S���S contacts vary from
shorter [3.54(1) Å] than the sum of the van der Waals radii
for the interaction between S2’–S2’ to longer (3.85 and 4.40
Å) than the sum of the van der Waals radii for the interac-
tion between S2–S2’ and S2–S2, respectively. This packing
structure is possibly implicated in the unusual variable-tem-
perature magnetic properties of 13 because no other close
intermolecular contacts were found in the X-ray structure
between sites carrying a significant amount of spin density
(vida infra).

Red solutions of 12 deposit a dark red powder from which
FTIR and mass spectrometric data indicate a similar struc-
tural rearrangement occurs. Unforunately, we could not ob-
tain X-ray quality crystals from solutions containing 12.
Solutions of 10 decompose to a mixture of products over
time. To our knowledge, similar structural rearrangements
have not been reported for other iron(II) bis(thiocyanate)
complexes containing tetradentate bis(2-pyridylmethyl)-type
ligands, suggesting that the thienyl substituent or the elec-
tronic effect of this substituent is possibly involved in the
mechanism for this rearrangement.

Electrochemistry
The electrochemical properties of complexes 10 and 12

were investigated with cyclic voltammetry, and as an exam-
ple, the CV of 12 is presented in Fig. 4 (right). Each voltam-
mogram features a number of broad and irreversible
processes versus ferrocene. Cathodic scans are unremarkable
and each complex exhibits irreversible waves at potentials
greater than –1.5 V, which are attributed to pyridine ring re-
ductions. Over anodic potentials, an irreversible oxidation
process centered at +0.4 V is observed in the voltammo-
grams of 10 and 12. A similar wave at approximately +0.4
V is observed in the voltammogram of uncoordinated 7 and
is likely a ligand-centered oxidation (dehydrogenation of
NH bond). Beyond +0.4 V, 10 exhibits a very broad irrever-
sible oxidation at +1.3 V and 12 features irreversible proc-
esses at +0.8, +1.0, and +1.3 V, which we attribute to a
combination of terthienyl and iron(II) oxidation processes.
We attempted to electropolymerize complex 12 by repeated
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scans over the terthienyl oxidation potential; however, we
observed no indication for any successful electropolymeriza-
tion reactions.

Visible–NIR spectroscopy
Ethanol solutions of complexes 11 and 12 exhibit absorp-

tion maxima at 650 nm (3 = 400 mol/L–1 cm–1), with absorp-
tion intensities that are not temperature-dependent. To help
provide the assignments of the absorption bands in 11 and
12, the absorption spectrum of 13 was calculated using TD-
DFT at the B3LYP/DZVP level. The calculated spectrum of
13 in the visible region contains a main band at 638 nm
with the oscillator strength (f) of 0.0040 and a weaker band
at 629 nm (f = 0.0011). The 638 nm band originates from
the b-spin HOMO ? LUMO excitation with the b-spin
HOMO being the Fe dp – NCS p orbital (35% Fe and 65%
NCS contributions) and the b-spin LUMO being the Fe ds –
pyridine–imidazole p* orbital (12% Fe and 85% L). As a
result, this absorption band has a mixed metal-to-ligand and
ligand-to-ligand charge transfer (MLCT/LLCT) character.
The 629 nm band originates from a mixture of several elec-
tron excitations (the two principal components are the a-spin
HOMO-4 ? LUMO and b-spin HOMO-4 ? LUMO excita-
tions). The room-temperature spectrum of 10 in ethanol also
features a weak absorption at 640 nm; however, upon cool-
ing to 77 K, a large increase in absorption intensity is ob-
served concomitant with the growth of a shoulder on the
low-energy side of the 640 nm absorption. The color of the
solution becomes intensely dark green from the pale green/
yellow color observed at room temperature (Fig. 4, left).
These observations suggest an electronic change, likely
spin-crossover is occurring in solutions containing 10. The
new absorption feature centered at 700 nm is likely the
band of the low-spin state of 10.

Variable-temperature magnetic properties
The variable-temperature magnetic properties of 10, 12,

and 13 were probed via SQUID magnetometry and the data
are presented as plots of the effective magnetic moment
(meff) versus temperature (Fig. 5). The magnetic properties
of 12 feature very little temperature dependence and the ob-
served magnetic moment values suggest a high-spin ground
state for this complex. The magnetic moment of 12 de-
creases rapidly below 40 K, which likely results from a
combination of zero-field splitting (ZFS) and intermolecular
antiferromagnetic interactions.

Data from variable-temperature visible–NIR spectroscopy
indicated spin-crossover was operative in solutions of 10. In
the solid state, variable-temperature magnetic susceptibility
data indicates a gradual and incomplete spin-crossover with-
out thermal hysteresis in powder samples of 10. The mag-
netic moment of 10 at the highest measured temperature
(350 K) is 4.95 mB and a gradual decrease is observed with
decreasing temperature to 2 K, where the observed magnetic
moment is 2.4 mB, which is higher than anticipated for a
complete crossover to the low-spin (LS) state (theoretical
value is 0 BM). However, the profile of the data, including
the higher than expected moments at very low temperature,
is very similar to that observed by Toftlund for structurally
similar iron(II) complexes (without thienyl substituents) and

points toward an incomplete spin-crossover in these materi-
als.6

The variable-temperature magnetic properties of 13 are
completely different. At room temperature, the magnetic
moment is significantly higher than anticipated for a mag-
netically isolated mononuclear iron(II) complex (Fig. 5,
right). With decreasing temperature, we see a gradual in-
crease in magnetic moment, indicating intermolecular ferro-
magnetic interactions are operative. The magnetic moment
reaches a plateau of 8.1 BM at approximately 8 K, and then
slightly decreases. Low-temperature (5 K) magnetization
versus field experiments provided no indication of ferromag-
netic ordering, with a saturation magnetization of 4.6 NB at
3.5 T, which is a typical value for HS iron(II) (see Supple-
mentary data). In the molecular packing of 13, close inter-
molecular S���S contacts were observed between coordinated
thiocyanate ligands from adjacent molecules, suggesting a
possible pathway for magnetic exchange coupling. We used
DFT at the B3LYP/DZVP level to calculate the structure
and spin density of complex 13, and found significant spin
delocalization onto the coordinated thiocyanate ligands
(0.16 on each NCS, Fig. 6), suggesting that the magnetic ex-
change pathway in 13 is possibly that of a 1-D S = 2 ferro-
magnetic chain. The fit to a Bonner–Fisher 1-D chain
model12 (eq. [1], g = 2.13 and J/k = +7.5 K) containing a
correction for interchain magnetic interactions (eq. [2] zJ’/k
= –2.2 K) is good between 320 and 30 K, and then deviates
at low temperature.

½1� cchainT ¼ Ng2b2
eSðSþ 1Þ
3kT

1þ u

1� u

� �

½2� cmT ¼ 1

cchainT
� zJ 0

kT

� �

where

u ¼ coth
2JSðSþ 1Þ

kT
� kT

2JSðSþ 1Þ
Since there are no other significant intermolecular mag-

netic exchange pathways between atoms/fragments with
high spin density in the molecular packing of 13, which
would suggest that another competing antiferromagnetic in-
terchain coupling is dominant at lower temperatures, it is
also reasonable to assume that the deviation from 1-D chain
behaviour at lower temperatures is a result of ZFS of the
iron(II) S = 2 ground state. The relatively large value of J/k
is suprising, especially considering that this exchange path-
way is intermolecular. Typically, weak magnetic interac-
tions are mediated in an intramolecular fashion through
ambidentate N and S coordinated and bridging thiocyanate
between metal ions within bimetallic complexes or coordi-
nation polymers.13 We could find no other reported exam-
ples of intermolecular ferromagnetic coupling mediated by
coordinated thiocyanate ligands.

Conclusions
We have described the synthesis of three new thiophene-

containing ‘‘Toftlund-like’’ bispicen ligands (7–9). In appa-
rent contrast to the bispicen family of ligands, 7–9 are unsta-
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ble oils, which we could isolate and characterize, but must
be coordinated quickly, or else suffer decomposition. Coor-
dination of 7 and 9 with iron(II) bis(thiocyanate) resulted in
the anticipated cis-pseudo-octahedral complexes (10 and
12), which were characterized and featured incomplete spin-
crossover (10), or HS iron(II) (12). Coordination of 8 with
iron(II) bis(thiocyanate) produced a very unstable complex
(11), which in solution undergoes a ligand-centered struc-
tural rearrangment to produce a stable complex 13, featuring
intriguing variable-temperature magnetic properties. Our
analysis indicates that the temperature-dependent magnetic
behaviour of 13 is best-described as a one-dimensional fer-
romagnetic chain with interchain antiferromagnetic interac-
tions and (or) ZFS at low temperatures, which reduces the
magnetization. We are currently exploring the synthesis of
derivatives of 13, including other iron(II) complexes with
different ligand structures as precursors to novel iron(II)
containing spin-crossover conductors.

Supplementary data
Supplementary data for this article are available on the

journal Web site (canjchem.nrc.ca). CCDC 758104 contains
the X-ray data in CIF format for this manuscript. These data
can be obtained, free of charge, via www.ccdc.cam.ac.uk/
conts/retrieving.html (or from the Cambridge Crystallo-
graphic Data Centre, 12 Union Road, Cambridge CB2 1EZ,
UK; fax +44 1223 336033; or deposit@ccdc.cam.ac.uk).

Acknowledgement
MTL acknowledges the Natural Sciences and Engineering

Research Council of Canada (NSERC) and the Canadian
Foundation for Innovation (CFI) for support of this research.

References
(1) Kahn, O.; Martinez, C. J. Science 1998, 279 (5347), 44.

doi:10.1126/science.279.5347.44.
(2) Halcrow, M. A. Polyhedron 2007, 26 (14), 3523. doi:10.

1016/j.poly.2007.03.033.
(3) (a) Gaspar, A. B.; Ksenofontov, V.; Seredyuk, M.; Güetlich,
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Preparation of aromatic amines by copper-
catalyzed coupling of boronic acids with aqueous
ammonia

Zhaoqiong Jiang, Zhiqing Wu, Lixia Wang, Di Wu, and Xiangge Zhou

Abstract: A simple, highly efficient, and environmentally friendly protocol for the synthesis of primary aromatic amines
by catalytic coupling of aromatic boronic acids with aqueous ammonia has been developed by using commercial and inex-
pensive CuSO4�5H2O as catalyst without addition of other solvents under mild reaction conditions.

Key words: ammonia, primary aromatic amine, aromatic boronic acid, water.

Résumé : Opérant dans des conditions de réactions douces et utilisant le CuSO4�5H2O peu coûteux et commercialement
disponible comme catalyseur, on a développé une méthode simple, hautement efficace et écologique pour synthétiser des
amines primaires aromatiques par couplage catalytique d’acide boroniques aromatiques avec l’ammoniaque en solution
aqueuse et n’impliquant aucun autre solvant.

Mots-clés : ammoniac, amine primaire aromatique, acide boronique aromatique, eau.

Introduction
Preparation of primary aromatic amines has attracted in-

creasing attention because they are valuable compounds
widely employed in the manufacture of natural products,
agrochemicals, pharmaceuticals, biological compounds,
dyes, pigments, and rubber.1 Ammonia is one of the most
abundant, inexpensive, and attractive nitrogen sources in
chemical synthesis, but the direct consumption of it in cata-
lytic reactions is less reported.2 In general, the difficulties in
the use of ammonia for metal-catalyzed processes may result
from two facts: (i) many kinds of transition metals are
bonded with ammonia to form catalytically unreactive com-
plexes, and (ii) the primary amine product formed during
catalysis is usually more reactive than ammonia itself and
easily converted to a secondary amine.2g,3 Thus, the synthe-
sis of primary aryl amines generally relies on the use of am-
monia surrogates such as allyl,4 benzyl5 and silyl amines,6
imines,7 amides,8 and others.9 However, the products of
these reactions need an additional deprotection step, which
makes those methodologies less attractive. Hence, the use
of ammonia as a nitrogen source is still by far one of the
most desired approaches.2 A few copper-catalyzed protocols
for the preparation of primary arylamines have been recently
developed by the coupling of aryl halides with ammonia.
However, these catalyses were usually performed under
high pressure using liquid ammonia.10 More recently, palla-
dium-catalyzed cross-coupling reactions between simple aryl
halides and ammonia would allow the direct synthesis of
valuable primary aromatic amines with good yields in sol-
vents of 1,2-dimethoxyethane or 1,4-dioxane.2g,11 Instead of

palladium, Cu-catalyzed amination of aryl halides using
aqueous ammonia was first reported by Kim and Chang.12

Following these pioneering works, several Cu-catalyzed
preparation of primary arylamines have been efficiently car-
ried out with excellent yields by using DMF, N-methyl pyr-
rolidinone, alcohol, or 1,4-dioxane as reaction medium.13

Although these methods mentioned above have led to re-
markable advancement in the synthesis of primary aryl-
amines, it is worth noting that they were all performed in
organic solvents.14

From the standpoint of green chemistry, the development
of a more environmentally benign reaction media would be
highly desirable.15 Obviously, water, which is an ideal non-
toxic, extremely abundant, and readily available green sub-
stance, is the most inexpensive and environmentally benign
solvent. In continuation of our endeavors in aqueous cataly-
sis,16 herein is reported the synthesis of primary arylamines
by cross-coupling reactions between aromatic boronic acids
and aqueous ammonia catalyzed by CuSO4�5H2O at room
temperature (RT) without the addition of other solvents.

Results and discussion
Initially, we chose phenylboronic acid as the model sub-

strate in the optimization of reaction conditions. The pre-
liminary survey was carried out by using 28% aqueous
ammonia as the nitrogen source, CuSO4�5H2O as catalyst,
and NaOH as base. The results were listed in Table 1.

Unlike most of the other coupling reactions, as shown in
Table 1, the yields decreased sharply from 70% and 69% to
51% when the reaction temperature increased from room
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temperature and 60 8C to 90 8C, respectively (Table 1, en-
tries 1–3). The formation of the byproduct phenol, which re-
sulted from the hydrolysis of phenylboronic acid at high
temperature in water, might be attributed to the decrease of
yields. Control experiment proved that more than 50% phe-
nylboronic acid was found to convert into phenol at 100 8C.
Comparison of a variety of bases indicated NaOH to be a
proper candidate with a yield of 70% (Table 1, entries 3–13).
Considering phenol as the main side product, we increased
the concentration of ammonia to inhibit the competition of
water; the yield was sharply improved from 70% to 91%
when the concentration of ammonia was increased from 2%
to 28% (Table 1, entries 3, 14–16). Thus, the addition of
other solvents, including water, was unnecessary in this
case. Other different copper sources such as Cu(OAc)2,
CuCl2, Cu2O, CuClO4, and CuI have also been examined,
and CuSO4 gave the best result with a 91% GC–MS yield
(Table 1, entries 16–21) and there was only trace product
without catalyst (Table 1, entry 22). Several inorganic nitro-
gen sources were also tried with poor results (Table 1, en-
tries 23–26). In summary, the optimal conditions for the

synthesis of primary aromatic amines are as follows: 28%
aqueous ammonia (3 mL, when 0.6 mmol aromatic boronic
acid was used) as the nitrogen source, CuSO4 (10 mol%) as
the catalyst, NaOH (2 equiv.) as the base, and the reaction
was carried out at room temperature in a sealed tube without
inert gas protection.

The scope of aromatic boronic acids was then investigated
by using this catalytic system under the optimized reaction
conditions. The results are listed in Table 2.

In general, the catalytic cross-coupling reactions between
aqueous ammonia and aromatic boronic acids containing
electron-withdrawing substituents were efficiently promoted
with excellent yields within 3–5 h. For instance, p-fluoro-
phenylboronic acid and p-cyanophenylboronic acid afforded
91% and 92% of the desired aminated products, respectively
(Table 2, entries 3 and 5, respectively). Lower yields were
obtained with p-methoxyphenyl boronic acid, o-methoxy-
phenyl boronic acid, and a-naphthyl boronic acid, due to
the formation of protodeboronation byproducts as shown in
Scheme 1 (Table 2, entries 6, 8, and 11, respectively).17

Normally, protodeboronation occurs by the reported A-SE2

Table 1. Copper-catalyzed synthesis of aniline from phenylboronic acid in water.

Entry Nitrogen source Catalyst Base T (8C) Yield (%)a

1 NH3�H2O CuSO4�5H2O NaOH 90 51
2 NH3�H2O CuSO4�5H2O NaOH 60 69
3 NH3�H2O CuSO4�5H2O NaOH RT 70
4 NH3�H2O CuSO4�5H2O Cs2CO3 RT 33
5 NH3�H2O CuSO4�5H2O K2CO3 RT 24
6 NH3�H2O CuSO4�5H2O Na2CO3 RT 28
7 NH3�H2O CuSO4�5H2O CH3COONa RT 39
8 NH3�H2O CuSO4�5H2O K3PO4 RT 39
9 NH3�H2O CuSO4�5H2O Na2HPO4 RT 19
10 NH3�H2O CuSO4�5H2O KOH RT 50
11 NH3�H2O CuSO4�5H2O NaHCO3 RT 30
12 NH3�H2O CuSO4�5H2O EtONa RT 50
13 NH3�H2O CuSO4�5H2O — RT 18
14 NH3�H2Ob CuSO4�5H2O NaOH RT 78
15 NH3�H2Oc CuSO4�5H2O NaOH RT 90
16 NH3�H2Od CuSO4�5H2O NaOH RT 91
17 NH3�H2Od Cu(OAc)2�H2O NaOH RT 89
18 NH3�H2Od CuCl2�2H2O NaOH RT 79
19 NH3�H2Od Cu2O NaOH RT 65
20 NH3�H2Od CuClO4 NaOH RT 82
21 NH3�H2Od CuI NaOH RT 87
22 NH3�H2Od — NaOH RT Trace
23 (NH4)2CO3 CuSO4�5H2O NaOH RT 5
24 NH4HCO3 CuSO4�5H2O NaOH RT 3
25 NH4Cl CuSO4�5H2O NaOH RT 5
26 (NH4)2SO4 CuSO4�5H2O NaOH RT 4

Note: Unless otherwise noted, the reaction was carried out with phenylboronic acid (0.2 mmol),
nitrogen sources (2 mmol), catalyst (0.02 mmol), and base (0.4 mmol) in 2 mL water.

aDetermined by GC–MS using 1,4-dichlorobenzene as internal standard.
bAqueous ammonia (28%, 4 mmol) in 2 mL water.
cAqueous ammonia (28%, 4 mmol) in 1 mL water.
dAqueous ammonia (28%, 1 mL).
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mechanism, in which proton transfer is the rate-determining
step, and is followed by a rapid ionic cleavage of the boron–
carbon bond.18 The rate sequence of protodeboronation of
substituted phenylboronic acids was reported to be p-OCH3 >
p-CH3 > p-F > H > p-Br > m-Cl > m-F.18c,18d,19 Meanwhile,
electron-withdrawing groups, especially those located at the
m-position of phenylboronic acids, retarded the rate of pro-
todeboronation.18d Furthermore, the protodeboronation proc-
ess was reported to be easier for a-naphthyl boronic acid
than p-methoxyphenyl boronic acid.17b,20 Thus, in this ex-
periment, p-methoxyphenyl boronic acid, o-methoxyphenyl
boronic acid, and a-naphthyl boronic acid afforded moderate
yields ranging from 50% to 66%, while a much higher yield
(84%) was obtained in the case of m-methoxyphenyl boronic
acid (Table 2, entries 6–8). On the other hand, steric hin-
drance was another important factor affecting the results.

For example, only a 58% yield of the aminated product was
obtained when 2,6-dimethyphenylboronic acid was em-
ployed (Table 2, entry 10).

Conclusion
In summary, we have developed a simple, highly effi-

cient, economical, and environmentally friendly protocol for
the synthesis of primary aromatic amines by coupling of ar-
omatic boronic acids with aqueous ammonia without the ad-
dition of other solvents under mild reaction conditions. This
method has the following advantages: commercial and inex-
pensive CuSO4�5H2O as catalyst, the use of aqueous ammo-
nia as reactant as well as solvent, and NaOH as base at
room temperature under atmospheric pressure without ligand
and any other additive. This method avoids the use of strin-
gent inert conditions and organic solvents, and the operation
is very simple. Overall, we believe that this method could
provide an avenue toward the Cu-catalyzed methods that
have scarcely been adopted in the aqueous phase.

Experimental
All reagents were purchased from commercial suppliers

and used without further purification. Column chromatogra-
phy was carried out with silica gel (200–300 mesh). Thin
layer chromatography was carried out using Merck silica
gel GF254 plates. 1H NMR and 13C NMR (400 and
100 MHz, respectively) spectra were recorded in CDCl3.
Chemical shifts are reported in ppm using TMS as the inter-
nal standard. Gas chromatography/mass spectra (GC–MS)
were recorded on an Agilent Technologies 6890N instru-
ment with an Agilent 5973N mass detector (EI) and a HP5-
MS 30 m � 0.25 mm capillary apolar column (stationary
phase: 5% diphenyldimethylpolysiloxane film, 0.25 mm).

General procedure for the synthesis of primary aromatic
amines

Aromatic boronic acid (0.6 mmol), CuSO4�5H2O
(0.06 mmol), NaOH (1.2 mmol), and aqueous ammonia
(3 mL) were added to a sealed tube. The reaction mixture
was stirred at room temperature for 3–5 h as shown in Ta-
ble 2. After completion of the reaction, the mixture was ex-
tracted with ethyl acetate. The organic layer was then dried
over anhydrous Na2SO4 and the solvent was removed under
reduced pressure. The residue was finally purified by col-
umn chromatography on silica gel using a hexane–ethyl ace-
tate mixture as eluent.

Aniline13c

Purification by flash chromatography (petroleum ether/
ethyl acetate 9:1). Yellow oil. 1H NMR (CDCl3, 400 MHz)
d: 7.15 (t, 2H, J = 8.0 Hz), 6.76 (t, 1H, J = 7.4 Hz), 6.69 (d,
2H, J = 7.6 Hz), 3.52 (s, br, 2H). 13C NMR (CDCl3,
100 MHz) d: 145.9, 128.5, 117.6, 114.4. EI-MS m/z: 93
[M+].

p-Toluidine13c

Purification by flash chromatography (petroleum ether/
ethyl acetate 9:1). Slight yellow solid. 1H NMR (CDCl3,
400 MHz) d: 6.96 (d, 2H, J = 8.4 Hz), 6.61 (d, 2H, J =
8.4 Hz), 3.42 (s, br, 2H), 2.24 (s, 3H). 13C NMR (CDCl3,

Scheme 1. Protodeboronation of aromatic boronic acids.

Table 2. Synthesis of primary aromatic amines catalyzed by Cu-
SO4�5H2O in water.
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100 MHz) d: 143.8, 129.7, 127.7, 115.3, 20.4. EI-MS m/z:
107 [M+].

p-Anisidine13c

Purification by flash chromatography (petroleum ether/
ethyl acetate 6:1). Slight brown solid. 1H NMR (CDCl3,
400 MHz) d: 6.75 (d, 2H, J = 8.8 Hz), 6.66 (d, 2H, J =
8.8 Hz), 3.75 (s, 3H), 3.32 (s, br, 2H). 13C NMR (CDCl3,
100 MHz) d: 152.8, 134.0, 116.5, 114.8, 56.0. EI-MS m/z:
123 [M+].

m-Anisidine13c

Purification by flash chromatography (petroleum ether/
ethyl acetate 6:1). Yellow oil. 1H NMR (CDCl3, 400 MHz)
d: 7.06 (t, 1H, J = 8.0 Hz), 6.34–6.29 (m, 2H), 6.25 (t, 1H),
3.76 (s, 3H), 3.55 (s, br, 2H). 13C NMR (CDCl3, 100 MHz)
d: 159.7, 146.7, 129.1, 106.9, 103.0, 100.1, 54.0. EI-MS m/z:
123 [M+].

o-Anisidine13f

Purification by flash chromatography (petroleum ether/
ethyl acetate 6:1). Yellow oil. 1H NMR (CDCl3, 400 MHz)
d: 6.81–6.78 (m, 2H), 6.75–6.71 (m, 2H), 3.84 (s, 3H), 3.60
(s, br, 2H). 13C NMR (CDCl3, 100 MHz) d: 146.3, 135.1,
120.1, 117.5, 114.0, 109.4, 54.4. EI-MS m/z: 123 [M+].

o-Toluidine13c

Purification by flash chromatography (petroleum ether/
ethyl acetate 9:1). Pale yellow oil. 1H NMR (CDCl3,
400 MHz) d: 7.07–7.03 (m, 2H), 6.76–6.72 (m, 2H), 4.02 (s,
br, 2H), 2.20 (s, 3H). 13C NMR (CDCl3, 100 MHz) d: 143.0,
129.5, 126.0, 121.7, 118.0, 114.2, 16.3. EI-MS m/z:107 [M+].

2,6-Dimethylaniline13b

Purification by flash chromatography (petroleum ether/
ethyl acetate 9:1). Yellow oil. 1H NMR (CDCl3, 400 MHz)
d: 6.95 (d, 2H, J = 7.6 Hz), 6.66 (t, 1H, J = 7.6 Hz), 3.83 (s,
br, 2H), 2.20 (s, 6H). 13C NMR (CDCl3, 100 MHz) d: 142.5,
128.3, 121.9, 118.2, 17.7. EI-MS m/z: 121 [M+].

a-Aminonaphthalene13c

Purification by flash chromatography (petroleum ether/
ethyl acetate 9:1). White solid. 1H NMR (CDCl3, 400 MHz)
d: 7.85–7.78 (m, 2H), 7.46–7.43 (m, 2H), 7.33–7.24 (m,
2H), 6.79–6.76 (m,1H), 4.13 (s, br, 2H). 13C NMR (CDCl3,
100 MHz) d: 142.1, 134.3, 128.5, 126.3, 125.8, 124.7, 123.6,
120.8, 118.8, 109.6. EI-MS m/z: 143 [M+].

p-Chloroaniline13f

Purification by flash chromatography (petroleum ether/
ethyl acetate 6:1). White solid. 1H NMR (CDCl3, 400 MHz)
d: 7.10 (d, 2H, J = 8.0 Hz), 6.61 (d, 2H, J = 8.4 Hz), 3.63 (s,
br, 2H). 13C NMR (CDCl3, 100 MHz) d: 145.0, 129.1,
123.2, 116. 2. EI-MS m/z: 127 [M+].

p-Fluoroaniline21

Purification by flash chromatography (petroleum ether/
ethyl acetate 6:1). Yellow oil. 1H NMR (CDCl3, 400 MHz)
d: 6.88–6.82 (m, 2H), 6.64–6.60 (m, 2H), 3.53 (s, br, 2H).
13C NMR (CDCl3, 100 MHz) d: 157.6, 155.3, 142.4, 116.1,
116.0, 115.8, 115.6. EI-MS m/z: 111 [M+].

p-Aminobenzonitrile13c

Purification by flash chromatography (petroleum ether/
ethyl acetate 6:1). Yellow soild. 1H NMR (CDCl3,
400 MHz) d: 7.42 (d, 2H, J = 8.4 Hz), 6.65 (d, 2H, J =
8.4 Hz), 4.18 (s, br, 2H). 13C NMR (CDCl3, 100 MHz) d:
150.5, 133.8, 120.2, 114.4, 100.1. EI-MS m/z: 118 [M+].

Supplementary data
Supplementary data for this article (1H NMR and 13C

NMR spectra for all products) are available on the journal
Web site (canjchem.nrc.ca).
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Novel b-galactosidase-specific O2-glycosylated
diazeniumdiolate probes

Barry J. Bedell, D. Scott Bohle, Zhijie Chua, Alexander Czerniewski, Alan C. Evans,
and Shadreck Mzengeza

Abstract: Three b-galactosidase-specific nitric-oxide-releasing diazeniumdiolate conjugated probes were prepared as a
prelude to studies of new potential molecular MRI imaging agents. A glycosylated derivative, 2e, designed to be trafficked
across cell membranes, was also prepared. We report, in detail, the synthesis and characterization of these probes. In addi-
tion, the release of diazeniumdiolate from the probes by b-galactosidase-catalyzed hydrolysis was used to estimate their ef-
ficacy as serum-stable, specific NO donors.

Key words: nitric oxide, diazeniumdiolate, glycosylated, galactosidase.

Résumé : Comme prélude à des études de nouveaux produits pouvant éventuellement être utilisés comme agents molécu-
laires en imagerie de résonance magnétique (IRM), on a préparé trois nouvelles sondes spécifiques pour les b-galactosidase
et conjuguées à un diazéniumdiolate qui libère de l’oxyde nitrique. On a aussi préparé un dérivé glycosylé, 2e, qui devrait
pouvoir pénétrer à l’intérieur des membranes des cellules. On rapporte, en détail, la synthèse et la caractérisation de ces
sondes. De plus, on utilise le fait que l’hydrolyse catalysée par le b-galoactosidase libère le diazéniumdiolate des sondes
pour évaluer leur efficacité comme donneurs spécifiques de NO, stables dans le sérum.

Mots-clés : oxyde nitrique, diazéniumdiolate, glycosylé, galactosidase.

Introduction
With the numerous biological roles of nitric oxide (NO),

there is now great interest in developing NO-releasing com-
pounds capable of providing required quantities of NO to
specific biological tissues without disturbing other NO-sen-
sitive physiology.1–19 Because of their NO-releasing ability,
diazeniumdiolates have become especially attractive for
their potential use in novel drug therapies.13,20–22 However,
to design site-specific diazeniumdiolates, careful functionali-
zation of these compounds is required. This strategy has
been successfully achieved by derivatizing the terminal oxy-
gen (O2) of the diazeniumdiolate functionality.6 To date,
several O2-protected diazeniumdiolates that only release NO
in targeted biological tissues have been prepared,
Scheme 1.3,6,19,23–29 For example, Keefer and co-workers
have reported O2-vinyl diazeniumdiolates and their ability
for liver-selectivity and activation by hepatic cytochrome
P450.6 They have also shown that O2-acetoxymethyl diaze-
niumdiolates were esterase-sensitive and exhibited consider-
able anti-leukemia activity.30 A number of peptide-
diazeniumdiolate conjugates were recently prepared by

Tang and Wang and found to be activated by a-chymotryp-
sin or prostate-specific antigens.31

Related efforts have led to the development of glycosy-
lated derivatives of diazeniumdiolates, Scheme 2.19,32–34

Such compounds constitute a novel series of tissue-specific
diazeniumdiolates. For example, a library of pyranosyl deri-
vates of diazeniumdiolates was recently prepared by Valdez
et al.,19 and these derivatives have the ability to pharmaco-
logically target NO to pathogen-infected macrophages.

These recent examples of glycosylated diazeniumdiolate
derivatives were not the first to be synthesized. Almost
25 years ago, Vasella and co-workers reported two sugar de-
rivatives containing the diazeniumdiolate functionality and
prepared them by a route involving oxidation of sugar ox-
imes or sugar hydroxylamines35 (see Scheme 3).

Analogous with the initial Valdez or Tang and Wang car-
bohydrate-substituted diazeniumdiolates, Vasella and co-
workers’ compounds are O2-substituted diazeniumdiolates.
Unlike the recent N-bound diazeniumdiolates, those two
products are C-bound diazeniumdiolates. Jochims and co-
workers have recently prepared a number of C-bound glyco-
sylated diazeniumdiolates, Scheme 4, via nitrosation of
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sugar oximes or sugar hydroxylamines.36 The nitrosation of
oximes or hydroxylamines are well-known routes for the
preparation of C-bound diazeniumdiolates.37–39

As part of our effort to create new molecular magnetic
resonance imaging (MRI) agents, we have designed and pre-
pared a series of new glycosylated diazeniumdiolate com-
pounds. We anticipate that these NO-releasing probes can
non-invasively monitor b-galactosidase (b-gal) activity by
MRI (e.g., perfusion MRI) based on the vasoactive proper-

ties of NO. As proof-of-principle, our monosaccharide-dia-
zeniumdiolate derivatives are designed to target cells
expressing a high level of b-gal, since the lacZ gene is com-
monly used as a reporter of gene expression. Specificity is
proposed to arise from the coupling of a b-gal active compo-
nent, namely a galactose molecule, with an amine-bound di-
azeniumdiolate salt via the glycosidic bond of the sugar.

In addition, we further explored the idea of tissue-specific
glycosylated diazeniumdiolates by designing a diazeniumdio-

Scheme 1. Selected derivatives of pyrrolidine diazeniumdiolate prepared by Keefer and co-workers (see ref. 6).

Scheme 2. Glycosylated derivatives of diazeniumdiolates prepared by Valdez et al. (see ref. 19).

Scheme 3. Vasella and co-workers’ sugar diazeniumdiolates prepared by oxidation of sugar oximes or sugar hydroxylamines.
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late glycoside derivative capable of crossing cell membranes.
Our strategy was accomplished by appending the galactose-
diazeniumdiolate derivative to another moiety that traffics
the glycoside across plasma membranes (Scheme 5).40–43

The ester conjugates of glucose, substituted at the pyranose
C6-position, have high affinities for glucose transporters,
such as GLUT-1.7 Thus, a ‘‘bifunctional’’ NO-releasing
probe was prepared with glucose coupled via its C-6 link-
age, for trafficking via a GLUT-1 transporter, and galactose
coupled via a glycosidic bond to a diazeniumdiolate core,
for the probe’s b-gal activation, Scheme 6.

We thus prepared ‘‘bifunctional’’ NO-releasing probes de-

signed to be potentially activated by b-gal-expressing cells.
Herein, the preparation and characterization of these new
probes are described in detail.

Results

The synthetic scheme employed to design our probes is
based on a halide-displacement reaction.19,32,34,44 The diaze-
niumdiolate sodium salt was coupled with an acetylated pyr-
anosyl bromide, eq. [1]. Base-catalyzed hydrolysis of the
acetyl protecting groups then afforded the deprotected gly-
cosylated diazeniumdiolate, eq. [2].

½1�

½2�

The presence of acetyl protecting groups on all of the pyr-
anose C-2 to C-6 hydroxyl functionalities ensure that it is
the diazeniumdiolate oxygen, and not the hydroxyl groups,
which adds to the pyranose anomeric position. The acetyl
protecting groups also aid in the purification and isolation
of the glycosylated probe.

The ‘‘bifunctional’’ probes are comprised of three integral
components as shown in Scheme 6. These three components

include (I) a glucose moiety, coupled via its C-6 linkage and
(ii) a galactose entity, coupled via a glycosidic bond to (iii)
a piperidine-bound diazeniumdiolate core. Synthesis of the
bifunctional probes involved the use of a tert-butyloxycar-
bonyl (Boc)-protected secondary amine, representing the
precursor of the secondary amine linker.

The diazeniumdiolate 1c was prepared from the Boc-pro-
tected secondary amine, eq. [3], with typical conditions for

Scheme 4. Glucosyl, xylosyl, lactosyl, and mannosyl diazeniumdiolate derivatives prepared by Jochims and co-workers (see ref. 36).
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generating secondary-amine-bound diazeniumdiolates.45,46

The diazeniumdiolates were then coupled with galactosyl
bromide, eq. [4], to give the O2-protected adducts 2a–2c in
good yields. The presence of a Boc protecting group in 1c
prevented any competitive coupling to galactosyl bromide
by the protected primary amine.

½3�

½4�

Removal of the Boc protecting group was then readily ef-
fected under acidic conditions,47,48 eq. [5], and lead to the
generation of the free primary amine in 2d, which was then
coupled with an activated glucose ester to give 2e, eq. [6].
Removal of all protecting groups using NaOMe generated
the final products 3a–3c, eqs. [7] and [8].

½5�

½6�

½7�

½8�

To verify the final product stereochemistry and linkage, a
single-crystal X-ray diffraction structure for 3a was deter-
mined, Fig. 1. Crystals for this adduct adopt the monoclinic

Scheme 5. b-gal hydrolysis of constructed glycosylated diazeniumdiolate probes.

Scheme 6. Schematic (left) and detailed (right) structure of the proposed probes construction.
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non-centrosymmetric space group P21 with Z = 2. Complete
details of the structure and refinement are provided in the
Experimental and Supplementary data sections.

Enzymatic hydrolysis by b-galactosidase of compounds
3a–3c

Glycosylation of the diazeniumdiolate oxygen protects the
diazeniumdiolate from its rapid reversion to two nitric ox-
ides and the secondary amine, that is, the reverse of eq. [3]
at neutral pH. The strong n–p* transition at *260 nm in di-
azeniumdiolates allows for the facile monitoring of its hy-
drolytic breakdown. Since the half-life of the deprotected
diazeniumdiolate under these conditions is less than 2 s, the
loss of extinction at 256 nm corresponds to the limiting slow
enzymatic cleavage of the C–O bond by galactosidase. As
shown in the Supplementary data in that buffer and ion con-
centration, the half-life for 3a at pH = 7.3, 37 8C, and [b-
gal] = 8 nmol/L, is less than 120 s, which corresponds to at
least a five orders of magnitude enhancement in the decom-
position of these compounds over background degradation.
Similar results are observed for 3b and 3c and for related
glycosylated diazeniumdiolates.32 Under physiological levels
of cation concentration, these b-gal-promoted hydrolysis
rates are likely to be faster and thus these half-lives and the
resulting enhancement described earlier in the text is likely
to be an underestimate of their activity in vivo.

Discussion
Diazeniumdiolate glycosylation not only confers probe

specificity, but it is also a useful protecting-group strategy.
In general, diazeniumdiolate anions are susceptible to acid-
promoted thermal and photolytic decomposition with their
O2-alkyl and coordinated complexes being much more stable
under all of these conditions.28,49 For example, 3a in phos-
phate buffer solution (PBS, 0.1 mol/L, pH 7.4) at 37 8C has
a half-life of several days (>10 days), whereas the corre-
sponding pyrrolidine diazeniumdiolate 1a, under the same
conditions, has a half-life of 1.8–2.8 s.28 Compound 3a can

be stored as a solid at –20 8C with a minimum shelf-life of
six months and can remain in PBS at room temperature for
at least 10 days. Consequently, glycosylation of diazenium-
diolate ions not only offers a convenient route to deliver NO
tissue-specifically, but it has the added advantage of signifi-
cantly increasing the stability of the diazeniumdiolate in a
physiological milieu.

Moreover, the probe’s durability in physiological media
may be enhanced by increasing the half-life of the diaze-
niumdiolate itself. This half-life depends on the nature of
the substituent directly attached to the first nitrogen atom of
the diazeniumdiolate functionality (i.e., –N(O)=NO–). For
example, the piperidine diazeniumdiolate, 1b, has a half-life
of *11 s in phosphate buffer solution (PBS, 0.1 mol/L,
pH 7.4) at 37 8C, thus nearly an order of magnitude greater
than the pyrrolidine substituent in 1a with its half-life of
(*1.8 s) under the same conditions. However, to ensure an
instantaneous release of NO by the probes upon enzymatic
hydrolysis, a diazeniumdiolate salt with a half-life that is
not significantly longer either must be selected. Since the
rate of b-galactosidase hydrolysis of the glycosylated diaze-
niumdiolate derivatives was monitored via the degradation
of their corresponding diazeniumdiolate salts (generated
upon enzyme hydrolysis) using UV spectroscopy, selecting
a very slow NO-releasing diazeniumdiolate for the probe
construction has the disadvantage of masking the kinetic pa-
rameters associated with enzyme hydrolysis. Furthermore,
extensive structural modification of the diazeniumdiolate
component in a given probe may lead to lowered rates of
the probe’s enzyme hydrolysis, and thus complicate the
probe’s NO release upon activation due to poorer enzyme
recognition of the modified substrate. What was thus sought
in the probe’s design was a balance between the probe dura-
bility under physiological conditions and instantaneous NO
release upon the probe’s activation.

Overall, three glycosylated diazeniumdiolate probes (3a–
3c) and their intermediates were generated. Their preparation
employed a halide displacement reaction between an acety-
lated glycoside halide (gal–Br) and a diazeniumdiolate salt.

Fig. 1. X-ray crystal structure of 3a. Important metric parameters (bond lengths, Å) and (angles, 8): N(2)—N(1) 1.384(3), N(2)—N(3)
1.265(3), N(2)—O(1) 1.246(3), N(3)—O(2) 1.395(3), N(1)—C(4) 1.475(4), N(1)—C(1) 1.469(5), O(2)–N(3)–N(2) 106.7(2), O(1)–N(2)–
N(3) 127.0(2), O(1)–N(2)–N(1) 117.3(2), N(3)–N(2)–N(1) 115.4(2). Hydrogen atoms are omitted for clarity.
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NMR spectroscopy confirmed that a single b-anomer was pro-
duced as has been found in related coupling products.32 The
coupling reactions usually took 2–3 days to proceed to com-
pletion. The slow pace of the reaction could be, at least parti-
ally, explained by the fact that the sodium diazeniumdiolate
salts dissolve very slowly in MeCN. Yields for the coupling
reactions averaged *60% after chromatographic purification.
A slight excess of diazeniumdiolate salt was used during these
reactions to maximize the yields. An optimal ratio consisted
of 5.8 equiv. diazeniumdiolate salt for every 5.5 equiv. of
gal–Br. Exceeding this ratio did not significantly affect the re-
action rate or yield. The use of rigorously dry conditions, that
is doubly distilled acetonitrile stored in an inert-atmosphere
box, led to reproducible and higher yields. The coupling reac-
tions were undertaken in the glovebox as well. Despite these
measures, TLC comparisons using solutions of degraded dia-
zeniumdiolate salts in wet MeCN, along with 1H NMR evalu-
ations of the reaction mixtures, showed that the most
important impurities that appeared during the reaction were
mainly nitrosamines generated by diazeniumdiolate salt degra-
dation. These degradation products made up roughly about
20%–30% (by weight) of the reaction material. Some uniden-
tified sugar impurities during these coupling reactions were
also detected by NMR, but they were not further examined.
As described in the Supplementary data, chromatographic pu-
rification is critical to obtain pure final products.

Conclusion
The three b-galactosidase-specific probes described here

release NO upon b-gal hydrolysis. Glycosylation of the dia-
zeniumdiolate core leads to both probe stability and specific-
ity. These novel probes are currently being evaluated for
their potential to detect b-gal in vivo using MRI.

Experimental
General methods and materials used in these preparations

and for the characterization of new compounds are described
in recent papers.50 Where required, the probes were charac-
terized by 1H NMR in 0.01 mol/L NaOD in D2O.

Sodium 1-(pyrrolidin-1-yl)diazen-1-ium-1,2-diolate (1a)
This salt was prepared by the method of Saavedra6 et al.

in 61% yield and has the following characteristic data: UV
(10 mmol/L NaOH, RT) lmax (3): 252 nm (7.4 mmol/L–1

cm–1). UVkinetics (in 75% excess PBS (0.1 mol/L, pH 7.36))
half-lives: 3.20 s and 1.82 s at RT and 37 8C, respectively.
FTIR n (cm–1): 3455 (br), 3378 (br), 2970 (m), 2880 (m),
1664 (w), 1608 (m), 1463 (w), 1393 (m), 1359 (m), 1266
(m), 1226 (s), 1184 (s), 984 (m), 972 (m), 905 (m) 1H
NMR (270 MHz, D2O/NaOD) d: 3.21 (m, 4H, J = 5.9 Hz),
1.90 (m, 4H, J = 5.3 Hz). 13C NMR (67.5 MHz, D2O/
NaOD) d: 51.38 (2C, C-1 and C-4), 22.40 (2C, C-2 and C-
3). DSC onset temperature at 169.5 8C, decomposition tem-
perature at 176.7 8C, DH = +151.1 kJ mol–1. MS (MALDI-
TOF) m/z: 153.1 [M]+.

Sodium 1-(piperidin-1-yl)diazen-1-ium-1,2-diolate (1b)
A solution of piperidine (5.00 g, 58.0 mmols) in acetoni-

trile (20 mL), ether (20 mL), and 25% sodium methoxide in
methanol (11.9 mL, 1 equiv.) was prepared. A white powder

was ultimately obtained (8.3 g; 85% yield). UV (10 mmol/L
NaOH, RT) lmax (3): 250 nm (8.8 mmol/L–1 cm–1). UVkinetics
(in 75% excess PBS (0.1 mol/L, pH 7.36)) half-lives: 26 s
and 11 s at RT and 37 8C, respectively. FTIR n (cm–1):
3450 (br), 3364 (br) 2969 (m), 2964 (m), 2951 (m), 2942
(s), 2926 (m), 2233 (br, w), 2170 (w), 1676 (m), 1654 (m),
1538 (w), 1473 (m), 1453 (m), 1442 (m), 1435 (m), 1381
(m), 1356 (s), 1291 (m), 1270 (m), 1216 and 1183 (s), 1137
(m), 1096 (m), 1064 (m), 1031 (m), 944 (s), 913 (m), 884
(m), 863 (w), 828 (m), 726 (s). 1H NMR (400 MHz, D2O/
NaOD) d: 2.70 (t, 4H, J = 5.6 Hz), 1.38 (t, 4H, J = 5.6 Hz),
1.12 (t, 2H, J = 5.6 Hz). 13C NMR (75 MHz, D2O/NaOD) d:
52.77 (C-1 and C-5), 24.34 (C-2 and C-4), 22.11 (C-3). DSC
onset temperature at 195.9 8C, decomposition temperature at
197.4 8C, DH = +46.1 kJ mol–1. MS (EI) m/z: 167.1 [M]+,
114 [M – NO]+, 84 [M – 2NO]+, 56 [M – 2NO – 2CH2]+,
42 [M – 2NO – 3CH2]+. MS (MALDI-TOF) m/z: 168.5
[M + H]+. The key characteristic data concur with those
briefly reported elsewhere.45

Sodium 1-(4-Boc-4-aminomethylpiperidin-1-yl)diazen-1-
ium-1,2-diolate (1c)

A solution of Boc-protected 4-aminomethylpiperidine
(2.50 g, 11.7 mmols) in methanol (2.00 mL) and ether
(40 mL) and 25% sodium methoxide in methanol (8.00 mL,
39.1 mmol) was prepared. A white powder was ultimately
derived (2.97 g; 97% yield). Alternatively, the same reaction
conditions were undertaken, but this time without ether and
stirred at room temperature for 2–3 days. During this time
period, the flask was periodically recharged with NO gas
(up to 60 psi) until no significant gas consumption was
noted over the course of several hours. No precipitate ap-
peared during this time period, but upon pressure release
and removal of solvent in vacuo, a yellowish oil was iso-
lated. The product was obtained by performing a trituration
on this yellow oil by dissolving it initially in hot ethanol and
allowing the product to precipitate as a snow-white powder
with the ensuing addition of excess cold hexane or ether.
This powder was collected by filtration, rinsed with ether,
and dried in a vacuum at room temperature (58% yield).
UV (10 mmol/L NaOH, RT) lmax (3): 250 nm (7.8 mmol/
L–1 cm–1), 326 nm (2.88 mmol/L–1 cm–1). UVkinetics (in 75%
excess PBS (0.1 mol/L, pH 7.36)) half-lives: 33 s and 24 s
at RT and 37 8C, respectively. FTIR n (cm–1): 3359 (s),
2978 (m), 2967 (m), 2951 (m), 2931 (m), 2858 (m), 2254
(m), 1686 (s), 1527 (s), 1473 (m), 1446 (m), 1386 (m),
1364 (s), 1268 (s), 1247 (s), 1177 (s), 1140 (m) 1088 (w),
1043 (w), 1014 (w), 996 (w), 964 (s), 955 (w), 916 (w),
880 (w), 868 (w), 779 (w), 623 (w), 583 (w). 1H NMR
(400 MHz, CD3OD-NaOH (0.1 mol/L)) d: 3.20 (d, 2H, J =
10.8 Hz, H-1 and H-5), 3.00 (m, 3H, H-1’, H-5’ and H-3),
1.81 (m, 2H, H-2 and H-4), 1.50 (m, 2H, partly overlapped
by t-butyl peak, methylene Hs), 1.43 (s, 9H, t-butyl H), 1.40
(m, 2H, partly overlapped by t-butyl peak, H-2’ and H-4’).
13C NMR (75 MHz, CD3OD-NaOH (0.1 mol/L)) d: 157.46
(Boc’s C=O), 78.65 (Boc’s tertiary carbon), 52.24 (piperi-
dine’s C-1 and C-5), 45.25 (4-amino methylene carbon),
35.77 (piperidine’s C-3), 28.95 (piperidine’s C-2 and C-4),
27.67 (Boc’s methyl carbons). DSC onset temperature
at 172.3 8C, decomposition temperature at 173.3 8C,
DH = +50.4 kJ mol–1. MS (ESI, + c) m/z: 318.9 [M + H]+,
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266.0 [M – Na – NO + H]+, 237.1 [M – Na – 2NO + 2H]+.
MS (ESI, – c) m/z: 295.0 [M – Na]–, 235.2 [M – Na –
2NO]–. MS/MS (ESI) m/z: 318.9 [M + H]+, 289 [M – NO +
H]+. MS (MALDI-TOF): m/z: 318.0 [M]+. HR-MS (ESI)
calcd. for Na2C11H21N4O4 [M + H]+: 319.1358. Found:
319.1351. Anal. calcd. for Na2C11H20N4O4: C, 41.51; H,
6.33; N, 17.60. Found: C, 41.27; H, 6.57; N, 17.68.

General procedure for the synthesis of O2-glycosylated
diazeniumdiolates

To a solution of 2,3,4,6-tetra-O-acetyl-a-D-galactopyrano-
syl bromide (5.5 equiv.) in anhydrous acetonitrile (20 mL),
the desired solid diazeniumdiolate salt (5.8 equiv.) was
added and stirred until all the galactopyranosyl bromide had
reacted (2–3 days) as monitored by TLC (ethyl acetate:hex-
ane, 2:3). Upon filtration, the solvent was removed under
vacuum and the product was dissolved in ethyl acetate
(25.0 mL). The organic layer was washed with distilled
water (3 � 15 mL/wash), dried over Na2SO4 (2 g), filtered,
and its solvent removed under vacuum. The isolated mate-
rial was purified by column chromatography (silica gel,
ethyl acetate:hexane, 1:3) to yield a clear colorless oil. To
generate the deacetylated version of the O2-glycosylated dia-
zeniumdiolate, a few drops of sodium methoxide (25% in
methanol) were added to a solution of the protected/acety-
lated glycosylated diazeniumdiolate in anhydrous methanol
(20.0 mL), and the solution was stirred at RT overnight.
TLC (methanol:ethyl acetate, 3:7) showed the presence of a
new product. The deacetylated product is precipitated in
(*97%) by allowing its solution in ethanol, which was di-
luted with ether, to stand in an ice bath overnight. An alter-
native synthetic procedure to prepare the deacetylated
product involved bypassing the column chromatography
step during the synthesis of acetylated glycosylated diaze-
niumdiolate and carrying out the deprotection step right after
the workup of the acetylated glycosylated diazeniumdiolate
synthesis. A solid hygroscopic white product was generated
(*65% overall). Spectroscopic results were identical which-
ever methodology was employed.

O2-(2,3,4,6-tetra-O-acetyl-b-D-galactopyranosyl) 1-
(pyrrolidin-1-yl)diazen-1-ium-1,2-diolate (2a)

To a solution of 2,3,4,6-tetra-O-acetyl-a-D-galactopyrano-
syl bromide (400 mg, 0.976 mmol, 5.5 equiv.) in anhydrous
acetonitrile (20.0 mL), 1a (158 mg, 1.03 mmol, 5.8 equiv.)
was added and stirred until all the galactopyranosyl bromide
had reacted (2–3 days, as determined by TLC on silica ethyl
acetate:hexane, 2:3, Rf = 0.24). A clear colorless oil
(280 mg, 0.607 mmol, 62% yield) was obtained after purifi-
cation by column chromatography (silica gel, ethyl acetate:-
hexane, 1:3). UV (MeOH, RT) lmax (3): 251 nm
(2.05 mmol/L–1 cm–1). FTIR n (cm–1): 3475 (mbr), 2981
(m), 2886 (w), 1751 (s), 1652 (w), 1489 (w), 1436 (w),
1373 (s), 1233 (sbr), 1156 (w), 1127 (w), 1079 (s), 1059
(s), 989 (w), 956 (w), 917 (w), 902 (w), 883 (w), 851 (w),
823 (w), 777 (w), 713 (w), 676 (w), 655 (w), 627 (w), 601
(w), 557 (w), 525 (w), 493 (w), 461 (w), 432 (w), 415 (w).
1H NMR (400 MHz, CD3OD) d: 5.40 (m, 3H, overlapped,
H-1, H-2, and H-4), 5.22 (dd, 1H, J = 9.8, 3.4 Hz, H-3),
4.15 (m, 3H, overlapped, H-5, H-6, and H-7), 3.57 (t, 4H, J =
6.6 Hz, H-1’ and H-4’), 2.13 (s, 3H, CH3), 2.06 (s, 3H, CH3),

2.03 (s, 3H, CH3), 1.96 (s, 3H, overlapped, CH3), 1.97 (m,
4H, overlapped, H-2’ and H-3’). 13C NMR (75 MHz,
CD3OD) d: 170.53 (C=O), 170.39 (C=O), 170.23 (C=O),
169.83 (C=O), 100.76 (C-1), 71.34 (C-5), 71.27 (C-3),
67.43 (C-2), 67.25 (C-4), 61.36 (C-6), 50.64 (C-1’ and C-
4’), 22.76 (C-2’ and C-3’), 19.52, 19.51, 19.44, 19.40 (acetyl
CH3). MS (ESI) m/z: 484.1 [M + Na]+. MS/MS (ESI) m/z:
484.0 [M + Na]+, 371.0 [M + Na – pyrrolidine (NC4H8) –
acetyl (C(=O)CH3)]+, 311.0 [M + Na – pyrrolidine (NC4H8) –
2NO – acetyl (C(=O)CH3)]+. MS/MS (ESI) m/z: 479.0 [M +
NH4]+, 331.1 [M – pyrrolidine diazeniumdiolate (C4H8N–
NONO)]+. HR-MS (ESI) calcd. for C18H31N4O11 [M +
NH4]+: 479.1989. Found: 479.1979. HR-MS (ESI) calcd. for
NaC18H27N3O11 [M + Na]+: 484.1543. Found: 484.1535.
DSC onset temperature at 154.2 8C, decomposition temper-
ature at 175.5 8C, DH = +53.0 kJ mol–1. Anal. calcd. for
C18H27N3O11: C, 46.85; H, 5.90; N, 9.11. Found: 47.05; H,
5.76; N, 9.05.

O2-(2,3,4,6-tetra-O-acetyl-b-D-galactopyranosyl) 1-
(piperidin-1-yl)diazen-1-ium-1,2-diolate (2b)

To a solution of 2,3,4,6-tetra-O-acetyl-a-D-galactopyrano-
syl bromide (400 mg, 0.976 mmol, 5.5 equiv.) in anhydrous
acetonitrile (20 mL), PipNONO 1b (180 mg, 1.08 mmol, 5.8
equiv.) was added and stirred until all the galactopyranosyl
bromide had reacted (2–3 days, TLC monitored, ethyl aceta-
te:hexane, 2:3, Rf = 0.27). A clear colorless oil (282 mg,
0.593 mmol, 61% yield) was obtained after purification by
column chromatography (silica gel, ethyl acetate:hexane,
1:3). UV (MeOH, RT) lmax (3) 227 nm (5.40 mmol/L–1

cm–1). FTIR n (cm–1): 3480 (wbr), 2943 (m), 2860 (m),
1754 (s), 1508 (w), 1476 (w), 1447 (w), 1371 (m), 1228 (s),
1170 (w), 1129 (w), 1083 (m), 1062 (m), 1000 (w), 954 (w),
913 (w), 898 (w), 864 (w), 851 (w), 821 (w), 797 (w), 767
(w), 738 (w), 708 (w), 684 (w), 651 (w), 602 (w), 565 (w),
528 (w). 1H NMR (400 MHz, CD3OD) d: 5.40 (m, 3H, over-
lapped, H-1, H-2, and H-4), 5.23 (dt, 1H, J = 7.2, 2.6 Hz, H-
3), 4.18 (m, overlapped, 3H, H-5, H-6, and H-7), 3.43 (m,
4H, H-1’ and H-5’), 2.15 (s, 3H, CH3), 2.03 (s, 3H, CH3),
2.02 (s, 3H, CH3), 1.95 (s, 3H, CH3), 1.74 (quint, 4H, J =
5.6, H-2’ and H-4’), 1.55 (quint, 2H, J = 5.6, H-3’). 13C
NMR (75 MHz, CD3OD) d: 170.82 (C=O), 170.71 (C=O),
170.19 (C=O), 169.78 (C=O), 100.81 (C-1), 71.43 (C-5),
71.21 (C-3), 67.35 (C-2), 67.25 (C-4), 61.30 (C-6), 51.92
(C-1’ and C-5’), 24.38 (C-3’), 23.25 (C-2’ and C-4’), 19.45,
19.39, 19.31 (acetyl CH3). MS (ESI) m/z: 498.0 [M + Na]+.
MS/MS (ESI) m/z: 498.0 [M + Na]+, 310.9 [M + Na – piper-
idine diazeniumdiolate (C5H10N–N(O)=NO) – acetyl
(C(=O)CH3)]+, 294.9 [M + Na – piperidine diazeniumdiolate
(C5H10N–N(O)=NO) – O-acetyl (O–C(=O)CH3)]+. HR-MS
(ESI) calcd. for NaC19H29N3O11 [M + Na]+: 498.1700.
Found: 498.1688. HR-MS (ESI) calcd. for C19H33N4O11
[M + NH4]+: 493.2146. Found: 493.2138. DSC onset temper-
ature at 213.8 8C, decomposition temperature at 221.0 8C,
DH = + 103.9 kJ mol–1. Anal. calcd. for C19H29N3O11: C,
48.00; H, 6.15; N, 8.84. Found: C, 48.24; H, 6.31; N, 8.40.

O2-(2,3,4,6-tetra-O-acetyl-b-D-galactopyranosyl) 1-(4-Boc-
4-aminomethylpiperi-din-1-yl)diazen-1-ium-1,2-diolate (2c)

To a solution of 2,3,4,6-tetra-O-acetyl-a-D-galactopyrano-
syl bromide (400 mg, 0.976 mmol, 5.5 equiv.) in anhydrous
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acetonitrile (20 mL), 1c (330 mg, 1.04 mmol, 5.8 equiv.)
was added and stirred until all the galactopyranosyl bromide
had reacted (2–3 days, TLC monitored, ethyl acetate:hexane,
2:3, Rf = 0.13). A clear colorless oil (389 mg, 0.644 mmol,
66% yield) was isolated after purification by column chro-
matography (silica gel, ethyl acetate:hexane, 1:3). UV
(MeOH, RT) lmax (3): 229 nm (5.10 mmol/L–1 cm–1). FTIR
n (cm–1): 3411 (wbr), 2980 (w), 2930 (w), 2850 (w), 1752
(s), 1513 (w), 1458 (w), 1438 (w), 1370 (m), 1224 (sbr),
1171 (w), 1137 (w), 1081 (m), 1063 (m), 1010 (w), 950
(w), 914 (w), 902 (w), 868 (w), 840 (w), 780 (w), 766 (w),
750 (w), 721 (w), 603 (w), 496 (w), 410 (w). 1H NMR
(400 MHz, CD3OD) d: 5.40 (m, 3H, overlapped, H-1, H-2,
and H-4), 5.23 (dt, 1H, J = 7.2, 2.6 Hz, H-3), 4.18 (m, 3H,
overlapped, H-5, H-6, and H-7), 4.01 (m, 2H, H-1@ and H-
5@), 2.95 (m, 3H, overlapped, H-1’, H-3’, and H-5’), 2.15 (s,
3H, CH3), 2.03 (s, 3H, CH3), 2.02 (s, 3H, CH3), 1.96 (s, 3H,
CH3), 1.82 (m, 2H, H-2’ and H-4’), 1.60 (m, 2H, methylene
Hs), 1.43 (s, 9H, t-butyl H), 1.38 (m, 2H, partly overlapped
by t-butyl peak, H-2@ and H-4@). 13C NMR (75 MHz,
CD3OD) d: 170.81 (C=O), 170.70 (C=O), 170.18 (C=O),
169.78 (C=O), 157.46 (Boc’s C=O), 100.81 (C-1), 78.79
(Boc’s tertiary carbon), 71.42 (C-5), 71.20 (C-3), 67.32 (C-
2), 67.22 (C-4), 61.26 (C-6), 50.91, 50.74 (C1’ and C-5’),
45.03 (4-aminomethyl carbon), 35.84 (C-3’), 28.11, 28.05
(C-2’ and C-4’), 27.58 (Boc CH3), 19.38, 19.30 (acetyl
CH3). MS (ESI) m/z: 627.2 [M + Na]+, 1230.7 [2M + Na]+.
MS/MS (ESI) m/z: 627.3 [M + Na]+, 583.0 [M + Na –
CO2]+, 567.5, 522.9, 441.5, 365.7, 217.9. HR-MS (ESI)
calcd. for NaC25H40N4O13 [M + Na]+: 627.2490. Found:
627.2474. DSC onset temperature at 192.6 8C, decomposi-
tion temperature at 220.2 8C, DH = +62.0 kJ mol–1. Anal.
calcd. for C25H40N4O13: C, 49.66; H, 6.67; N, 9.27. Found:
C, 49.98; H, 6.54; N, 9.06.

O2-(2,3,4,6-tetra-O-acetyl-b-D-galactopyranosyl) 1-(4-
aminomethylpiperidin-1-yl)diazen-1-ium-1,2-diolate (2d)

A solution of compound 2c (389 mg, 0.644 mmol, 1
equiv.) in distilled dichloromethane (DCM, 20.0 mL), and
trifluoroacetic acid (TFA, 10.0 mL) was prepared initially
at around 0 8C and then stirred under N2 at RT for 2–3 h.
NMR studies in deuterated DCM/TFA solutions demon-
strated the complete absence of the Boc methyl peak after
this time period with near 100% conversion. Prolonged ex-
posure of this product under such acidic conditions, how-
ever, led to deterioration of the product. The acid was
subsequently removed from solution via a vacuum line with
successive dilutions using DCM (100 mL). The residue was
dissolved with aqueous NaCO3 (1.0 mol/L solution) and ex-
tracted thrice with DCM (30 mL/extraction). The combined
extracts were dried over Na2SO4 (2 g), filtered, and the sol-
vent removed using a vacuum line to yield a sticky yellow
oil (310 mg). The product turned out to be reactive with
silica gel, and hence was not further purified by column
chromatography. The yield for the ensuing intermediate of
this product (see synthesis of protected (2e)) was 79% as-
suming the 310 mg isolated in this synthesis is essentially
compound 2d. On the other hand, during another trial of
these syntheses, compound 2e was isolated with an 81%
yield relative to 2c. This result suggests that the yield of
compound 2d obtained between these two synthetic steps is

very high. UV (MeOH, RT) lmax (3): 230 nm (3.86 mmol/
L–1 cm–1). FTIR n (cm–1): 3431 (mbr), 2960 (w), 2926 (w),
2860 (w), 1752 (s), 1681 (s), 1508 (w), 1432 (w), 1384 (m),
1373 (m), 1232 (sbr), 1182 (m), 1134 (m), 1080 (m), 1062
(s), 992 (w), 955 (w), 915 (w), 837 (m), 801 (m), 780 (w),
723 (m), 601 (w), 519 (w), 495 (w), 462 (w), 409 (w). 1H
NMR (400 MHz, CD3OD) d: 5.40 (m, 3H, overlapped, H-1,
H-2, and H-4), 5.23 (dt, 1H, J = 7.2, 2.6 Hz, H-3), 4.12 (m,
3H, overlapped, H-5, H-6, and H-7), 4.06 (m, 2H, H-1@ and
H-5@), 3.00 (dd, 2H, J = 22.4, 10 Hz, H-1’ and H-5’), 2.88 (t,
1H, J = 6.8 Hz, H-3’), 2.15 (s, 3H, CH3), 2.03 (s, 3H, CH3),
2.02 (s, 3H, CH3), 1.95 (s, 3H, CH3), 1.90 (m, 2H, H-2’ and
H-4’), 1.81 (m, 2H, methylene Hs), 1.49 (m, 2H, H-2@ and
H-4@). 13C NMR (75 MHz, CD3OD) d: 170.80 (C=O),
170.63 (C=O), 170.14 (C=O), 169.83 (C=O), 100.78 (C-1),
71.47 (C-5), 71.13 (C-3), 67.29 (C-2), 67.19 (C-4), 61.21
(C-6), 53.63 (DCM solvent), 50.36, 50.17 (C1’ and C-5’),
43.86 (4-aminomethyl carbon), 33.61 (C-3’), 27.58, 27.48
(C-2’ and C-4’), 19.37, 19.28 (acetyl CH3). MS (ESI) m/z:
527.1 [M + Na]+, 505.0 [M + H]+, 1008.8 [2M + H]+,
1030.7 [2M + Na]+. MS/MS (ESI) m/z: 505.0 [M + H]+,
390.8 [M – 4-aminomethylpiperidine (NC5H9–CH2NH2)]+.
MS/MS (ESI) m/z: 527.0 [M + Na]+, 399.9 [M + Na – 4-
aminomethylpiperidine (NC5H9–CH2NH2) – nitrogen]+,
371.0, 353.0, 341.1, 310.9, 295.0. HR-MS (ESI) calcd. for
C20H33N4O11 [M + H]+: 505.2146. Found: 505.2134. DSC
onset temperature at 150.4 8C, decomposition temperature
at 174.5 8C, DH = +52.5 kJ mol–1.

O2-(2,3,4,6-tetra-O-acetyl-b-D-galactopyranosyl) 1-(4-
[1,2,3,4-tetra-O-acetyl-b-D-glucopyranosyl]-4-
aminomethylpiperidin-1-yl)diazen-1-ium-1,2-diolate (2e)

To a solution of 2d (310 mg, 0.615 mmol, 1 equiv.) in
anhydrous acetonitrile (20 mL), Na2CO3 (80.0 mg,
0.755 mmol, 1.2 equiv.) was added followed by a solution
of GluDSC (345 mg, 0.705 mmol, 1.15 equiv.) in anhydrous
acetonitrile (10 mL). The solution was stirred under N2 at
RT overnight. The solution was passed through a fine frit
filter, and the solvent was removed in vacuo. The residue
was dissolved in dichloromethane (DCM, 10 mL). This or-
ganic layer was washed thrice with distilled water (15 mL/
wash), dried over Na2SO4 (2 g), filtered, and its solvent re-
moved in vacuo. TLC demonstrated the appearance of a sin-
gle new spot (ethyl acetate:hexane, 7:3, with Rf = 0.34).
Interestingly, over time, two new spots appeared on the
TLC plate above the initial new spot (Rf = 0.66, 0.76).
NMR and MS studies however show that the TLC spot with
Rf = 0.34 corresponds to the desired compound. The isolated
material was purified by column chromatography (silica gel,
ethyl acetate:hexane, 7:3) to yield a clear, colorless oil
(427 mg, 0.486 mmol, 79%). UV (MeOH, RT) lmax (3):
229 nm (4.33 mmol/L–1 cm–1). FTIR n (cm–1): 3391 (wbr),
2942 (w), 2872 (w), 1756 (s), 1652 (w), 1520 (w), 1436
(w), 1371 (m), 1221 (sbr), 1153 (w), 1079 (m), 1039 (m),
952 (w), 912 (w), 902 (w), 847 (w), 775 (w), 743 (w), 702
(w), 647 (w), 601 (w), 558 (w), 496 (w), 410 (w). 1H NMR
(400 MHz, CD3OD) d: 5.82 (d, 1H, J = 8.4 Hz, glucopyra-
nosyl H-1), 5.40 (m, 3H, overlapped, H-1, H-2, and H-4),
5.33 (t, 1H, J = 9.6 Hz, glucopyranosyl H-3), 5.23 (dt 1H, J =
6.8, 2.4 Hz, galactopyranosyl H-3), 5.06 (t, 1H, J = 9.8 Hz,
dd overlapping, 1H, J = 29.2, 9.6 Hz, glucopyranosyl H-2
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and H-4), 4.24 (m, 1H, galactopyranosyl H-7) 4.14 (m, 4H,
overlap of glucopyranosyl H-5 and H-6 as well as galacto-
pyranosyl H-5 and H-6), 4.03 (m, 3H, overlap of glucopyra-
nosyl H-7 and piperidinyl H-1@ and H-5@), 2.98 (m, 2H,
overlap of piperidinyl H-1’, H-5’, and H-3’), 2.16 (s, 3H,
CH3), 2.07 (s, 3H, CH3), 2.03 (s, 3H, CH3), 2.02 (s, 6H,
CH3), 2.01 (s, 3H, CH3), 1.97 (s, 3H, CH3), 1.96 (s, 3H,
CH3), 1.85 (m, 2H, piperidinyl H-2’ and H-4’), 1.58 (m, 2H,
piperidinyl methylene Hs), 1.36 (m, 2H, piperidinyl H-2@
and H-4@). 13C NMR (75 MHz, CD3OD) d: 170.87, 170.75,
170.39, 170.22, 170.02, 169.83, 169.26 (acetyl C=O), 157.46
(amide’s C=O), 100.82 (C-1), 91.72 (C-1@), 73.05 (C-3@),
72.92 (C-5@), 71.46 (C-5), 71.21 (C-3), 70.50 (C-2@), 68.10
(C-4@), 67.37 (C-2), 67.25 (C-4), 61.93 (C-6@), 61.34 (C-6),
50.96, 50.76 (C1’ and C-5’), 45.63, 45.50 (4-aminomethyl
carbon), 35.60 (C-3’), 28.02, 27.97 (C-2’ and C-4’), 19.47,
19.36, 19.32 (acetyl CH3). MS (ESI) m/z: 901.1 [M + Na]+.
MS/MS (ESI) m/z: 901.0 [M + Na]+, 841.0 [M + Na – O-
acteyl (O–C(=O)CH3) – H]+, 715.1, 540.0 [M + Na – acety-
lated pyranose (C14H19O9) – 2NO]+, 509.1, 449.0. HR-MS
(ESI) calcd. for NaC35H50N4O22 [M + Na]+: 901.2814.
Found: 901.2788. DSC onset temperature at 164.9 8C, de-
composition temperature at 188.7 8C, DH = +58.5 kJ mol–1.
Anal. calcd. for C35H50N4O22: C, 47.84; H, 5.73; N, 6.38.
Found: C, 47.94; H, 6.00; N, 6.19.

O2-b-D-galactopyranosyl 1-(pyrrolidin-1-yl)diazen-1-ium-
1,2-diolate (3a)

A few drops of NaOMe (25% in methanol) were added to
a solution of 2a (163 mg, 0.353 mmol) in anhydrous metha-
nol (20.0 mL), and the mixture was stirred at RT overnight.
TLC (methanol:ethyl acetate, 3:7, Rf = 0.32) showed pres-
ence of a new product, which was isolated as a white pow-
der (77.7 mg, 0.265 mmol, 75%) after purification by
column chromatography (silica gel, methanol:ethyl acetate,
1:4). The product was also obtained in better yield (97%)
by allowing it to precipitate in solution. NMR studies con-
firmed that the material obtained in this manner is identical
to the product obtained after chromatography. Alternatively,
bypassing the column chromatography step during the syn-
thesis of 2a and carrying out the deprotection step right after
the 2a workup generated an overall yield of 67%. Spectro-
scopic results were identical whichever methodology was
employed. UV (Tris Buffer (0.1 mol/L, pH 7.4) +
(NH4)SO4 (1.7 mol/L) + MgCl2 (10 mmol/L), RT) lmax (3):
256 nm (6.86 mmol/L–1 cm–1). FTIR n (cm–1): 3528 (m),
3434 (br), 3210(sbr), 2979 (m), 2968 (m), 2916 (m), 2883
(m), 2866 (m), 1752 (w), 1642 (m), 1472 (s), 1384 (s),
1347 (m), 1285 (m), 1249 (m), 1211 (w), 1196 (w), 1150
(s), 1124 (w), 1102 (s), 1086 (s), 1067 (s), 1044 (s), 1003
(s), 985 (m), 976 (w), 929 (w), 907 (w), 887 (w), 849 (w),
761 (w), 673 (w), 654 (w), 620 (w), 562 (w), 502 (w), 488
(w), 449 (w). 1H NMR (400 MHz, CD3OD) d: 4.91 (d, 1H, J =
8.0 Hz, H-1), 3.86 (d, 1H, J = 3.2 Hz, H-4), 3.77 (d, 1H, J =
9.6 Hz, H-2), 3.73 (m, 2H, H-6 and H-7), 3.62 (t, 1H, J =
6.0 Hz, H-5), 3.56 (quintet, 4H, J = 6 Hz, H-1’ and H-4’),
3.53 (m, 1H, overlapped, H-6), 1.97 (m, 4H, H-2’ and H-
3’). 13C NMR (75 MHz, CD3OD) d: 104.21 (C-1), 76.14 (C-
3), 73.64 (C-5), 69.29 (C-2), 68.85 (C-4), 61.12 (C-6), 50.70
(pyrrolidine’s C-1’ and C-4’), 22.64 (pyrrolidine’s C-2 and
C-3’). MS (ESI) m/z: 316.1 [M + Na]+, 609.0 [2M + Na]+.

MS/MS (ESI) m/z: 316.0 [M + Na]+, 246.9 [M + Na – pyr-
rolidine (C4H8)]+, 203.1, 185.9 [M + Na – pyrrolidine diaze-
niumdiolate (C4H8N–N(O)=NO)]+, 157.9, 155.8. HR-MS
(ESI) calcd. for NaC10H19N3O7 [M + Na]+: 316.1121.
Found: 316.1112. DSC onset temperature at 145.5 8C, de-
composition temperature at 171.0 8C, DH = +37.05 kJ mol–1.
Anal. calcd. for C10H19N3O7: C, 40.95; H, 6.53; N, 14.33.
Found: C, 40.45; H, 6.86; N, 14.04.

O2-b-D-galactopyranosyl 1-(piperidin-1-yl)diazen-1-ium-
1,2-diolate (3b)

A few drops of sodium methoxide (25% in methanol)
were added to a solution of 2c (190 mg, 0.400 mmol) in an-
hydrous methanol (20 mL) and stirred at RT overnight. TLC
(methanol:ethyl acetate, 3:7, Rf = 0.36) showed the presence
of a new product, which was isolated as a white powder
(88.4 g, 0.288 mmol, 72%) after purification by column
chromatography (silica gel, methanol:ethyl acetate, 1:4).
The product was also obtained in better yield (94%) by al-
lowing it to precipitate in solution. NMR studies confirmed
that the material obtained in this manner is identical to the
product obtained after chromatography. Alternatively, by-
passing the column chromatography step during the synthe-
sis of 2c and carrying out the deprotection step right after
the 2c workup generated an overall yield of 65%. Spectro-
scopic results were identical whichever methodology was
employed. UV (Tris Buffer (0.1 mol/L, pH 7.4) +
(NH4)SO4 (1.7 mol/L) + MgCl2 (10 mmol/L), RT) lmax (3):
224 nm (9.44 mmol/L–1 cm–1). FTIR n (cm–1): 3418 (sbr),
3015 (w), 2965 (m), 2928 (m), 2886 (m), 2857 (m), 2705
(m), 2530 (m), 2408 (m), 1645 (m), 1483 (s), 1456 (w),
1384 (s), 1348 (w), 1297 (w), 1230 (m), 1151 (m), 1104
(s), 1085 (s), 1048 (s), 1004 (s), 962 (w), 923 (w), 898 (w),
875 (w), 864 (w), 854 (w), 823 (w), 758 (w), 694 (w), 660
(w), 614 (w), 558 (w), 489 (w). 1H NMR (400 MHz,
CD3OD) d: 4.96 (d, 1H, J = 8.0 Hz, H-1), 3.86 (d, 1H, J =
2.8 Hz, H-4), 3.80 (d, 1H, J = 9.6 Hz, H-2), 3.74 (m, 2H, H-
6 and H-7), 3.63 (t, 1H, J = 6.0 Hz, H-5), 3.56 (dd, 1H, J =
9.6, 3.6 Hz, H-3), 3.41 (m, 4H, H-1’ and H-5’), 1.73
(quintet, 4H, J = 5.6 Hz, H-2’ and H-4’), 1.53 (quintet, 2H,
J = 5.6 Hz, H-3’). 13C NMR (75 MHz, CD3OD) d: 104.39
(C-1), 76.25 (C-3), 73.65 (C-5), 69.26 (C-2), 68.85 (C-4),
61.13 (C-6), 52.10 (C-1’ and C-5’), 24.51 (C-3’), 23.27 (C-2’
and C-4’). MS (ESI) m/z: 330.1 [M + Na]+, 637.0 [2M +
Na]+, 944 [3M + Na]+. MS/MS (ESI) m/z: 330.0 [M + Na]+,
216.0 [M + Na - piperidine nitrosamine (i.e., - C5H10N–
N=O)]+, 203.1, 186.0 [M + Na – piperidine diazeniumdio-
late (C5H10N–N(O)=NO)]+, 158.1, 141.0, 128.0 [piperidine
diazeniumdiolate – oxygen (C5H10N–N(O)=N)], 125.0,
113.9 [piperidine nitrosamine (C5H10N–N=O)]+. HR-MS
(ESI) calcd. for NaC11H21N3O7 [M + Na]+: 330.1277.
Found: 330.1267. DSC onset temperature at 153.9 8C, de-
composition temperature at 164.1 8C, DH = +18.3 kJ mol–1.

O2-b-D-galactopyranosyl 1-(4-b-D-glucopyranosyl-4-
aminomethylpiperidin-1-yl)diazen-1-ium-1,2-diolate (3c)

To a solution of 2e (427 mg, 0.486 mmol) in anhydrous
methanol (20 mL), a few drops of sodium methoxide (25%
by weight in methanol) were added, and the solution was
stirred at RT overnight. TLC (ethyl acetate:hexane, 7:3)
showed absence of starting material. The solvent volume
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was reduced to 5 mL under vacuum and upon addition of
ether (20 mL), the product precipitated out of solution as an
expected white solid. Because of its hygroscopic nature, it
was collected by filtration under N2 and dried under reduced
pressure overnight (250 mg, 95%). While the product could
not be purified by column chromatography, it was neverthe-
less quite pure by NMR standards. UV (Tris Buffer
(0.1 mol/L, pH 7.4) + (NH4)SO4 (1.7 mol/L) + MgCl2
(10 mmol/L), RT) lmax (3): 229 nm (7.44 mmol/L–1 cm–1).
FTIR n (cm–1): 3407 (sbr), 2926 (w), 1699 (w), 1652 (w),
1579 (w), 1451 (w), 1384 (s), 1270 (w), 1222 (w), 1151
(w), 1080 (m), 1020 (w), 957 (w), 888 (w), 836 (m), 763
(w), 685 (w), 610 (w), 553 (w), 481 (w), 469 (w). 1H NMR
(400 MHz, CD3OD) d: 4.97 (d, 1H, J = 7.6 Hz, galactopyr-
anosyl H-1), 4.44 (m, 1H, glucopyranosyl H-4), 4.32 (m,
1H, glucopyranosyl H-1), 4.22 (m, H, glucopyranosyl H-2),
4.00 (m, 2H, piperidinyl H-1@ and H-5@), 3.87 (m, 1H, gal-
actopyranosyl H-3), 3.75 (m, 1H, partly overlapped, galacto-
pyranosyl H-2), 3.61 (2 dds, 4H, partly overlapped,
galactopyranosyl H-4, H-5, H-6 and H-7), 3.48 (m, 1H, glu-
copyranosyl H-3) 3.12 (m, 1H, glucopyranosyl H-5), 3.03
(m, 2H, piperidinyl methylene Hs), 2.93 (t, 2H, J = 10.8 pi-
peridinyl H-1’ and H-5’), 2.45 (m, 2H, glucopyranosyl H-6
and H-7), 1.86 (m, 2H, piperidinyl H-2’ and H-4’), 1.63 (m,
1H, piperidinyl H-3’), 1.37 (m, 2H, piperidinyl H-2@ and H-
4@). 13C NMR (75 MHz, CD3OD) d: 157.46 (amide’s C=O),
100.86 (C-1), 91.76 (C-1@), 73.08 (C-3@), 72.93 (C-5@),
71.48 (C-5), 71.21 (C-3), 70.49 (C-2@), 68.13 (C-4@), 67.38
(C-2), 67.23 (C-4), 61.92 (C-6@), 61.33 (C-6), 50.93, 50.73
(C1’ and C-5’), 45.65, 45.48 (4-aminomethyl carbon), 35.58
(C-3’), 28.06, 27.87 (C-2’ and C-4’). MS (ESI) m/z: 565.2
[M + Na]+. MS/MS (ESI) m/z: 565.1 [M + Na]+, 372.1
[M + Na – pyranose (C6H11O5) – NO]+, 341.1 [M + Na –
pyranose (C6H11O5) – 2NO – H]+. HR-MS (ESI) calcd. for
NaC19H34N4O14 [M + Na]+: 565.1969. Found: 565.1966.
DSC onset temperature at 146.5 8C, decomposition temper-
ature at 176.7 8C, DH = +102 kJ mol–1.

1,2,3,4-Tetra-O-acetyl-b-D-glucopyranosyl succinimidyl
carbonate (GluDSC) (4)

To a solution of 1,2,3,4-tetra-O-acetyl-b-D-glucopyranose
(200 mg, 0.575 mmol, 1 equiv.) in anhydrous acetonitrile
(25 mL), N,N’-disuccinimidyl carbonate (DSC, 221 mg,
0.863 mmol, 1.5 equiv.) and triethylamine (TEA, 240 mL,
1.73 mmol, 3 equiv.) were added, and the mixture was
stirred until all the glucopyranose had reacted (overnight,
TLC monitored, ethyl acetate:hexane, 3:1). The solvent was
removed under vacuum and the residue was dissolved with
aqueous NaHCO3 (1.0 mol/L solution) and extracted with
ethyl acetate (3 � 30 mL). The combined extracts were
washed with brine (20 mL) and dried over Na2SO4 (2.0 g),
filtered, and the solvent was removed under vacuum. The
isolated material turned out as a yellow sticky paste
(265 mg, 0.542 mmol, 94%). The product turned out to be
reactive with silica gel and hence was not further purified
by column chromatography. NMR studies have demonstrated
nonetheless rather high purity (yield by NMR: 96%). UV
(DCM, RT) lmax (3): 229 nm (0.509 mmol/L–1 cm–1). FTIR
n (cm–1): 3487 (wbr), 2950 (w), 1817 (m), 1791 (m), 1743
(s), 1636 (w), 1432 (w), 1370 (m), 1222 (sbr), 1166 (w),
1078 (m), 1040 (m), 915 (w), 899 (w), 853 (w), 838 (w),

817 (w), 794 (w), 779 (w), 762 (w), 645 (w), 602 (w), 555
(w), 492 (w). 1H NMR (300 MHz, CD2Cl2) d: 5.77 (d, 1H,
J = 10.8 Hz, H-1), 5.30 (t, 1H, J = 12.4 Hz, H-3), 5.11 (dd,
1H, J = 9.3, 11.7 Hz, H-2), 5.08 (dd, 1H, J = 9.3, 13.8 Hz,
H-4), 4.43 (dd, 1H, J = 16.0, 3.6 Hz, H-6), 4.35 (dd, 1H, J =
16.0, 7.0 Hz, H-7), 3.99 (ddd, 1H, J = 3.6 Hz, H-5), 2.83 (s,
4H, succinimide Hs), 2.13 (s, 3H, CH3), 2.06 (s, 3H, CH3),
2.03 (s, 3H, CH3), 2.01 (s, 3H, CH3). 13C NMR (75 MHz,
CD3OD) d: 170.06, 169.74, 169.34, 169.11 (acetyl C=O),
168.82 (succinimide C=O), 151.45 (activated ester C=O),
91.61 (C-1), 72.48 (C-5), 72.14 (C-2), 70.13 (C-4), 68.58
(C-3), 68.17 (C-6), 25.83, 25.71 (succinimide CH2), 20.81,
20.61, 20.58 (acetyl CH3). MS (ESI) m/z: 512.1 [M + Na]+.
MS/MS (ESI) m/z: 512.0 [M + Na]+, 452.0 [M + Na – O-
acetyl (O–C(=O)CH3) – H]+. HR-MS (ESI) calcd. for
NaC19H23N1O14 [M + Na]+: 512.1016. Found: 512.1007.

X-ray diffraction crystal structure of 3a
Crystals of 3a suitable for single-crystal X-ray diffraction

were grown from water/methanol and crystallized in the
monoclinic noncentrosymmetric space group P21 Z = 2,
with unit cell dimensions of a = 4.8350(18), b = 9.435(3),
and c = 15.552(6) Å; b = 92.423(5)8, a = g = 908; V =
708.8(4) Å3; The structure was solved by direct methods,
and the refined chirality was based upon that of the starting
carbohydrate. Other key crystallographic data include rc =
1.459 Mg m–3; crystal size = 1.0 � 0.05 � 0.01 mm3. Data:
2882 independent data with I > 2s(I), Sgof = 1.039; R1 =
4.02%, wR2 = 10.52%. For further details, see the Supple-
mentary data section.

Investigation of the stability of compounds 3a–3c
The solid deprotected glycosylated diazeniumdiolates are

quite hygroscopic and have a tendency to turn brown over
the course of a few hours if exposed to warm moist air.
However, NMR examination of these brown materials re-
veals that there is only slight degradation (<5%) of the prod-
ucts. Under N2, the same materials do not change in
consistency over the course of two weeks at room tempera-
ture. Again, NMR examination showed negligible degrada-
tion of these materials when stored at room temperature
under N2. The optimal conditions for these compounds are
as dried solids at –20 8C under N2 in the dark. Under these
conditions, the compounds have been stored for up to six
months without significant degradation. Probe stability in
aqueous and alcoholic media was also determined at room
temperature over 2–3 weeks using NMR (D2O, CH3OD)
and by UV (H2O, Tris buffer (0.1 mol/L, pH 7.4), CH3OH).
Degradation over this time period was in general minor
(<10%) as revealed by either spectroscopic technique. The
acetylated intermediate sugar diazeniumdiolates also pre-
sented similar stability. These oils were generally clear and
colorless after purification (except for compound 3) and
slowly yellowed over 2–3 weeks when exposed to air at
room temperature. NMR examination of these yellow oils
show some signs of degradation (<2%). The optimal storage
conditions for these oils were the same as for the depro-
tected sugars. However, both acetylated and deprotected
sugar diazeniumdiolates degraded considerably (*40%)
when exposed continually to UV light for prolonged periods
of time (4–5 h).
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Supplementary data
Supplementary data for this article (general methods, in-

strumentation, preparation, and diffraction data) are avail-
able on the journal Web site (canjchem.nrc.ca). CCDC
740859 contains the X-ray data in CIF format for this manu-
script. These data can be obtained, free of charge, via www.
ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge
Crystallographic Data Centre, 12 Union Road, Cambridge
CB2 1EZ, UK; fax +44 1223 336033; or deposit@ccdc.
cam.ac.uk).
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Bisoxazoline–copper(I)-catalyzed aziridination of
diazoacetate with imines — A DFT study

Qingxi Meng, Fen Wang, and Ming Li

Abstract: Density functional theory (DFT) has been used to study bisoxazoline–copper(I)-catalyzed aziridination of diazo-
acetate with syn-imines or anti-imines. All the intermediates and transition states were optimized completely at the B3LYP/6-
31G(d) level. Calculation results confirm that Cu(I)-catalyzed aziridination goes mainly through the catalyst–diazoacetate
complex (M1), the copper(I)–carbene intermediate (M2), the copper–carbene–imine complex (M3), and the catalyst–
aziridine carboxylate complex (M4). For syn-imines, the reaction mode I (C3–N5 bond attacking the Cu–C1 bond of M2)
is more dominant than the reaction mode II (C3–N5 bond attacking the carbene–carbon C1 of M2), and the attack from
the si-surface of M2 is prior to the re-surface. For anti-imines, the reaction modes and attacks from the si- or re-surface
coexist. The reactivity of syn-imines is stronger than anti-imines. The favorable reaction channel is CA2 ? M1b ? TS1b
? M2 ? syn-TS2b ? syn-M3b ? syn-TS3b ? syn-M4b ? syn-P2. The dominant product theoretically predicted is of
(S,S)-chirality. On the whole, the solvent effect decreases the free energies of the species.

Key words: bisoxazoline–copper(I) complex, aziridination, imines, reaction mechanism, density functional theory (DFT).

Résumé : On a fait appel à la théorie de la fonctionnelle de la densité pour étudier l’aziridination catalysée par le bisoxa-
zoline-cuivre(I) du diazoacétate avec des imines syn- ou anti-. On a complètement optimisé tous les intermédiaires et les
états de transition au niveau B3LYP/6–31G(d). Les résultats de ces calculs confirment que l’aziridination catalysée par le
cuivre(I) se produit principalement par le biais du complexe catalyseur-diazoacétate, M1, de l’intermédiaire cuivre(I)-car-
bène, M2, du complexe cuivre(I)-carbène-imine, M3 et du complexe catalyseur-aziridinecarboxylate, M4. Pour les imines
syn, le mode de réaction I (attaque de la liaison C3-N5 sur la liaison Cu-C1 de M2) est plus dominant que le mode II (at-
taque de la liaison C3-N5 sur le carbone C1 du carbène de M2); l’attaque sur la surface si de M2 se fait avant celle sur la
surface re. Toutefois, pour les imines anti, elles coexistent. La réactivité des imines syn est plus grande que celle des imi-
nes anti. La voie réactionnelle la plus favorable est CA2 ? M1b ? TS1b ? M2 ? syn-TS2b ? syn-M3b ? syn-TS3b ?
syn-M4b ? syn-P2. Sur la base des calculs théoriques, il est prédit que la chiralité du produit dominant devrait être (S,S).
Dans l’ensemble, l’effet de solvant diminue les énergies libres des espèces.

Mots-clés : complexe bisoxxazoline-cuivre(I), aziridination, imines, mécanisme de réaction, théorie de la fonctionnelle de
la densité (« DFT »).

Introduction
Aziridines have been attractive organic molecules due to

their great synthetic utilities.1–3 Aziridines have been used as
intermediates in the preparation of amino acids,4,5 b-lactams,6
polymers,7 and pyrrolidines.8 A number of synthetic aziri-
dines have found biological applications as antitumor agents,
antibiotics, and as enzyme inhibitors.9 Many noncatalytic
pathways to aziridines have been developed.10,11 Recently,
however, the development of the asymmetric catalytic
aziridinations has received the most attention.2 A variety
of methods has been developed for the synthesis of
aziridines,9,12,13 including a ring closure reaction of 1,2-
amino alcohols or their derivatives,14,15 ring opening of ep-
oxides with metal azides,16,17 the addition of a-haloester
enolates to imines,18 a transfer of a nitrene group to an al-
kene,19,20 and the reactions between diazo esters and imines

mediated by either carbene transfer catalysts21–23 or Lewis
acid catalysts.24–29

The aziridination catalyzed by transition metals, which is
defined as a [2+1] cycloaddition between a carbene-type
species and imines (Scheme 1), is an important synthetic
method to obtain aziridine rings. Transition metals such as
rhodium and copper are found to be able to catalyze the
aziridination.30,31

As illustrated in Scheme 2, it is also generally accepted
that the copper-catalyzed aziridination proceeds via a cop-
per–carbene complex (E), which is formed by the associa-
tion of the diazoimido compound (D) and the active
catalyst (B) with concomitant extrusion of nitrogen, and
then the attack of imines (F) on the copper–carbene inter-
mediate (E) leads to the asymmetric aziridine (G). In copper-
catalyzed asymmetric aziridination, the copper–carbene in-

Received 12 February 2010. Accepted 11 June 2010. Published on the NRC Research Press Web site at canjchem.nrc.ca on 1 September
2010.
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termediate plays an important role. The copper–carbene
complex has a better stabilization and enantioselectivity,
compared with a free carbene, and has been detected as the
reaction intermediate in experiment.32

Ikeno et al.33 have studied some transition metal–carbene
complexes such as Co–, Cu–, and Ru–carbenes at the
B3LYP/6-31G(d) and B3LYP/LANL2DZ levels. The forma-
tion of a copper–carbene intermediate has been studied by
Salvatella and co-workers34 at the B3LYP/6-31G(d) level.
Comba et al.35 have studied the mechanism of the (bispidi-
ne)copper(II)-catalyzed aziridination of styrene, both experi-
mentally and theoretically. We have studied the copper(I)–
carbene complexes36 at the B3LYP/631G(d,p) level and the
copper(I)-catalyzed asymmetric cyclopropanation of diazoa-
cetate with alkene37 at the B3LYP/631G level. The theoreti-
cal data available for the mechanism of the aziridination of
diazoacetate with imines are rather limited. Therefore, to
understand the reaction mechanism of the aziridination
catalyzed by the copper complex in detail, chiral bisoxazoline–
copper(I)-catalyzed aziridination of diazoacetate with syn-
imines or anti-imines is studied in the present work. Herein,
a theoretical study with the B3LYP density functional was
carried out to elucidate the following issues in details: (i)
the reactivity of syn-imines or anti-imines, (ii) the two reac-
tion modes, I (imines attacking the Cu–Ccarbene bond of the
copper–carbene complex) and II (imines attacking the car-
bene carbon), (iii) the imines attacking the copper–carbene

complex from the re-surface or si-surface, and (iv) the most
favorable channel and dominant product. The possible reac-
tion mechanism is outlined in Scheme 3.

Computational details

All computations were carried out by using the Gaus-
sian03 program package.38 Density functional theory (DFT)
methods39 have now been widely applied to various molecu-
lar systems with great success because of their efficiency
and accuracy,40–42 especially the B3LYP method,43–45 which
includes Becke’s three-parameter-exchange functionals and
nonlocal Lee, Yang, and Parr correlation functional that gen-
erally provides better results. The 6-31G(d) basis set is used
for all the atoms. All the species are positively identified for
local minima with zero of the number of imaginary frequen-
cies and for transition states with the sole imaginary fre-
quency. The transition states were verified by intrinsic
reaction coordinate (IRC)46 calculations and by animating
the negative eigenvector coordinates with a visualization
program (Molekel 4.3).47,48 In addition, based on the gas
phase optimized geometry for each species, the solvent ef-
fects of CH2Cl2 were studied by performing the self-consis-
tent reaction field (SCRF) of polarizable continuum model
(PCM)49 approach at the same computational level.

Furthermore, the bonding characteristics were analyzed by
using the ‘‘atoms in molecules’’ (AIM) theory,50 which is

Scheme 1. Transition-metal-catalyzed aziridination of diazoacetate with imines.

Scheme 2. Possible reaction mechanism of copper-catalyzed aziridination of diazoacetate with imines.
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based on a topological analysis of the electron charge den-
sity and its Laplacian. The magnitude of the electron den-
sity, r(r), at the bond critical points (BCPs) depends on the
interatomic distance and the degree of coordination of the
atoms, and it is often used as a measure of the bond strength
or similar types of bonds.51 The analysis went further with
those obtained by means of the natural bond orbital (NBO)
theory.52–55 AIM analysis was carried out by employing the
AIM2000 code56 with the B3LYP/6-31G(d) wave functions as
input. NBO analysis was performed by utilizing NBO5.0code57

with the optimized structures.
Molecular orbital (MO) compositions and the overlap

populations were calculated by employing the AOMix pro-
gram.58,59 The analysis of the MO compositions in terms of
occupied and unoccupied fragment molecular orbitals (OFOs
and UFOs, respectively), the charge decomposition analysis
(CDA), and the construction of orbital interaction diagrams
were performed by using AOMix–CDA.60

Results and discussion
As illustrated in Scheme 3, copper(I)-catalyzed aziridina-

tion is suggested as the following: the decomposition of the
catalyst, the bisoxazoline–copper(I) complex (CA), leading
to oxazoline and an active oxazoline–copper(I) catalyst
(CA2); the reaction of diazoacetate with CA2 generating
the catalyst–diazoacetate complex (M1); the decomposition
of N2 in M1 leading to the copper(I)–carbene intermediate
(M2); the reaction of M2 with imines resulting in the cop-

per(I)–carbene–imine complex (M3); the formation of the
catalyst–aziridine carboxylate complex (M4); the decompo-
sition of M4 leading to the aziridine carboxylate and regen-
erating the active catalyst CA2. Scheme 3 also shows that
the attack of syn-imines or anti-imines on M2 has two reac-
tion modes, I and II, where the C3–N5 bond attacks the Cu–
C1 bond or C1 (carbene–carbon) of M2, respectively. As
shown in Scheme 4, syn-imines or anti-imines can attack
M2 from the re-surface or the si-surface. In the following
discussion, the attack of imines from the re-surface of M2

Scheme 3. Proposed mechanism of copper(I)-catalyzed aziridination.

Scheme 4. Attack of imines on copper–carbene intermediate M2.
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is marked by an ‘‘a’’ and its attack from the si-surface is
marked by a ‘‘b’’.

The relative free energies, DG(sol), including solvent en-
ergies, and the relative gas phase free energies, DG, enthal-
pies, DH, and zero-point energy (ZPE) corrected electronic
energies, DE, are provided in Table 1. Unless otherwise
noted, the discussed energies are relative free energies,
DG(sol), in the following discussions.

Catalyst
The optimized structure of the catalyst, chiral bisoxazo-

line–copper(I) complex (CA), is illustrated in Fig. 1. It is a
C2-symmetry complex. There is a Cu–N–C–C–C–N six-
membered ring in the catalyst CA and the six atoms are
nearly coplanar. (As shown, most of the intermediates and
transition states have this character.) The Cu–N and C–N
bonds are 2.008 and 1.283 Å, respectively. The Cu–N and
C–N bonds are 1.841 and 1.295 Å in the active catalyst
CA2, which is also a C2-symmetry complex (Fig. 2). The
highest occupied molecular orbital (HOMO) and lowest un-
occupied molecular orbital (LUMO) of CA2 are shown in
Fig. S1 of the Supplementary data.

Table 1. Solvent effect energies, DGsolv (kJ mol–1), relative free energies, DG(sol) (in solvent) and DG
(kJ mol–1) (in gas phase), relative enthalpies, DH (kJ mol–1), relative energies including zero-point vibra-
tional energy correlation, DE (kJ mol–1) and absolute entropies, S (kJ mol–1 K–1), and the first two fre-
quencies, y1 and y2 (cm–1), for stationary points.

In CH2Cl2 In gas phase Frequencies

Stationary points DG(sol) DGsolv DG DH DE S y1 y2

CA2 + R1 + R2-N2 0.0 — 0.0 0.0 0.0 — — —
M1a + R2-N2 –97.5 — –74.9 –125.9 –127.5 — — —
M1b + R2-N2 –95.5 — –73.7 –124.4 –125.6 — — —
TS1a + R2-N2 –55.8 — –39.7 –89.3 –91.0 — — —
TS1b + R2-N2 –57.0 — –41.9 –93.8 –95.2 — — —
M2 + R2 –117.3 — –145.4 –153.2 –157.3 — — —
anti-TS2a –69.0 –91.5 –50.9 –119.1 –121.0 178.06 311.2i 17.2
anti-TS2b –72.3 –98.6 –51.1 –116.5 –119.2 180.33 348.8i 21.3
anti-M3a –244.5 –90.7 –212.5 –285.4 –285.6 174.27 19.2 29.6
anti-M3b –243.3 –93.6 –202.9 –279.8 –278.8 171.08 20.3 27.0
anti-TS3a –213.7 –90.3 –187.9 –258.6 –259.1 176.08 229.3i 25.2
anti-TS3b –200.2 –81.5 –180.5 –251.9 –252.3 175.48 307.4i 48.7
anti-M4a –298.5 –81.5 –275.6 –345.7 –347.0 176.51 17.2 26.9
anti-M4b –274.6 –89.0 –253.4 –314.5 –316.8 183.69 11.3 15.6
anti-P1 + CA2 –151.3 — –139.5 –152.2 –152.4 — — —
anti-P2 + CA2 –153.2 — –141.3 –154.1 –154.3 — — —
anti-TS4a –70.1 –91.1 –53.3 –119.6 –121.6 179.61 226.1i 23.7
anti-TS4b –65.9 –92.0 –48.7 –114.5 –116.8 180.00 263.2i 16.2
syn-TS2a –75.1 –85.7 –61.7 –129.7 –131.6 178.19 299.5i 17.7
syn-TS2b –84.9 –105.8 –53.5 –121.7 –123.7 178.04 303.6i 15.8
syn-M3a –241.1 –89.5 –208.5 –282.4 –282.4 173.47 18.1 26.0
syn-M3b –233.0 –101.6 –182.5 –261.7 –260.3 169.28 20.3 27.0
syn-TS3a –207.6 –85.7 –185.7 –256.4 –257.2 176.01 231.1i 16.0
syn-TS3b –158.5 –96.1 –120.6 –204.1 –202.8 165.74 261.4i 17.2
syn-M4a –289.1 –75.2 –276.4 –342.2 –344.2 179.94 18.9 36.6
syn-M4b –261.2 –90.7 –239.6 –299.5 –301.7 184.77 14.3 20.8
syn-P1 + CA2 –144.6 — –131.2 –143.1 –143.4 — — —
syn-P2 + CA2 –137.4 — –125.9 –139.4 –139.4 — — —
syn-TS4a –63.3 –89.9 –50.1 –113.3 –116.1 182.01 242.9i 25.0
syn-TS4b –59.8 –97.8 –34.7 –101.2 –103.4 179.43 233.1i 15.9

Fig. 1. Optimized structure of the bisoxazoline–copper(I) complex
(CA) (bond distances in Å and angles in 8).
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Formation of the copper(I)–carbene intermediate
As illustrated in Scheme 3, the reaction of diazoacetate

(R1) with the active catalyst CA2 leads to the catalyst–diazo-
acetate complex (M1), and then the decomposition of N2 in

M1 generates the copper(I)–carbene intermediate (M2) via
the transition state TS1.

Figure 2 shows that the Cu–C1 and C1–N3 bonds are
1.981 and 1.355 Å in M1a and 1.951 and 1.374 Å in M1b,

Fig. 2. The intermediates and transition states of the formation of the copper–carbene complex (M2) (bond distances in Å, angles and dihe-
dral angles in 8, moment dipoles, m, in D).

Fig. 3. The intermediates and transition states of the reaction of M2 and syn-imines (bond distances in Å, angles and dihedral angles in 8,
moment dipoles, m, in D).
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respectively. Compared to diazoacetate, C1–N3 bonds be-
come longer by about 0.06 Å, which possibly results from
the formation of Cu–C1 bonds. The N1–Cu–C1–C2 and
N1–Cu–C1–N3 torsion angles are, respectively, 87.48 and
19.08 for M1a and 140.28 and 15.68 for M1b. In the transi-
tion states TS1a and TS1b, the C1–N3 bonds are stretched
considerably and the Cu–C1 bonds shortened compared
with those of M1 (M1 ? TS1: C1–N3 bond: 1.4 ? 1.8 Å,
Wiberg bond order, Pij: 0.98 ? 0.48, the electron densities,
r, of the bond critical points (BCPs): 0.26 ? 0.10 e Å–3;
Cu–C1 bond: 2.0 ? 1.8 Å, Pij: 0.25 ? 0.38, r: 0.10 ?
0.14 e Å–3; Table S1 in the Supplementary data). The high
stabilization energies of about 160 kJ/mol for the ð2pÞN1 !
s�ðCu�ClÞ and ð2pÞN2 ! s�ðCu�ClÞ in TS1a and TS1b (Table S6
in the Supplementary data), which is obtained from the sec-
ond-order perturbation analysis of donor–acceptor interac-

tions in the NBO analysis and used to estimate the strengths
of the donor–acceptor interactions of the NBOs, reveals the
strong interaction between (2p)N1 and (2p)N2 and s�ðCu�ClÞ or-
bitals and the electron transfer tendency from (2p)N1 and
(2p)N2 to s�ðCu�ClÞ. The copper(I)–carbene intermediate (M2)
has only one geometry, which is in agreement with our pre-
vious study,37 and the N1–Cu–C1–H and N1–Cu–C1–C2
torsion angles are 90.08 and 100.88, respectively. In M2, the
Cu–C1 bond is 1.782 Å, which is shorter than M1. As illus-
trated in NBO analysis, the Cu–C1 bond shows a strong single-
bonded character, and the NBO energy is –1102.16 kJ/mol.
The atomic polar tensor (APT) charges of copper and carbon
atoms of the Cu–C1 bond are +0.397 and +0.019, respec-
tively (Table S5 in the Supplementary data).

M2 reaction with syn-imines
Scheme 3 shows that the attack of syn-imines on M2 has

two reaction modes: I (C3–N5 bond attacking the Cu–C1
bond of M2) and II (C3–N5 bond attacking the carbene–
carbon C1 of M2).

Reaction mode I — The C3–N5 bond attacking the Cu–C1
bond

Formation of the copper(I)–carbene–imine complex
Scheme 4 shows that the attack of imines on M2 has two

reaction channels: from the re-surface or si-surface of M2.
Transition states syn-TS2a and syn-TS2b have sole imagi-
nary frequencies, in correspondence with the stretching vi-
brations of Cu–N5 and C1–C3 bonds. The Cu–N5 and C1–
C3 bonds are about 1.9 and 2.4 Å. Obviously, Cu–N5 and
C1–C3 bonds are strengthened markedly. It is shown by
these results that Cu–N5 and C1–C3 bonds could be formed
at the same time. Compared with imines and M2, the C3–
N5 and Cu–C1 bonds are weakened and lengthened by 0.06
and 0.13 Å, respectively. There is a strong interaction be-
tween the p orbital of the C3–N5 bond and the s* antibond
orbital of the Cu–C1 bond, which makes the electrons in the
p orbital transfer easily to the s* antibond orbital of the
Cu–C1 bond, so the p orbital of the C3–N5 bond has a ten-

Fig. 4. Orbital interaction diagram for syn-TS2a, which is formed by imines (syn) and the copper–carbene fragment (the AOMix–CDA
calculation, based on B3LYP/6-31G*; the net charge donation, CT(1 ? 2) – CT(2 ? 1), is 0.2 e).

Fig. 5. A loose scan profile of M2 with imine to syn-M3a’ along
the C1–N5 distance increased with the electronic state of the close
shell singlet.
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dency to be fractured. As demonstrated in Fig. 3, the transi-
tion states involve a Cu–C1–C3–N5 four-membered ring,
and the electron densities, r, of the ring critical points
(RCPs) are about 0.04 e Å–3.

As illustrated in Fig. 4, the HOMO (including the orbital
interaction between imines and copper–carbene) for syn-
TS2a is a mixture of 11.1% LUFO (the LUMO of fragment
orbitals), 4.9% HOFO for imines (Fig. 4, fragment 1), and
74.7% LUFO for the copper–carbene fragment (Fig. 4, frag-
ment 2). And the LUMO for syn-TS2a is a mixture of 6.6%
HOFO-1, 5.3% HOFO for imines, 66.1% HOFO, and 5.7%
LUFO+3 for the copper–carbene fragment. It is clear that
the reaction between imines and the Cu–carbene complex
occurs dominantly between LUFO, HOFO, and HOFO-1 of
fragment 1 and HOFO and LUFO of fragment 2 (Fig. 4).
The net charge donation, which includes both charge dona-
tion and electronic polarization contributions, is 0.20 e.

In the copper–carbene–imine complex (M3), four atoms,
Cu, C1, C3, and N5, are nearly coplanar and there is a ring
critical point, with 0.06 e Å–3 of electron density, inside the
area encircled by the four atoms. There is a little angle be-
tween the Cu–C1–C3–N5 four-membered ring and the N1–
Cu–N2 plane. NBO analysis of M3 shows that the Cu–C1
bond shows a strong single-bonded character, and NBO en-
ergies are –1300 kJ/mol, which are lower than those of TS2
by 200 kJ/mol.

In addition, we tried to compute another four transition
states (TS2’): when the C3–N5 bond attacks the Cu–C1

bond of M2 leading to four complexes (M3’) (Figure S2 in
the Supplementary data), N5 attacks the carbene carbon, and
thus C3 attacks the copper. Unfortunately, all of our efforts
failed. A loose scan from M3’ to M2 along the s(C1–N5) for-
mation is calculated and illustrated in Fig. 5. Obviously, no
first-saddle point is found in this energy curve and this fact
implies that the transition states TS2’ are not in existence.

The elimination — Formation of aziridine carboxylate
As shown in Scheme 3, the elimination of M3 leads, via

the transition state TS3, to the catalyst–aziridine carboxylate
complex (M4); the decomposition of M4 results in the azir-
idine carboxylate and regenerates the active catalyst CA2. In
the transition states syn-TS3a and syn-TS3b, the Cu–C1,
Cu–N5, and C1–N5 bonds are about 2.2, 1.9, and 1.8 Å, re-
spectively. Compared with M3, the Cu–C1 and Cu–N5
bonds are stretched, and the C1–N5 bonds are shortened.
The transition states involve a Cu–C1–C3–N5 four-mem-
bered ring and the electron densities, r, of the RCPs are
about 0.07 e Å–3. In syn-M4a, there is a Cu–N5–C1–C2–O
five-membered ring, and the Cu–N5 and Cu–O bonds are
2.0 and 2.2 Å. But in the complex syn-M4b, there is no
five-membered ring; only the Cu–N5 bond is formatted, and
the distance is 1.9 Å.

Reaction mode II — The C3–N5 bond attacking the
carbene–carbon C1

The double bonds pC3–N5 of imines attack directly on the

Fig. 6. The transition states of the reaction mode II (bond distances in Å, angles and dihedral angles in 8, moment dipoles, m, in D).

Fig. 7. Orbital interaction diagram for syn-TS4a, which is formed by imines (syn) and the copper–carbene fragment (the AOMix–CDA
calculation, based on B3LYP/6-31G*; the net charge donation, CT(1 ? 2) – CT(2 ? 1), is 0.3 e).
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carbene–carbon of M2, leading to the complex syn-M4, via
the transition state TS4 (Fig. 6). As illustrated in Fig. 7, the
HOMO for syn-TS4a is a mixture of 10.6% HOFO-1 for
imines (Fig. 7, fragment 1), 57.5% HOFO, and 12.6%
HOFO-1 for the copper–carbene fragment (Fig. 7, fragment
2). The LUMO for syn-TS4a is a mixture of 9.1% LUFO,
12.8% HOFO-1 for imines, and 74.1% LUFO for the cop-
per–carbene fragment. It is clear that the reaction between
imines and the Cu–carbene complex occurs dominantly be-
tween LUFO and HOFO-1 of fragment 1 and HOFO and
LUFO of fragment 2 (Fig. 7), which is different from syn-
TS2a illustrated in Fig. 4. The net charge donation, which
includes both charge donation and electronic polarization
contributions, is 0.30 e. The high stabilization energies of
400 kJ/mol for the p(N3–N5)? (2p)C1 in syn-TS4a and syn-
TS4b reveals the strong interaction between p(N3–N5) and

(2p)C1 and the electron transfer tendency from p(N3–N5) to
(2p)C1, which results in the formation of C1–C3 and C1–N5
bonds.

As discussed above, the reaction of M2 with syn-imines
has two attacking modes, I and II. Table 1 shows that the free
energies of activation of syn-TS2a and syn-TS2b are lower
than those of syn-TS4a and syn-TS4b by 12*24 kJ/mol.
Therefore, the reaction mode I is more dominant than the
reaction mode II. Therefore, in the reaction of M2 with syn-
imines, the attack of the C3–N5 bond on the Cu–C1 bond of
M2 is easier than that on the carbene–carbon C1 of M2.

M2 reaction with anti-imines
Similar to syn-imines, the attack of anti-imines on the

copper–carbene intermediate (M2) also has two reaction
modes, I and II. All the optimized structures on the saddle

Fig. 8. The intermediates and transition states of the reaction of M2 and anti-imines (bond distances in Å, angles and dihedral angles in 8,
moment dipoles, m, in D).

Fig. 9. The schematic reaction profiles of copper(I)-catalyzed aziridination.
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points of this reaction profile of anti-imines and M2 are
similar to those of syn-imines and M2, and are shown in
Fig. 6 and Fig. 8. Table 1 shows that the free energies of
activation of anti-TS2a and anti-TS2b are almost equivalent
to those of anti-TS4a and anti-TS4b with a difference of
1*6 kJ/mol. So, in the reaction of M2 with anti-imines,
the two reaction modes I and II coexist, and the attack of
anti-imines on M2 from the re-surface or the si-surface also
coexist.

Copper(I)-catalyzed aziridination
The copper(I)-catalyzed aziridination goes mainly through

the catalyst–diazoacetate complex (M1), the copper(I)–car-
bene intermediate (M2), the copper–carbene–imine complex
(M3), and the catalyst–aziridine carboxylate complex (M4).
Table 1 and Fig. 9 show that the formation of these com-
plexes, M1, M2, M3, and M4, are exothermic, and the re-
leased free energies are about 100, 120, 240, and 300 kJ/mol,
respectively. Furthermore, calculation results indicate that
copper(I)-catalyzed aziridination is exergonic by 140 kJ/mol
in free energy.

As discussed above, the attack of imines on M2 has two
reaction modes: I (C3–N5 bond attacking the Cu–C1 bond
of M2) and II (C3–N5 bond attacking the carbene–carbon
C1 of M2). For syn-imines, the reaction mode I is more
dominant; but for anti-imines, the two reaction modes coex-
ist. Because the free energies of activation of anti-TS2a and
anti-TS2b are higher than those of syn-TS2a and syn-TS2b
(Table 1), the reactivity of syn-imines is stronger than that
of anti-imines. Hence, syn-imines are the more active reac-
tant in the copper-catalyzed aziridination.

In the reaction of M2 with syn-imines, the free energy of
activation of syn-TS2a is higher than syn-TS2b by 10 kJ/mol,
which indicates the attack of syn-imines from the si-surface
of M2 occurs prior to that from the re-surface. Therefore,
the reaction channel CA2 ? M1b ? TS1b ? M2 ? syn-
TS2b ? syn-M3b ? syn-TS3b ? syn-M4b ? syn-P2 is
the most favorable one. The dominant product obtained
from this reaction channel is of (S,S)-chirality.

Conclusion
In this study, we have investigated chiral bisoxazoline–

copper(I)-catalyzed aziridination of diazoacetate with syn-
imines or anti-imines using density functional theory. All
the intermediates and transition states were optimized com-
pletely at the B3LYP/6-31G(d) level. Calculation results
confirm that Cu(I)-catalyzed aziridination goes mainly
through the catalyst–diazoacetate complex (M1), the cop-
per(I)–carbene intermediate (M2), the copper–carbene–imine
complex (M3), and the catalyst–aziridine carboxylate com-
plex (M4). For syn-imines, the reaction mode I (C3–N5
bond attacking the Cu–C1 bond of M2) is more dominant
than the reaction mode II (C3–N5 bond attacking the car-
bene–carbon C1 of M2), and the attack from the si-surface
of M2 occurs prior to that from the re-surface; however, for
the anti-imines, the reaction modes and attacks from the si-
or re-surface coexist. Syn-imines are a more active reactant
than anti-imines in the copper-catalyzed aziridination. The
reaction channel CA2 ? M1b ? TS1b ? M2 ? syn-
TS2b ? syn-M3b ? syn-TS3b ? syn-M4b ? syn-P2 is

the most favorable one. The dominant product obtained
from this reaction channel is of (S,S)-chirality. The solvent
effect is remarkable, and it decreases the free energy of in-
termediates and transition states.

Supplementary data

Supplementary data for this article are available on the
journal Web site (canjchem.nrc.ca).
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Synthesis of metallocarbonyl substituted 1,2,3-
triazole complexes via copper(I)-catalyzed azide––
alkyne cycloaddition

Bogna Rudolf

Abstract: (h5-C5H5)M(CO)x(h1-N-maleimidato) (M = Fe, x = 2; M = W, x = 3) complexes react with propargylamine and
propargyl alcohol giving products from the Michael addition to the h1-N-maleimidato ligand. Metallocarbonyl compounds
bearing a terminal alkyne group were reacted with organic azides affording corresponding 1,2,3-triazoles in high yields.
One of these metallocarbonyl 1,2,3-triazoles (M = Fe, x = 2) was characterized by X-ray diffraction.

Key words: copper(I)-catalyzed azide–alkyne cycloaddition, click chemistry, metallocarbonyl complexes, X-ray structure.

Résumé : Les complexes (h5-C5H5)M(CO)x(h1-N-maléimidato) (M = Fe, x = 2; M = W, x = 3) réagissent avec la propar-
gylamine et l’alcool propargylique pour conduire à la formation de produits d’addition de Michael sur le ligand h1-N-ma-
léimidato. La réaction de composés métallocarbonyles portant un groupe alcyne terminal avec des azotures organiques
conduit à la formation des 1,2,3-triazoles correspondants avec des rendements élevés. Faisant appel à la diffraction des
rayons-X, on a caractérisé le métallocarbonyl-1,2,3-triazole dans lequel M = Fe et x = 2.

Mots-clés : cycloaddition azoture–alcyne catalysée par le cuivre(I), chimie de cliquage, complexes métallocarbonyles,
structure, diffraction des rayons X.

Introduction
The copper(I) catalyzed, regioselective synthesis of 1,4-

disubstitututed-1,2,3-triazoles, from azides and terminal al-
kynes, which was developed by Sharpless et al., has been
shown to be amongst the most popular reactions recently
studied, known as ‘‘click chemistry’’1–3. There have been
numerous applications of this reaction in the fields of bio-
conjugation, materials science, and drug discovery.4–7 Cop-
per(I)-catalyzed azide–alkyne cycloaddition (CuAAC) has
been used to obtain conjugates which possess numerous
functional subunits with fluorescent or electrochemical prop-
erties.8,9 However, this methodology has not yet been ap-
plied to connecting metallocarbonyl complexes with organic
ligands. In view of this situation, I became interested in
exploring the CuAAC reaction as a synthetic method for
preparating 1,4-disubstitututed-1,2,3-triazoles bearing IR-
detectable metallocarbonyl complexes.10 Over the past years
we have explored the chemistry of the metallocarbonyl (h5-
C5H5)M(CO)x(h1-N-maleimidato) complexes of Fe, 1, and
W, 2,11,12 which were applied as labels of peptides and pro-
teins, with potential applications in immunoassay analysis.12–16

It appeared of interest to introduce a terminal alkyne
group to compounds 1 or 2 to form metallocarbonyl com-
plexes that would be able to react with organic azides. Such
a process could be an entry to new selective labeling of bio-
molecules, using the CuAAC reaction. In this paper, I report
the synthesis of two new metallocarbonyl complexes bearing
terminal alkyne ligands, 3 and 4, and a preliminary study of
their reactions with organic azide derivatives in the presence
of a Cu(I) catalyst. The structure of the 1,3-cycloaddition
product, 5, has been established by a single crystal X-ray
analysis.

Results and discussion

The Huisgen 1,3-cycloaddition of organic azides and al-
kynes has been shown to be the most direct route to obtaining
1,2,3-triazoles. The use of Cu(I) complexes in this process led
to the formation of one regioisomer, a 1,4-disubstituted 1,2,3-
triazole derivative. Cu(I) halide salts can also be used, or,
alternatively, the Cu(I) complex could be generated in situ
by the reduction of Cu(II) salts.1–3 The reaction could be
performed in various solvents or mixtures of organic sol-
vents, or in water. Owing to the high regioselectivity, high
yields, and an exceptional tolerance towards a wide range
of functional groups and reaction conditions, the copper(I)-
catalyzed azide–alkyne cycloaddition has been found to
have numerous applications in biochemistry research, allow-
ing the regioselective incorporation of various labels to bio-
molecules.17–20
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There has been no reported research concerning the Huis-
gen 1,3-cycloaddition of metallocarbonyl complexes in the
literature, to my knowledge; however, there were several
published examples of ferrocene compounds bearing azide
or alkyne groups, which underwent the CuAAC reactions
leading to the expected triazole products.21–25 To investigate
the CuAAC reaction of metallocarbonyl complexes with
azides, it was first necessary to synthesize such complexes,
bearing an alkyne group.

Because complex 1 reacted with primary amines at pH 9–10
providing aza-Michael addition products,13 the reaction with
propargylamine seemed a straightforward synthetic approach
for the introduction of the terminal alkyne function to this
complex (eq. [1])

½1�

The reaction was carried out at room temperature in
MeOH–H2O, and afforded a yellow crystalline product. The
1H NMR spectrum confirmed the structure of 3, with the
signal at 6.68 ppm, characteristic of the ethylenic protons in
1, being absent, while the complex signals attributed to the
succinimide ring and the propargyl protons were observed
at 2.42, 3.33, and 3.83, including the acetylene proton sig-
nal, which appeared at 2.09 ppm, as a triplet.

Since it was reported that maleimide derivatives undergo
an oxa-Michael addition reaction with alcohols in the pres-
ence of K2CO3 under mild reaction conditions,26 I decided
to react 2 with propargyl alcohol, to give 4 (eq. [2]). This
reaction resulted in the isolation of a yellow crystalline com-
plex, whose 1H NMR spectrum confirmed the structure as 4
(Yield 42%)

½2�

The 1H NMR spectrum showed a triplet at 2.48 ppm,
which was expected for the alkyne proton, with an absence
of the singlet at ~6.7 ppm, characteristic for the olefinic pro-
tons in the substrate, 2. Further evidence of the oxa-Michael
addition to the maleimide double bond were the signals of
the succinimide protons at 2.66, 3.03, and 4.48 ppm.

Metallocarbonyl complexes, 3 and 4, displayed the char-
acteristic strong absorption bands in their IR spectra, the
nC:O appearing in the 1950–2060 cm–1 spectral region,
which is usually free of any absorption of biomolecules or
biological matrices.

With the successful synthesis of complexes 3 and 4, their
reactivity towards organic azides in the presence of a CuCl–
Cu catalyst were investigated. Both compounds were al-
lowed to react with p-nitrophenyl azide, and complex 3 was
also reacted with (phenylthio)methyl azide. In all cases, the
cycloaddition reaction took place, and the expected triazoles,
5–7, were isolated in 81%–88% yields (eqs. [3] and [4]).

½3�

The yellow products, 5 and 6, were isolated by flash chro-
matography and crystallized from CH2Cl2–heptane. The
identity and purity of these compounds were confirmed by
spectroscopic methods and elemental analyses. The singlets
in the 1H NMR spectra of 5 and 6 (d 8.06 and 7.51 ppm,
respectively) were attributed to the triazole ring protons,
and provided evidence of the formation of this heterocyclic
ring. The structure of 1,2,3-triazole 5 was also confirmed by
single crystal X-ray diffraction (vide infra).

The 1,2,3-triazole, 7, was synthesized in the same manner
from alkyne complex 4 and p-nitrophenyl azide in the pres-
ence of the CuCl–Cu catalyst (eq. [4]). The expected prod-
uct was isolated in 81% yield, as an orange oil. The lack of
an alkyne proton signal and the appearance of a singlet at d
8.19 ppm in its 1H NMR spectrum provided evidence of the
formation of a 1,2,3-triazole derivative.

½4�

The X-ray crystal structure of 5
Crystals of 5 suitable for X-ray structure determination

were grown from CH2Cl2–heptane. Compound 5 crystallized
in the triclinic P1 space group (see Fig. 1 for the graphical
representation). The selected crystal data and structure re-
finement details are shown in Table 1. The triazole p-nitro-
phenyl substituent was shown to be attached to the
succinimide ring in a position opposite to the Fp moiety.
The best plane of the succimidato ring forms an angle of
44.02(19)8 with the best plane of the Cp ring. The succini-
midato ring was nearly coplanar with the triazole and p-ni-
trophenyl rings. This was shown by the relatively small
values of the dihedral angles, being 9.00(19)8 and
15.87(18)8 for the triazole and phenyl rings, respectively.
The triazole and phenyl rings were found to be coplanar,
with the dihedral angle being 8.61(12)8. No classical hydro-
gen bonds were found for this compound; however, the crys-
tal structure of 5 was stabilized by several weak
intermolecular, non-covalent interactions of the C–H���O
type.

Selected bond lengths (Å) and angles (8) are gathered in
Table 2.

Conclusions
The metallocarbonyl complexes 3 and 4, with terminal al-

kyne bonds, have been synthesized, and found to be effec-
tive CuAAC reaction substrates. Under the Sharpless
conditions, the alkynes 3 and 4 effectively reacted with
selected organic azides, affording the corresponding 1,2,3-
triazoles in high yields. We plan to use this technique to de-
velop new bioprobes for Carbonyl Metallo Immuno Assay
(CMIA).
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Experimental section

General remarks
The 1H NMR spectra were recorded in CDCl3 on a Varian

Gemini 200BB (200 MHz for 1H) spectrometer and refer-
enced to internal tetramethylsilane. The IR spectra were re-
corded in CHCl3 on a FTIR NEXUS (Thermo Nicolet)
spectrometer. Elemental analyses were performed by the
Analytical Services of the Center of Molecular and Macro-
molecular Studies of the Polish Academy of the Sciences
(Łódź). All solvents were purified according to standard pro-
cedures. Chromatographic separations were performed on
Silica gel Merck 60 (230–400 mesh ASTM). All reactions
were carried out under argon.

Materials
Complexes 1 and 2 were synthesized as previously de-

scribed.11,12 Propargylamine, propargyl alcohol, and (phenyl-
thio)methyl azide were purchased from Sigma-Aldrich.
Propargyl alcohol and propargylamine were distilled before

Table 1. Crystallographic data and structure refine-
ment of 5.

Chemical formula C20 H16FeN6O6

Measurement temperature 293 K
Beam length l (Å) 0.71073
Space group P1
a (Å) 6.6833(3)
b (Å) 11.9347(7)
c (Å) 12.4586(6)
a (Å) 79.417(3)
b (Å) 84.442(3)
g (Å) 85.386(3)
V (Å3) 970.25(9)
Z 2
Absorption coefficient (mm–1) 0.83
Independent reflections 5794, 4644
Tmin, Tmax 0.6914, 0.7461
(sin q/l)max (Å–1) 0.70
R(int), R(sigma) 0.0000, 0.0362
R1 [I > 2s (I)], R1 all 0.0426, 0.0568
wR2 all 0.1122
Goodness-of-fit 1.060

Table 2. Bond lengths (Å) and angles (8)
for 5.

Bond lengths (Å)
Fe(1)—C(6) 1.781(2)
Fe(1)—C(7) 1.783 (2)
Fe(1)—N(1) 1.9773(15)
Fe(1)—C(1) 2.083(2)
C(8)—O(3) 1.212(3)
C(10)—N(2) 1.450(12)
C(10a)—N(2a) 1.451(9)
C(11)—O(4) 1.209(2)
C(12A—N(2A) 1.450(9)
C(12A)—(C13) 1.523(5)
N(1)—C(8) 1.363(2)
N(3)—N(4) 1.302(3)
N(4)—N(5) 1.349(2)
N(5)—C(15) 1.417(2)
O(2)—C(7) 1.134(3)

Bond angles (8)
C(7)–Fe(1)–C(1) 88.96(9)
C(7)–Fe(1)–N(1) 95.55(8)
C(11)–N(1)–Fe(1) 120.72(13)
C(20)–C(15)–N(5) 118.31(17)
N(2)–C(12)–C(13) 112.5(6)
N(2A)–C(10A)–C(11) 113.3(5)
N(4)–N(5)–C(15) 118.88(16)
O(2)–C(7)–Fe(1) 174.19(18)
O(4)–C(11)–C(10) 123.6(2)
O(5)–N(6)–C(18) 118.28(17)
O(5)–N(6)–O(6) 123.84(17)

Fig. 1. ORTEP drawing of compound 5 with the atom-labelling scheme. Displacements ellipsoids are drawn at the 50% probability level.
H atoms are omitted for clarity.

Rudolf 993

Published by NRC Research Press

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

U
ni

ve
rs

ity
 o

f 
E

le
ct

ro
ni

c 
an

d 
Sc

ie
nc

e 
T

ec
ho

no
lo

gy
 o

f 
C

hi
na

 o
n 

09
/1

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



use. p-Nitrophenyl azide was synthesized according to
Meudtner and al.27

Synthesis of 3
Propargylamine (20 ml, 0.37 mmol) and aqueous solution

of K2CO3 pH 9–10 (2 mL) were added to an argon-saturated
solution of complex 1 (100 mg, 0.37 mmol) in MeOH
(3 mL) and the reaction mixture was stirred overnight at rt.
After this time the mixture was diluted with water (15 mL)
and extracted with CH2Cl2 (3 � 15 mL). The organic phases
were combined, dried over MgSO4, and concentrated under
reduced pressure. The residue was subjected to column chro-
matography; a yellow band containing the starting material 1
was eluted with dichloromethane, followed by a yellow band
containing product 3 eluted with chloroform–MeOH (9:1).
Crystallization from CH2Cl2–heptane (3:1) gave an analyti-
cally pure sample;.yield: 57 mg (47%). IR n (cm–1): 3290
(CH alkyne), 2103 (C:C), 2056, 2009 (C:O), 1639 (CO
imide). 1H NMR (200 MHz, CDCl3) d (ppm): 2.09 (t, J =
1.4 Hz, H,CH, alkyne), 2.42 (dd, J = 5.1 Hz, J = 16 Hz, H,
succinimide), 2.83 (dd, J = 7.9 Hz, J = 16 Hz, H, succini-
mide), 3.33 (d, J = 17 Hz, H, CH2), 3.58 (d, J = 17 Hz, H,
CH2), 3.83 (dd, J = 5.1 Hz, J= 16 Hz, H, succinimide), 5.04
(s, 5H, Cp). Anal. calcd. for C14H12FeN2O4:C 54.24, H 3.66,
N 8.54; found C 51.42, H 3.61, N 8.49.

Synthesis of 4
Tungsten complex 2 (120 mg, 0.29 mmol) was dissolved

in propargyl alcohol (3 mL) and a saturated aqueous solu-
tion of K2CO3 (2 mL) was added. Then the reaction mixture
was stirred overnight at rt. After this time, the mixture was
diluted with water (15 mL) and extracted with CH2Cl2 (3 �
15 mL). The organic phases were combined, dried over
MgSO4, and concentrated at reduced pressure. The residue
was subjected to column chromatography; an orange band
containing the starting material 2 was eluted with hexane–
dichloromethane (1:4), followed by a yellow band containing
product 4 eluted by the mixture of dichloromethane–MeOH
19:1. Crystallization from CH2Cl2–heptane (3:1) gave in an-
alytically pure sample; yield: 59 mg (42%). IR n (cm–1):
3307 (CH alkyne), 2100 (C:C), 2056, 2046, 1959 (C:O),
1655 (CO imide). 1H NMR (200 MHz, CDCl3) d (ppm):
2.48 (t, J = 2.4 Hz, H, CH alkyne), 2.66 (dd, J = 4.6 Hz, J =
20 Hz, H, succinimide), 3.03 (dd, J = 9.2 Hz, J = 16 Hz, H,
succinimide), 4.48 (dd, J = 4.6 Hz, J = 20 Hz, H, succini-
mide), 4.53 (t, 2H, CH2, J = 4 Hz, H, CH2), 5.64 (s, 5H,
Cp). Anal. calcd. for C15H11NO6W:C 37.14, H 2.29, N
2.89; found C 37.25,H 2.47, N 2.89.

Synthesis of metallocarbonyl 1,2,3 -triazoles 5–7
A typical procedure for the 1,3-dipolar cycloaddition of

organic azides to metallocarbonyl alkynes was as follows:
azide (0.11 mmol), CuCl (2 mg), and Cu (50 mg as thin
wire) were added to a solution of 3 or 4 (0.11 mmol) in the
mixture of H2O–tert-butanol (1:1). Then the reaction mix-
ture was stirred overnight. The resulting solution was fil-
tered and concentrated under reduced pressure. The residue
was diluted in CH2Cl2 and crude product was chromato-
graphed on silica gel, using the mixture of MeOH–CH2Cl2
(1:19) as eluent to obtain compounds 5–7. Crystallization

from CH2Cl2–heptane (2:1) gave an analytically pure sam-
ple.

5 Yield: 45 mg (84%). IR n (cm–1): 2045, 1999 (C:O),
1636 (CO imide), 1525, 1343 (NO2). 1H NMR (200 MHz,
CDCl3) d (ppm): 2.45 (dd, J = 5 Hz, J = 16 Hz, H, succini-
mide), 2.85 (dd, J = 8.2 Hz, J = 16 Hz, H, succinimide),
3.72 (dd, J = 5 Hz, J = 8 Hz, H, succinimide), 4.06 (s, 2H,
CH2), 5.04 (s, 5H, Cp), 7.97 (d, J = 9.1 Hz, 2H), 8.06 (s,
triazole H), 8.41 (d, J = 9.1 Hz, 2H). Anal. calcd. for
C20H16FeN6O6: C 48.80, H 3.28, N 17.07; found: C 48.69,
H 3.41, N 16.89.

6 Yield: 47 mg (88%).IR n (cm–1): 2044, 1993 (C:O),
1636 (CO imide). 1H NMR (200 MHz, CDCl3) d (ppm):
2.38 (dd, J = 5 Hz, J = 18 Hz, H, succinimide), 2.79 (dd, J =
8 Hz, J = 16 Hz, H, succinimide), 3.60 (dd, J = 5 Hz, J =
8 Hz, H, succinimide), 3.91 (s, 2H, CH2), 5.03 (s, 5H, Cp),
5.61 (s, CH2, H), 7.31 (s, 5H), 7.51 (s, triazole H). Anal.
calcd. for C21H19FeN5O4: C 51.13, H 3.88, N14.20; found C
50.98, H 4.17, N 14.23.

7 Yield: 58 mg 81%.IR n (cm–1): 2037, 1932 (C:O),
1636 (CO imide). 1H NMR (200 MHz, CDCl3) d (ppm):
2.66 (dd, J = 4.8 Hz, J = 18 Hz, H, succinimide), 3.04 (dd,
J = 8.3 Hz, J = 20 Hz, H, succinimide), 4.44 (dd, J =
4.8 Hz, J = 8 Hz, H, succinimide), 5.07 (dd, J = 12.5 Hz,
2H, CH2), 5.64 (s, 5H, Cp), 7.98 (d, J = 9 Hz, 2H), 8.19 (s,
H, =CH), 8.43 (d, J = 9 Hz, 2H), 8.06 (s, triazole H). ESI–
MS (M+Na) m/z = 672. Anal. calcd. for C21H15N5O8W: C
38.85, H 2.33, N 10.79; found C39.05, H 2.28 .

X-ray structure determination of 5
Single-crystal X-ray measurement of 5 was performed on

a BRUKER APEX II ULTRAk-axis diffractometer with a
TXS rotating anode using MoKa radiation at 293 K. The
data were collected using the omega scan measurement
method, with 0.5 degrees scan width and 30s maximal
counting time. The q angle for data collection was varied in
the range of 5.00–20.008. The data were corrected with re-
spect to Lorentz and polarization effects. An analytical ab-
sorption correction was applied using SADABS.28 Indexing,
integration, and scaling were performed with original Bruker
Apex II software.29 The structure was solved using direct
methods and refined using SHELXL.30 The refinement was
based on F2 for all reflections. Weighted R factors wR and
all goodness-of-fit S values were based on F2. All non-hy-
drogen atoms were refined anisotropically. Hydrogen atoms
were refined on idealized positions using a riding model.

Supplementary data

Supplementary data for this article are available on the
journal Web site (canjchem.nrc.ca). CCDC 763118 contains
the X-ray data in CIF format for this manuscript. These data
can be obtained, free of charge, via www.ccdc.cam.ac.uk/
conts/retrieving.html (or from the Cambridge Crystallo-
graphic Data Centre, 12 Union Road, Cambridge CB2 1EZ,
UK; fax +44 1223 336033; or deposit@ccdc.cam.ac.uk).
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Reactions of toluquinone–– cyclopentadiene
Diels ––Alder epoxide adducts with nucleophiles
under heterogeneous conditions

Andreas A. von Richthofen, José E. P. Cardoso Filho, Liliana Marzorati,
Julio Zukerman-Schpector, Edward R.T. Tiekink, and Claudio Di Vitta

Abstract: Toluquinone–cyclopentadiene Diels–Alder epoxide adducts react with sulfur and oxygen nucleophiles under het-
erogeneous conditions, leading to products resulting from the epoxide ring opening and from skeletal rearrangement, re-
spectively. Pyrolysis of the sulfanyl adducts gave the new 3-sulfanyltoluquinones (1).

Key words: toluquinone, phase-transfer catalysis (PTC) conditions, thiolation, epoxide, Diels–Alder.

Résumé : Les époxydes des adduits de Diels–Alder de la toluquinone et du cyclopentadiène réagissent avec des nucléophi-
les sulfurés et oxygénés, dans des conditions hétérogènes pour conduire respectivement à des produits résultats d’une ou-
verture de l’époxyde et d’une transposition du squelette. La pyrolyse des adduits sulfanyles conduit aux nouvelles 3-
sulfanyltoluquinones (1).

Mots-clés : toluquinone, conditions de transfert catalytique de phase (TCP), époxyde, Diels–Alder.

[Traduit par la Rédaction]

Introduction
Quinones occur widely in nature as important components

of organisms.1 Natural and synthetic quinone-based com-
pounds are frequently used for therapeutic purposes such as
antitumor and anti-infection agents.2 In particular, benzoqui-
none thioethers possess a variety of biological and toxico-
logical activities.3 In the case of 3-sulfanyltoluquinones (1)
(Fig. 1), it should be mentioned that, although Karrer and
Dutta4 had described the synthesis of the methylsulfanyl de-
rivative 1 (X = SCH3), by reacting p-toluquinone with meth-
anethiol in water, McHale et al.,5 after trying to reproduce
Karrer and Dutta’s work, concluded that the product formed
under these conditions was 6-methylsulfanyltoluquinone in-
stead of 1 (X = SCH3).

Therefore, we decided to synthesize 1 (X = SR or SAr)
according to the route depicted in Scheme 1, which is based
on the pyrolysis of adducts 2.6 Such adducts could be pre-
pared by selective cycloaddition at the unsubstituted C=C
double bond of 3, followed by bromine/SR exchange.

However, in view of the described low yields of 3-bromo-
toluquinone (3),7 we considered an alternative route for ad-
ducts 2, based on the ring opening of epoxides 4 (Scheme 2).

Although the successful ring opening of epoxides 4 (R =
R’ = H) was described8 for 1-phenyl-5-mercaptotetrazole
(HPMT) as nucleophile in the presence of catalytic amounts

of Et3N, leading to adduct 2 (R = R’ = H; X = PMT), the
use of a stoichiometric mixture of Et3N and thiols like
HPMT, 2-mercaptobenzothiazole (HMBT), and p-toluene-
thiol (HPTT) gave the aromatized substituted adducts 5 in
yields ranging from 41% to 50% (Scheme 3) as the result
of the action of the base on the a-carbonyl hydrogens of 2
(R = R’ = H; X = SAr). Aromatization was also observed
when the epoxide 4 (R = R’ = H) was treated with sodium
ethylsulfide in EtOH.9

Considering the successful use of phase-transfer catalysis
(PTC) conditions in suppressing the aromatization reaction,
as described by Ferreira et al.,10 for the substitution of the
chlorine atoms of 6 by methylsulfide anion (Scheme 4), we

Fig. 1. 2-Alkylsulfanyl- and arylsulfanyl-toluquinones (1).
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reasoned that we could successfully apply this methodology
to the route depicted in Scheme 2 to avoid the aromatization
of 2.

Results and discussion
Accordingly, epoxide 4 (R = R’ = H) was dissolved in

benzene and submitted to the reaction with an aqueous solu-
tion of methanethiol and sodium hydroxide, using tetrabuty-
lammonium hydrogensulfate (TBAHS) as catalyst.11 By
monitoring the reaction by TLC, and after complete con-
sumption of the starting epoxide 4 (R = R’ = H), three prod-
ucts were formed, two of them had similar retention factors.
All these products were easily isolated by chromatography.
The minor product (10% yield) was identified by NMR
spectroscopy as the desired sulfurated adduct 2 (R = R’ =
H; X = SCH3). The 1H NMR spectra of the two major prod-
ucts were consistent with the isomeric bis-sulfanylated ad-
ducts 7 (30% yield) and 8 (15% yield) (Fig. 2). In the case
of the major product, a single crystal was also obtained,12 al-
lowing for the unequivocal determination of the cis-endo struc-
ture 7 for this compound (Fig. 3). Owing to the similarity of
the spectroscopic data for compounds 7 and 8, the same kind
of cis-endo structure can be proposed for the latter adduct.

Although under PTC conditions the aromatization side re-
action could be completely suppressed, the selective forma-
tion of the sulfanylated product 2 could not be achieved.
However, by using HSCH3 and a less basic PTC condition
(K2CO3/benzene/TBAHS), the formation of bis-sulfanylated
products was completely avoided and the desired mono-sul-
fanylated adduct 2 (R = R’ = H; X = SCH3) was isolated in
21% yield. Unfortunately, a considerable amount of 5 (X =
SCH3; 24% yield) was also obtained.13 As for other thiols,
when benzenethiol was employed as nucleophile in the ben-
zene/NaOH/H2O system, the mono-sulfanylated adduct 2 (R =
R’ = H; X = SC6H5) was the sole product and could be iso-
lated in 81% yield. Under such conditions, the C6H5S– nu-
cleophile was also selective in the oxirane ring opening of
other similar epoxides 4 (R = H; R’ = CH3 or R = CH3; R’ =
H), leading exclusively to the mono-sulfanylated adducts 2
(R = H; R’ = CH3; X = SC6H5 in 61% yield, and R = CH3;
R’ = H; X = SC6H5 in 40% yield).

Considering that the formation of the bis-sulfanylated ad-
ducts 7 and 8, obtained by using the HSCH3/benzene/NaOH/
H2O system, could arise from the sulfanylation of the two
possible enolic forms of adduct 214 (R = R’ = H; X =
SCH3), we performed the same reaction under more con-
trolled conditions, avoiding the presence of oxygen to mini-
mize the oxidation of methanethiol to methyl disulfide,
which could act as electrophile in the sulfanylation reac-
tion15 of 2 (R = R’ = H; X = SCH3). However, even after
careful degassing of the employed solvents and the reaction
apparatus, adducts 7 and 8 were still produced in compara-
ble yields. Thus, due to the low concentration of the sulfa-
nylating agent (CH3SSCH3, as electrophile) present in the
reaction medium,16 the formation of compounds 7 and 8 via
the mechanism depicted in Scheme 5, involving the thiola-
tion process of the intermediate benzoquinone 9, was sug-
gested. To test this hypothesis, 9 was prepared in 94% yield
by oxidation of 5 (X = SCH3) using Fe3+.17 Under the heter-
ogeneous conditions used for the thiolation of epoxides 2,
quinone 9 reacted rapidly yielding compounds 7 and 8,
although in a 1:1 ratio, in contrast to the observed 2:1 ratio
for the same reaction performed with 2 or 4.18

Having in hands the mono-sulfanylated adducts 2 (R = R’ =
H; X = SCH3 or SC6H5), they were heated under vacuum,
yielding the corresponding new toluquinones 1 (X = SCH3
in 80% yield; SC6H5 in 25% yield).

In an attempt to explore the use of the heterogeneous con-
dition for the reaction of 4 (R = R’ = H) with other nucleo-
philes, this compound was submitted to the reaction with
methoxide ion in the biphasic system (benzene/H2O). A col-
ourless solid was obtained in 51% yield for which the pres-
ence of a methoxy group incorporated to the structure of the
product was evidenced by a singlet at 3.41 ppm in the 1H
NMR spectrum. However, the lack of signals corresponding
to the norbornene hydrogens led us to the conclusion that
the reaction promoted a structural change also at that moiety
of 4 (R = R’ = H). The absence of the characteristic pale
yellow colour of toluquinone–cyclopentadiene Diels–Alder
adducts indicated the lack of conjugation between the car-
bonyl groups and the C=C double bond, suggesting that one
of the carbonyl groups was no longer present. Accordingly,
the 13C NMR spectrum for the product revealed the presence
of only one C=O group and two olefinic carbons, thus con-
firming the absence of the norbornene system. On the other
hand, the counting of 13 carbons was consistent with a prod-
uct resulting from the incorporation of a methoxy group to
the epoxide 4 (R = R’ = H). Additionally, the summing of
14 hydrogens by integration of the 1H NMR spectrum was
in agreement with this addition of a methoxide anion, and
the same conclusion emerged from the elemental composi-
tion of the product for which the minimal formulae

Scheme 2. Proposed alternative synthesis of adducts 2.

Scheme 1. Proposed synthesis of 1.
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C13H14O3 could be determined. For this compound, structure
10 (Fig. 4) emerged after a single-crystal X-ray analysis.
Crystallographic data are summarized in Table 1.

At this point, it is worth mentioning the remarkable capa-
bility of the heterogeneous conditions in changing the reac-
tivity of the methoxide ion in comparison to the
homogeneous system. In this sense, in contrast to our result
for the reaction between 4 (R = R’ = H) and sodium ethox-
ide in ethanol, a Favorskii-type ring contraction was de-
scribed by Herz et al.19 Our proposal for the formation of
10 is depicted in Scheme 6. The initial step is in accordance

with the Loftfield mechanism for the Favorskii rearrange-
ment,20 giving an intermediate resulting from displacement
of an oxirane bond by the enolate of C8a. However, in the
second step under heterogeneous conditions, attack of meth-
oxide ion occurs on C4 of the protonated intermediate, lead-
ing to compound 10 instead of the cyclopropanone ring
opening by attack at C1.

It should be mentioned that no reaction was observed em-
ploying nitrogen nucleophiles like H2NCH3, HN(CH3)2, or
aniline under the same heterogeneous conditions.

Conclusion

For the reactions of 4 with –SCH3, the two-phase system

Scheme 3. Reactions of epoxides 4 with nucleophiles under homogeneous conditions.

Scheme 4. Substitution of chlorine atoms of 6 under PTC condi-
tions.

Fig. 2. Bis-sulfanylated products formed by reaction of 4 (R = R’ =
H) with HSCH3/benzene/NaOH/H2O.

Fig. 3. X-ray crystal structure of compound 7 showing atom label-
ing and displacement ellipsoids at the 50% probability level (arbi-
trary spheres for the H atoms).

Fig. 4. Molecular structure and X-ray crystal structure of compound
10 showing atom labeling and displacement ellipsoids at the 50%
probability level (arbitrary spheres for the H atoms).
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can suppress the aromatization process. The use of sodium
methoxide as nucleophile under similar conditions led to
the product with the conspicuous strained structure 10, with
complete suppression of the Favorskii-type ring contraction
reaction.

The present work reports also the first unequivocal syn-
thesis of 3-sulfanyltoluquinones (1; X = SCH3 or SC6H5).

Experimental

Methods and materials
Melting points were determined on a Koffler micro hot

stage and are uncorrected. NMR spectra were recorded with
a Bruker AC 200 or a Varian INOVA 300 spectrometers
against Me4Si (for 1H NMR) or the central line of the sol-
vent signal (CDCl3 triplet at 77.0 ppm, for 13C NMR). TLC
and dry-flash chromatography were carried out on Merck
silica gel. All reagents and solvents were used as received
from commercial suppliers. Epoxides 4 (R = R’ = H or R =
H; R’ = CH3 or R = CH3; R’ = H) were prepared according
to literature procedures.21

X-ray crystallography for compound 10
A single crystal suitable for X-ray crystallographic analy-

sis was obtained from a slow evaporation of a methanol sol-
ution (see Supplementary data section). Intensity data were
measured at 153 K on a Rigaku AFC12k/SATURN724 dif-
fractometer fitted with Mo Ka radiation (l = 0.71073 Å).
Data processing and absorption corrections were accom-
plished with CrystalClear and ABSCOR,22 respectively. De-
tails of cell data, X-ray data collection, and structure
refinement are given in Table 1. The structures were solved
by direct-methods.23 Full-matrix least-squares refinement on
F2 with anisotropic thermal parameters for all non-hydrogen
atoms was performed.24 H atoms were placed on stereo-
chemical grounds and refined with fixed geometry, each rid-
ing on a carrier atom with an isotropic displacement
parameter amounting to 1.2 times (1.5 for methyl-H) the
value of the equivalent isotropic displacement parameter of
the respective carrier atom. A weighing scheme of the form

w = 1/[s2(Fo
2) + (0.0429P)2 + 0.534P] where P = (Fo

2 +
2Fc

2)/3) was introduced in each case.24

Reaction of 4 with nucleophiles

Using thiols in a liquid–liquid system — General
procedure

A mixture of epoxide 4 (1.0 mmol), benzene (14 mL),
aqueous sodium hydroxide (0.35 mol/L; 14 mL), and thiol
(10 mmol) was vigorously stirred at room temperature until
complete consumption of the epoxide, as indicated by TLC.
For CH3SH, the reaction flask was equipped with a dry-ice
cold finger, and the mixture was saturated with the thiol.
The organic layer was separated and the aqueous layer was
extracted with CH2Cl2. The combined organic extracts were
washed twice with water, dried over anhydrous MgSO4, and
concentrated under vacuum. The crude product was submit-
ted to dry-flash chromatography using a gradient of n-hex-
ane/ethyl acetate as eluant.

Adduct 2 (R = R’ = H; X = SCH3) was isolated as a yel-
low solid. Mp 75–76 8C. dH (200 MHz, CDCl3, Me4Si): 1.42
(d, 1H, J = 8.8 Hz), 1.54 (d, 1H, J = 8.8 Hz), 2.02 (s, 3H),
2.46 (s, 3H), 3.27 (m, 2H), 3.50 (m, 2H), 6.05 (m, 2H). dC
(75 MHz, CDCl3, Me4Si): 13.59, 16.03, 36.77, 42.77, 40.85,
59.74, 77.45, 96.40, 82.99, 87.02, 91.00, 110.21, 112.77. El-
emental analysis (%) (C13H14SO2) calcd.: C 66.6, H 6.0;
found: C 66.4, H 6.1.

Adduct 2 (R = R’ = H; X = SC6H5) was isolated as a
yellow solid. Mp 82–83 8C. dH (200 MHz, CDCl3, Me4Si):
1.42 (d, 1H; J = 6.5 Hz), 1.52 (d, 1H; J = 6.5 Hz), 2.05 (s,
3H), 3.23 (dd, 1H, J1 = 9.0 Hz; J2 = 3.6 Hz), 3.30 (dd, 1H,
J1 = 9.0 Hz; J2 = 3.6 Hz), 3.45 (m, 1H), 3.53 (m, 1H), 6.06
(m, 2H), 7.30 (m, 5H). dC (75 MHz, CDCl3, Me4Si): 15.69,
48.00, 48.16, 48.54, 48.77, 49.48, 127.72, 129.09, 131.32,
133.03, 135.38, 135.99, 150.47, 150.76, 193.73, 196.30. Ele-
mental analysis (%) (C18H16SO2) calcd.: C 72.9, H 5.4;
found: C 72.8, H 5.3.

Adduct 2 (R = H; R’ = CH3; X = SC6H5) was isolated as
a yellow solid. Mp 61–62 8C. dH (200 MHz, CDCl3, Me4Si):
1.36 (s, 3H), 1.51 (dt, 1H, J1 = 10 Hz, J2 = 1.6 Hz), 1.63 (br

Scheme 5. Proposed mechanism for the formation of 7 and 8 under heterogeneous condition.

Scheme 6. Proposed mechanism for the formation of 10 under heterogeneous condition.
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d, 1H, J = 10 Hz), 2.08 (s, 3H), 2.84 (d, 1H, J = 4 Hz), 2.98
(br s, 1H), 3.44 (br s, 1H), 5.99 (dd, 1H, J1 = 4.0 Hz; J2 =
2.0 Hz), 6.11 (dd, 1H, J1 = 4.0 Hz; J2 = 2.0 Hz), 7.20–7.42
(m, 5H). dC (75 MHz, CDCl3, Me4Si): 15.3, 26.3, 45.7, 47.9,
52.2, 53.8, 57.2, 127.9, 129.0, 131.8, 132.7, 134.8, 139.2,
149.0, 151.0, 196.1, 196.8. Elemental analysis (%)
(C19H18SO2) calcd.: C 73.5, H 5.8; found: C 73.4, H 6.1.

Adduct 2 (R = CH3; R’ = H; X = SC6H5) was isolated as
a yellow solid. Mp 76–77 8C. dH (200 MHz, CDCl3, Me4Si):
1.50 (s, 3H), 1.52 (m, 1H), 1.62 (br d, 1H, J = 9.6 Hz), 2.07
(s, 3H), 2.82 (d, 1H, J = 4.0 Hz), 3.08 (br s, 1H), 3.37 (br s,
1H), 6.00 (dd, 1H, J1 = 6.5 Hz, J2 = 3.3 Hz), 6.15 (dd, 1H,
J1 = 6.5 Hz, J2 = 3.3 Hz), 7.20–7.35 (m, 5H). dC (75 MHz,
CDCl3, Me4Si): 15.9, 27.3, 46.1, 48.1, 53.0, 58.1, 127.7,
129.1, 131.1, 133.1, 135.3, 138.3, 149.8, 149.9, 193.9,
200.1. Elemental analysis (%) (C19H18SO2) calcd.: C 73.5,
H 5.8; found: C 73.8, H 6.2.

Adduct 7 was isolated as a yellow solid. Mp 69–72 8C.
dH (300 MHz, CDCl3, Me4Si): 1.62 (dt, 1H, J1 = 8.9 Hz; J2 =
1.7 Hz), 1.97 (s, 3H), 2.01–2.06 (m, 1H), 2.11 (s, 3H), 2.46
(s, 3H), 2.86 (d, 1H, J = 3.9 Hz), 3.37 (br s, 1H), 3.51 (br s,
1H), 6.08–6.17 (m, 2H). dC (75 MHz, CDCl3, Me4Si): 12.8,
14.0, 14.9, 15.2, 45.0, 45.8, 46.0, 46.2, 57.7, 59.6, 134.4,
137.5 (2C), 142.9, 154.2, 184.8, 193.0. Elemental analysis
(%) (C14H16S2O2) calcd.: C 60.0, H 5.7; found: C 60.7; H
6.0.

Adduct 8 was isolated as a yellow solid. Mp 75–76 8C.
dH (300 MHz, CDCl3, Me4Si): 1.63 (dt, 1H, J1 = 9.0 Hz; J2 =
1.9 Hz), 2.04 (br d, 1H, J = 9.1 Hz), 2.07 (s, 3H), 2.11 (s,
3H), 2.43 (s, 3H), 2.89 (d, 1H, J = 3.9 Hz), 3.35 (br s, 1H),
3.50 (br s, 1H), 6.05 (dd, 1H, J1 = 6.0 Hz; J2 = 3.0 Hz), 6.15
(dd, 1H, J1 = 6.0 Hz; J2 = 3.0 Hz).

Using CH3SH in a solid–liquid system
A mixture of epoxide 4 (R = R’ = H; 1.0 mmol), benzene

(15 mL), TBAHS (0.030 mmol), and solid anhydrous potas-
sium carbonate (10 mmol) was saturated with methanethiol
in a reaction flask equipped with a dry-ice cold finger. The
mixture was vigorously stirred at room temperature for
2 h.12 Water (15 mL) was added and the organic layer was
separated. The aqueous phase was extracted with CH2Cl2
(3 � 15 mL), and the combined organic extracts were dried
over anhydrous MgSO4 and concentrated under vacuum.
The crude product was submitted to dry-flash chromatogra-
phy.

Aromatic 5 (X = SCH3) was isolated as a white solid. Mp
121–123 8C after dry-flash chromatography separation us-
ing, as eluant, a gradient of n-hexane/acetone. dH
(200 MHz, CDCl3, Me4Si): 2.12–2.26 (m, 2H), 2.15 (s, 3H),
2.41 (s, 3H), 4.06 (br s, 1H), 4.17 (br s, 1H), 6.73 (dd, 1H,
J1 = 5.1 Hz; J2 = 2.9 Hz), 6.84 (dd, 1H, J1 = 5.1 Hz; J2 =
2.9 Hz). dC (75 MHz, CDCl3, Me4Si): 14.1, 18.7, 46.7,
47.2, 69.2, 117.7, 126.3, 133.2, 139.6, 141.6, 142.0, 143.2,
144.8. Elemental analysis (%) (C13H14O2S) calcd.: C 66.6,
H 6.0; found: C 66.9, H 6.1.

Using CH3OH in a liquid–liquid system
A mixture of epoxide 4 (R = R’ = H; 0.75 mmol), ben-

zene (10 mL), water (11 mL), and sodium methoxide
(8.3 mmol) was vigorously stirred at room temperature until
complete consumption of the epoxide, as indicated by TLC.
The organic layer was separated and the aqueous layer was
extracted with CH2Cl2. The combined organic extracts were
washed twice with water, dried over anhydrous MgSO4, and
concentrated under vacuum. The crude product was submit-
ted to dry-flash chromatography separation using a gradient
of n-hexane/ethyl acetate as eluant. Compound 10 was iso-
lated as white crystals. Mp 105–107 8C. dH (300 MHz,
CDCl3, Me4Si): 1.38 (dd, 1H, J1 = 4.5 Hz; J2 = 1.2 Hz),
1.72 (d, 1H, J = 11.9 Hz), 1.78 (d, 1H, J = 11.9 Hz), 1.82
(d, 3H, J = 1.8 Hz), 2.54 (br d, 1H, J = 4.5 Hz), 2.65 (br s,

Table 1. Crystallographic data and refinement details for compound 10.

Empirical formula C13H14O3

Formula mass 218.24
Colour, habit Colourless, plate
Crystal dimensions (mm) 0.25 � 0.25 � 0.05
Crystal system Monclinic
Space group P21/c
a (Å) 6.0728(10)
b (Å) 16.256(3)
c (Å) 10.474(2)
b (8) 102.119(6)
V (Å3) 1010.9(3)
Dcalcd. (Mg m–3) 1.434
Z 4
Absortion coeff. (m) (mm–1) 0.101
F(000) 464
q range for data collection (8) 3.43–26.50
Collected/Independent/observed refls.

[I > 2s(I)]
5506 (Rsigma = 0.0286)/2085/1941 (Rint =

0.0296)
Data/restraint/parameters 2085/0/146
Goodnes-of-fit on F2 1.088
Final R indices [I > 2s(I)] R = 0.0480, wR = 0.1090
R indices (all data) R = 0.0515, wR = 0.1116
Largest diff. peak and hole (e Å–3) 0.220, – 0.195
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1H), 2.86 (d, 1H, J = 2.1 Hz), 3.41 (s, 3H), 4.63 (br s, 1H),
6.60 (br s, 1H). dC (75 MHz, CDCl3, Me4Si): 15.2, 23.5,
27.0, 29.2, 33.3, 40.7, 49.7, 53.3, 85.8, 102.9, 136.7, 140.6,
195.1. Elemental analysis (%) (C13H14O3) calcd.: C 71.5, H
6.5; found: C 71.3, H 6.2.

Pyrolysis of adduct 2 (R = R’ = H; X = SCH3)
Adduct 2 (R = R’ = H; X = SCH3; 0.25 mmol) was heated

under vacuum (0.1 mm Hg) at 200 8C in a Kugelrohr, and
3-methylsulfanyltoluquinone (1; X = SCH3; 0.20 mmol)
was collected as a red oil. dH (200 MHz, CDCl3, Me4Si):
2.19 (s, 3H), 2.59 (s, 3H), 6.74 (d, 2H, J = 1.2 Hz). dC
(75 MHz, CDCl3, Me4Si): 14.09, 17.22, 136.31, 137.15,
142.75, 145.02, 183.03, 184.03. Elemental analysis (%)
(C8H8SO2) calcd.: C 57.1, H 4.8; found: C 56.8, H 4.8.

3-Phenylsulfanyltoluquinone (1; X = SC6H5; 0.070 mmol)
was obtained by a process similar to the above described as
a red oil, starting from adduct 2 (R = R’ = H; X = SC6H5;
0.28 mmol). dH (200 MHz, CDCl3, Me4Si): 2.21 (s, 3H),
6.78 (s, 2H), 7.29 (m, 5H). dC (75 MHz, CDCl3, Me4Si):
15.08, 127.44, 129.17, 130.70, 133.56, 136.52, 137.10,
142.98, 146.96, 182.34, 185.18. Elemental analysis (%)
(C13H10SO2) calcd.: C 67.8, H 4.4; found: C 67.6, H 4.4.

Supplementary data
Supplementary data for this article (general methods, in-

strumentation, preparation, and diffraction data) are avail-
able on the journal Web site (canjchem.nrc.ca). CCDC
766956 contains the X-ray data in CIF format for this manu-
script. These data can be obtained, free of charge, via www.
ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge
Crystallographic Data Centre, 12 Union Road, Cambridge
CB2 1EZ, UK; fax +44 1223 336033; or deposit@ccdc.
cam.ac.uk).

Acknowledgements
This work was supported by Fundação de Amparo à Pes-
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Deoxygenation of diarylmethanols with dilute
mineral acid

Kyle A. Hope-Ross and John F. Kadla

Abstract: A new mild and efficient method for the deoxygenation of diarylmethanols is reported. The reaction employs
catalytic hydrochloric acid in ethanol at reflux for 48 h. This reaction works on a variety of diarylmethanol substrates and
mitigates the need for expensive and toxic reagents such stannanes and silanes used in alternative procedures. In addition,
this reaction can be used in tandem with the deprotection of acid-sensitive silyl ether protecting groups in a one-pot proce-
dure.

Key words: deoxygenation, diarylmethanols, reduction, silyl ether deprotection.

Résumé : On rapporte une nouvelle méthode douce et efficace de désoxygénation des diarylméthanols. La réaction fait ap-
pel à une quantité catalytique d’acide chlorhydrique, dans l’éthanol au reflux, pendant 48 h. La réaction donne de bons ré-
sultats avec une variété de substrats diarylméthanols et elle atténue le besoin pour des réactifs toxiques et dispendieux, tels
les stannanes et les silanes utilisés dans des méthodes alternatives. De plus, cette réaction peut être utilisée en tandem
avec la déprotection d’éthers silylés sensibles aux acides utilisés comme groupes protecteurs dans des méthodes monoto-
pes.

Mots-clés : désoxygénation, diarylméthanols, réduction, déprotection d’éther silylé.

Introduction
Diarylmethane is a reoccurring structural motif in numer-

ous natural products, including alangifolioside,1 itoside K,2
mastigophorene C,3 and terrestrols F–H4 (2–4, 5a–5c,
Fig. 1).

A possible synthetic route towards these natural products
is the deoxygenation of diarylmethanols, which could be
achieved in a number of ways, including the Grignard reac-
tion.5 As such, the deoxygenation of secondary alcohols is
an important transformation in synthetic organic chemistry.
Unfortunately, few conditions for this transformation, which
are both mild and widely applicable, have been reported.

Perhaps the most well-known example is the Barton–
McCombie reaction, developed in 1975.6 In this reaction
the alcohol is converted to a thiocarbonyl derivative that,
upon treatment with tributylstannane and the radical initiator
AIBN (azobisisobutyronitrile), affords the corresponding hy-
drocarbon.7 Unfortunately, this reaction involves the homo-
lytic cleavage of the C–O bond, and because of the radical
nature of the reaction, this somewhat limits the substrate
scope. Additionally, the use of stoichiometric amounts of
toxic heavy metals such as tin limits the industrial applica-
tions of such reactions.

More recently, variants of this reaction have been re-
ported using silanes8 or dialkyl phosphites9 as hydrogen do-
nors, and trialkyl boron–oxygen or peroxides as radical
initiators.10

For the specific case of diarylmethanols (benzhydrols),

one reported deoxygenation involves treatment of the alco-
hol with triflic acid followed by triethyl silane.11

Herein, we report a new mild and efficient deoxygenation
of diaryl methanols to their corresponding diaryl methanes.
This method uses dilute mineral acid in ethanol and pro-
ceeds without the use of silanes or toxic heavy metals. A va-
riety of substrates were examined, and it was found that the
reaction proceeds exclusively for diarylmethanols, but not
for the other secondary alcohols examined.

Experimental

All chemicals were purchased from Sigma-Aldrich and
used without further purification unless otherwise noted.
Solvents were purchased from Fisher Scientific and used as
received. All reactions were monitored by TLC, which was
performed on Merck Alumafoil 60 Å TLC plates with an
UV indicator. Flash chromatography was performed on
60 Å, 70–230 mesh silica gel purchased from Fisher Scien-
tific. 1H and 13C NMR spectra were recorded using a
300 MHz Bruker Avance Ultrashield NMR spectrometer
(300.13 and 75.03 MHz, respectively) and referenced to
CDCl3 (7.28 ppm). IR spectra were recorded using a
PerkinElmer Spectrum One FT-IR spectrometer. Melting
points were determined using a Mel-Temp melting point ap-
paratus and are uncorrected. Boiling points were determined
using differential scanning calorimetry (DSC) (TA Instru-
ments Q1000) at 101.1 kPa according to ASTM E1782.12
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General procedure for the attempted deoxygenation of
aryl methanols 6, 7, and 8

To a solution of aryl methanol (0.50 g) in ethanol
(50 mL) at 0 8C was added concentrated HCl (1.0 mL) as a
solution in ethanol. The solutions were heated to reflux for
48–120 h, and the reactions were monitored by TLC
(hexanes / ethyl acetate, 3:1). After cooling to room temper-
ature, the reaction mixture was poured into a saturated solu-
tion of NaHCO3 (25 mL), mixed well, and extracted with
CH2Cl2 (2 � 100 mL). The combined organics were washed
with water (200 mL), dried over MgSO4, filtered, and sol-
vent removed in vacuo to afford the starting materials quan-
titatively.

1-[4-(tert-Butyl-dimethylsilanoxy)phenyl]ethanol (7) was
prepared according to the literature.13 Yield: 1.38 g, 91%.
1H NMR (300 MHz, CDCl3) d: 7.22 (d, J = 8.20 Hz, 2H),
6.80 (d, J = 8.20 Hz, 2H), 4.82 (m, 1H), 1.76 (s, 1H), 1.47
(d, J = 6.28, 3H), 0.98 (s, 9H), 0.21 (s, 6H). 13C NMR
(75 MHz, CDCl3) d: 158.82, 138.35, 126.43, 119.86, 70.07,
25.81, 25.11, –4.21. 1H NMR and 13C NMR spectra are in
agreement with those previously reported.13

4-(1-Hydroxyethyl)phenol (8)
To a solution of 1-[4-(tert-butyl-dimethylsilanoxy)phenyl]-

ethanol (7, 0.50 g, 1.98 mmol) in ethanol (50 mL) at 0 8C
was added concd. HCl (1.0 mL) as a solution in ethanol
(9.0 mL). The reaction was heated to reflux for 48 h. After

cooling to room temperature, the reaction mixture was
poured into a saturated solution of NaHCO3 (25 mL), added
to water (150 mL), and extracted with CH2Cl2 (3 �
100 mL). The combined organics were washed with water
(200 mL), dried over MgSO4, filtered, and the solvent re-
moved in vacuo. Crystallization from hexanes afforded 8 as
a white powdery solid. Yield: 0.24 g, 90%; mp 136–139 8C
(hexanes) (lit.13 134–138 8C). 1H NMR (300 MHz, CDCl3)
d: 7.27 (d, J = 8.28 Hz, 2H), 6.82 (d, J = 8.79 Hz, 2H),
4.86 (q, J = 6.37 Hz, 1H), 4.82 (s, 1H), 1.72 (s, 1H), 1.53
(d, J = 6.38 Hz, 3H). 1H NMR spectrum is in agreement
with that previously reported.13

Diphenylmethanol (10)
To a solution of benzophenone (2.50 g, 13.72 mmol) in

freshly distilled THF (50 mL) was added sodium borohy-
dride (1.00 g, 27.44 mmol). The solution was heated to re-
flux for 18 h. After cooling to room temperature, the
reaction mixture was poured into water (125 mL) and ex-
tracted with CH2Cl2 (2 � 200 mL). The combined organics
were washed with water (200 mL), dried over MgSO4, fil-
tered, and the solvent removed in vacuo to afford 10 as a
white crystalline solid. Yield: 2.23 g, 88%: mp 65–68 8C
(CH2Cl2) (lit.14 65–66 8C). 1H NMR (300 MHz, CDCl3) d:
7.43–7.26 (m, 10H), 5.87 (d, J = 3.41 Hz, 1H), 2.25 (d, J =
3.49 Hz, 1H). 13C NMR (75 MHz, CDCl3) d: 143.81,

Fig. 1. Natural products containing the diarylmethane (1) moiety: alangifolioside (2), itoside K (3), mastigophorene C (4), and terrestrols F–
H (5a–5c).
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128.51, 127.59, 126.55, 76.29. 1H NMR and 13C NMR spec-
tra are in agreement with those previously reported.14

Diphenylmethane (11)
To a solution of diphenylmethanol (10, 1.00 g,

5.43 mmol) in ethanol (50 mL) at 0 8C was added concd.
HCl (1.0 mL) as a solution in ethanol (9.0 mL). The solu-
tion was heated to reflux for 72 h. After cooling to room
temperature, the reaction mixture was poured into a satu-
rated solution of NaHCO3 (25 mL) and water (100 mL) was
added. The material was extracted with CH2Cl2 (2 �
100 mL), washed with water (200 mL), dried over MgSO4,
filtered, and the solvent removed in vacuo to afford a clear,
colourless oil that crystallized on standing. Yield: 0.64 g,
72%; mp 24–26 8C (CH2Cl2) lit.15 25–26 8C. 1H NMR
(300 MHz, CDCl3) d: 7.26–7.30 (m, 4H), 7.18–7.21 (m,
6H), 3.98 (s, 2H). 13C NMR (75 MHz, CDCl3) d: 141.31,
129.07, 128.66, 126.29, 42.11. 1H NMR and 13C NMR spec-
tra are in agreement with those previously reported.15

[4-(tert-Butyl-dimethylsilanoxy)phenyl]-4-
(octyloxy)phenylmethanol (12a)

To a solution of 1-bromo-4-(octyloxy)benzene (1.46 g,
5.12 mmol) in freshly distilled THF (60 mL) at –78 8C
under an Ar atmosphere was added tert-butyl lithium
(6.02 mL of a 1.7 mol/L solution in pentane, 10.24 mmol)
dropwise. After the mixture was allowed to stir for 1 h, a
solution of 4-(tert-butyl-dimethylsilanoxy)benzaldehyde
(1.21 g, 5.12 mmol) in freshly distilled THF (10 mL) was
added dropwise. The solution was warmed to room temper-
ature and stirred for 20 h. The reaction mixture was
quenched with brine (10 mL) and extracted with a 50:50
mixture of ether / petroleum ether (3 � 80 mL). The com-
bined organic fractions were washed with water (3 �
100 mL), dried over MgSO4, filtered, and the solvent re-
moved in vacuo. Flash chromatography (ether / petroleum
ether, 10:1) afforded 12a as a clear, light orange oil. Yield:
1.33 g, 59%; bp 435 8C (determined from DSC). 1H NMR
(300 MHz, CDCl3) d: 7.28 (d, J = 8.34 Hz, 2H), 7.23 (d,
J = 8.43 Hz, 2H), 6.87 (d, J = 8.63 Hz, 2H), 6.81 (d, J =
8.51 Hz, 2H), 5.77 (s, 1H); 3.96 (t, J = 6.51 Hz, 2H), 1.79
(quin., J = 6.80 Hz, 2H), 1.53–1.20 (m, 10H), 1.00 (s, 9H),
0.91 (m, 3H), 0.20 (s, 6H). 13C NMR (75 MHz, CDCl3) d:
158.57, 155.01, 136.88, 136.10, 127.77, 127.70, 119.92,
114.37, 75.50, 68.03, 31.92, 29.66, 29.63, 29.60, 29.58,
29.40, 29.34, 29.28, 26.05, 25.67, 22.69, 18.18, 14.12, –4.42.
Anal. calcd. for C31H50O3Si: C, 74.73; H, 10.10. Found: C,
74.71; H, 9.96.

[4-(tert-Butyl-dimethylsilanoxy)phenyl]-4-(dodecyloxy)-
phenylmethanol (12b) was prepared in a method analogous
to 12a. Yield: 3.53 g, 56%; bp 443 8C (determined from
DSC). 1H NMR (300 MHz, CDCl3) d: 7.27 (m, 2H), 7.23
(d, J = 10.04 Hz, 2H), 6.87 (d, J = 8.16 Hz, 2H), 6.81 (d,
J = 7.98 Hz, 2H), 5.77 (s, 1H), 3.95 (t, J = 6.33 Hz, 2H),
2.07 (s, 1H), 1.78 (quin., J = 7.02 Hz, 2H), 1.51–1.21 (m,
18H), 0.99 (s, 9H), 0.90 (t, J = 6.42 Hz, 3H), 0.20 (s, 6H).
13C NMR (75 MHz, CDCl3) d: 158.57, 155.01, 136.88,
136.10, 127.77, 127.70, 119.92, 114.37, 75.50, 68.03, 31.92,
29.68, 29.64, 29.60, 29.58, 29.40, 29.35, 29.29, 26.05,
25.67, 22.70, 18.18, 14.12, –4.42. Anal. calcd. for
C27H42O3Si: C, 73.25; H, 9.56. Found: C, 73.21; H, 9.46.

[4-(tert-Butyl-dimethylsilanoxy)phenyl]-4-(hexadecyloxy)-
phenylmethanol (12c) was prepared in a method analogous
to 12a. Yield: 3.54 g, 50%; bp 450 8C (determined from
DSC). 1H NMR (300 MHz, CDCl3) d: 7.27 (d, J = 8.21 Hz,
2H), 7.23 (d, J = 8.48 Hz, 2H), 6.87 (d, J = 8.67 Hz, 2H),
6.81 (d, J = 8.53 Hz, 2H), 5.77 (d, J = 3.39 Hz, 1H), 3.95 (t,
J = 6.55 Hz, 2H), 2.07 (d, J = 3.58 Hz, 1H), 1.78 (quin., J =
6.89 Hz, 2H), 1.54–1.23 (m, 26H), 0.99 (s, 9H), 0.94–0.87
(m, 3H), 0.20 (s, 6H). 13C NMR (75 MHz, CDCl3) d:
158.57, 155.01, 136.88, 136.10, 127.77, 127.70, 119.92,
114.37, 75.50, 68.03, 31.93, 29.69, 29.66, 29.60, 29.58,
29.40, 29.36, 29.29, 26.05, 25.67, 22.70, 18.19, 14.12, –4.42.
Anal. calcd. for C35H58O3Si: C, 75.75; H, 10.53. Found: C,
75.71; H, 10.46.

4-(4-(Octyloxy)benzyl)phenol (13a)
To a solution of [4-(tert-butyl-dimethylsilanoxy)phenyl]-

4-(octyloxy)phenylmethanol (12a, 1.00 g, 2.26 mmol) in
ethanol (50 mL) at 0 8C was added concd. HCl (1.0 mL) as
a solution in ethanol (10 mL). The solution was heated to
reflux for 48 h. After cooling to room temperature, the reac-
tion mixture was poured into a saturated solution of
NaHCO3 (25 mL), mixed well, and extracted with hexanes
(3 � 50 mL) and ether (50 mL). The combined organics
were washed with water (200 mL), dried over MgSO4, fil-
tered, and the solvent removed in vacuo. Crystallization
from 5% ether in petroleum ether afforded 13a as a white,
powdery solid. Yield: 0.56 g, 79%; mp 70–73 8C (5% ether
in petroleum ether). 1H NMR (300 MHz, CDCl3) d: 7.07 (t,
J = 8.22 Hz, 4H), 6.83 (d, J = 8.52 Hz, 2H), 6.76 (d, J =
8.42 Hz, 2H), 3.94 (t, J = 6.60 Hz, 2H), 3.86 (s, 2H), 1.78
(quin., J = 6.93 Hz, 2H), 1.52–1.21 (m, 10 H), 0.90 (t, J =
5.97 Hz, 3H). 13C NMR (75 MHz, CDCl3) d: 157.48,
153.75, 133.93, 133.45, 129.94, 129.70, 115.24, 114.50,
68.07, 40.13, 31.83, 29.37, 29.33, 29.25, 26.07, 22.66,
14.10. Anal. calcd. for C21H28O2: C, 80.73; H, 9.03; O,
10.24. Found: C, 80.31; H, 9.02; O, 10.67.

4-(4-(Dodecyloxy)benzyl)phenol (13b) was prepared in a
method analogous to 13a. Yield: 0.50 g, 68%; mp 80–83 8C
(5% ether in petroleum ether). 1H NMR (300 MHz, CDCl3)
d: 7.07 (t, J = 8.20 Hz, 4H), 6.83 (d, J = 8.59 Hz, 2H), 6.76
(d, J = 8.48 Hz, 2H), 3.94 (t, J = 6.54 Hz, 2H), 3.86 (s, 2H),
1.78 (quin., J = 6.52 Hz, 2H), 1.51–1.21 (m, 14 H), 0.90 (t,
J = 6.51 Hz, 3H). 13C NMR (75 MHz, CDCl3) d: 157.48,
153.73, 133.95, 133.46, 129.94, 129.70, 115.25, 114.52,
68.09, 40.14, 31.93, 29.67, 29.64, 29.61, 29.59, 29.42,
29.35, 29.34, 26.07, 22.70, 14.12. Anal. calcd. for
C25H36O2: C, 81.47; H, 9.85; O, 8.68. Found: C, 81.40; H,
9.81; O, 8.79.

4-(4-(Hexadecyloxy)benzyl)phenol (13c) was prepared in
a method analogous to 13a. Yield: 0.60 g, 78%; mp 83–
90 8C (5% ether in petroleum ether). 1H NMR (300 MHz,
CDCl3) d: 7.07 (t, J = 8.20 Hz, 4H), 6.80 (dd, J1 = 8.66 Hz,
J2 = 2.00 Hz, 4H), 4.56 (s, 1H), 3.94 (t, J = 6.58 Hz, 2H),
3.86 (s, 2H), 1.78 (quin., J = 6.58 Hz, 2H), 1.37 (m, 26H);
0.90 (t, J = 6.58 Hz, 3H). 13C NMR (75 MHz, CDCl3) d:
157.5, 153.7, 134.0, 133.4, 129.9, 129.7, 115.2, 114.5, 68.0,
40.1, 31.9, 29.7 (3), 29.6 (4), 29.4 (3), 29.3, 26.1, 22.7, 14.1.
Anal. calcd. for C29H44O2: C, 82.02; H, 10.44; O, 7.53.
Found: C, 82.05; H, 10.48; O, 7.47.

Hope-Ross and Kadla 1005

Published by NRC Research Press

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

U
ni

ve
rs

ity
 o

f 
E

le
ct

ro
ni

c 
an

d 
Sc

ie
nc

e 
T

ec
ho

no
lo

gy
 o

f 
C

hi
na

 o
n 

09
/1

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



4-[Hydroxyl(4-(octyloxy)phenyl)methyl]phenol (14a)
To a solution of [4-(tert-butyl-dimethylsilanoxy)phenyl]-

(4-(octyloxy)phenyl)methanol (12a, 2.50 g, 5.65 mmol) in
freshly distilled THF (20 mL) at 0 8C was added a solution
of tributyl ammonium fluoride trihydrate (TBAF, 3.57 g,
11.30 mmol) in freshly distilled THF (20 mL). The solution
was allowed to stir for 1 h, warmed to room temperature,
and then stirred for 2 h. The reaction mixture was poured
into water (50 mL), mixed well, and then separated. The
aqueous phase was extracted with a 50:50 mixture of
ether / petroleum ether (2 � 100 mL), and the combined or-
ganics were washed with water (250 mL), dried over
MgSO4, filtered, and the solvent removed in vacuo. Crystal-
lization from 5% ether in petroleum ether afforded 14a as a
white, powdery solid. Yield: 1.02 g, 55%; mp 81–86 8C (5%
ether in petroleum ether). 1H NMR (300 MHz, CDCl3) d: 7.
27 (d, J = 8.44 Hz, 2H), 7.25 (d, J = 8.37 Hz, 2H), 6.87 (d,
J = 8.71 Hz, 2H), 6.81 (d, J = 8.62 Hz, 2H), 5.78 (s, 1H),
4.77 (s, 1H), 3.95 (t, J = 6.57 Hz, 2H), 1.78 (quin., J =
6.57 Hz, 2H), 1.52–1.24 (m, 10H), 0.90 (t, J = 6.72 Hz,
3H). 13C NMR (75 MHz, CDCl3) d: 158.60, 154.86, 136.58,
136.05, 127.99, 127.72, 115.22, 114.42, 75.41, 68.05, 31.81,
29.35, 29.27, 29.23, 26.05, 22.65, 14.09. Anal. calcd. for
C21H28O3: C, 76.79; H, 8.59; O, 14.61. Found: C, 77.38; H,
7.80; O, 14.82.

4-[Hydroxy(4-(hexadecyloxy)phenyl)methyl]phenol (14c)
was prepared in a method analogous to 14a. Yield: 0.53 g,
50%; mp 95–101 8C (5% ether in petroleum ether). 1H
NMR (300 MHz, CDCl3) d: 7.28 (d, J = 8.11 Hz, 2H), 7.26
(d, J = 8.66 Hz, 2H), 6.87 (d, J = 8.49 Hz, 2H), 6.81 (d, J =
8.32 Hz, 2H), 5.78 (s, 1H), 4.69 (s, 1H), 3.95 (t, J =
6.51 Hz, 2H), 1.78 (quin., J = 6.53 Hz, 2H), 1.54–1.20 (m,
26H), 0.90 (t, J = 6.57 Hz, 3H). 13C NMR (75 MHz, CDCl3)
d: 158.59, 154.84, 136.58, 136.05, 128.39, 127.92, 115.22,
114.46, 75.41, 68.07, 31.81, 29.35, 29.29, 29.25, 26.06,
22.66, 14.10. Anal. calcd. for C29H44O3: C, 79.04; H, 10.06;
O, 10.89. Found: C, 78.43; H, 10.47; O, 11.10.

4-(4-(Octyloxy)benzyl)phenol (13a)
To a solution of 4-[hydroxyl(4-(octyloxy)phenyl)methyl]-

phenol (14a, 0.20 g, 0.61 mmol) in ethanol (50 mL) 8C was
added concd. HCl (0.5 mL) as a solution in ethanol
(9.5 mL). The solution was allowed to stir for 1 h and then
heated to reflux for 48 h. After cooling to room temperature,
the reaction mixture was poured into a saturated solution of
NaHCO3 (25 mL), mixed well, and then extracted with pe-
troleum ether (3 � 50 mL) and ether (50 mL). The com-
bined organics were washed with water (200 mL), dried
over MgSO4, filtered, and the solvent removed in vacuo to
afford 4-(4-(octyloxy)benzyl)phenol as a white powdery
solid. Yield: 0.17 g, 90%; mp 70–73 8C (ether / petroleum
ether). 1H NMR (300 MHz, CDCl3) d: 7.07 (t, J = 8.22 Hz,
4H), 6.83 (d, J = 8.52 Hz, 2H), 6.76 (d, J = 8.42 Hz, 2H),
3.94 (t, J = 6.60 Hz, 2H), 3.86 (s, 2H), 1.78 (quin., J =
6.93 Hz, 2H), 1.52–1.21 (m, 10 H), 0.90 (t, J = 5.97 Hz,
3H). 13C NMR (75 MHz, CDCl3) d: 157.48, 153.75, 133.93,
133.45, 129.94, 129.70, 115.24, 114.50, 68.07, 40.13, 31.83,
29.37, 29.33, 29.25, 26.07, 22.66, 14.10. Anal. calcd. for
C21H28O2: C, 80.73; H, 9.03; O, 10.24. Found: C, 80.01; H,
9.46; O, 10.53.

4-(4-(Hexadecyloxy)benzyl)phenol (13c) was prepared in

a method analogous to 4-(4-(octyloxy)benzyl)phenol. Yield:
0.18 g, 79%; mp 83–90 8C (ether / petroleum ether). 1H
NMR (300 MHz, CDCl3) d: 7.07 (t, J = 8.20 Hz, 4H), 6.80
(dd, J1 = 8.66 Hz, J2 = 2.00 Hz, 4H), 4.56 (s, 1H), 3.94 (t, J =
6.58 Hz, 2H), 3.86 (s, 2H), 1.78 (quin., J = 6.58 Hz, 2H),
1.37 (m, 26H), 0.90 (t, J = 6.58 Hz, 3H). 13C NMR
(75 MHz, CDCl3) d: 157.5, 153.7, 134.0, 133.4, 129.9,
129.7, 115.2, 114.5, 68.0, 40.1, 31.9, 29.7 (3), 29.6 (4),
29.4 (3), 29.3, 26.1, 22.7, 14.1. Anal. calcd. for C29H44O2:
C, 82.02; H, 10.44; O, 7.53. Found: C, 82.05; H, 10.48; O,
7.47.

Bis(4-(dodecyloxy)phenyl)methanol (15)
A solution of 4,4’-bis(dodecyloxy)benzophenone (0.30 g,

0.55 mmol) and sodium borohydride (0.046 g, 1.20 mmol)
in ethanol (40 mL) was allowed to reflux for 1 h. After
cooling to room temperature, the reaction mixture was
poured into water (100 mL) and extracted with CH2Cl2
(2 � 100 mL). The combined organics were washed with
water (2 � 200 mL), dried over MgSO4, filtered, and the
solvent removed in vacuo. Crystallization from hexanes af-
forded 15 as a white powdery solid. Yield: 0.23 g, 76%;
mp 37–39 8C (hexanes). 1H NMR (300 MHz, CDCl3) d:
7.28 (d, J = 8.55 Hz, 4H), 6.88 (d, J = 8.55 Hz, 4H), 5.78
(d, J = 3.40 Hz, 1H), 3.95 (t, J = 6.58 Hz, 4H), 2.06 (d, J =
3.40 Hz, 1H), 1.78 (quin. J = 6.58 Hz, 4H), 1.52–1.19 (m,
36 H); 0.90 (t, J = 6.58 Hz, 6H). 13C NMR (75 MHz,
CDCl3) d: 158.55, 136.16, 127.71, 114.39, 75.46, 68.04,
31.92, 29.66, 29.63, 29.60, 29.58, 29.40, 29.35, 29.28,
26.05, 22.69, 14.12. Anal. calcd. for C37H61O3: C, 80.23; H,
11.10; O, 8.67. Found: C, 80.31; H, 11.03; O, 8.66.

Bis(4-(dodecyloxy)phenyl)methane (16)
To a solution of bis(4-(dodecyloxy)phenyl)methanol (15,

0.25 g, 0.45 mmol) in ethanol (50 mL) at reflux was added
a solution of concd. HCl (0.5 mL) in ethanol (9.5 mL). The
solution was allowed to reflux for 48 h. After cooling to
room temperature, the reaction mixture was poured into a
saturated solution of NaHCO3 (25 mL) and mixed well.
Water (100 mL) was added and the mixture was extracted
with petroleum ether (150 mL) and ether (100 mL). The
combined organics were washed with water (200 mL), dried
over MgSO4, filtered, and the solvent removed in vacuo to
afford bis(4-(dodecyloxy)phenyl)methane as a waxy white
solid. Yield: 0.20 g, 83%; mp 30–33 8C (petroleum
ether / ether). 1H NMR (300 MHz, CDCl3) d: 7.08 (d, J =
8.59 Hz, 4H), 6.83 (d, J = 8.59 Hz, 4H), 3.94 (t, J =
6.57 Hz, 4H), 3.87 (s, 2H), 1.78 (quin., J = 6.56 Hz, 4H),
1.51–1.22 (m, 36H), 0.91 (t, J = 6.57 Hz, 6H). 13C NMR
(75 MHz, CDCl3) d: 157.46, 133.54, 129.68, 114.44, 68.02,
40.14, 31.92, 29.66, 29.63, 29.60, 29.59, 29.41, 29.34,
29.33, 26.07, 22.69, 14.12. Anal. calcd. for C37H61O2: C,
82.62; H, 11.43; O, 5.95. Found: C, 82.65; H, 11.48; O,
5.87.

Results and discussion
In our efforts towards the acidic hydrolysis of silyl ether

protecting groups,16 we discovered an unexpected result: in
addition to cleavage of the silicon–oxygen bond, we also ob-
served deoxygenation of the diarylmethanol (Scheme 1).
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To further probe the generality of this reaction, we tested
a number of substrates including secondary alcohols and di-
arylmethanols with different substitution patterns, with and
without silyl ether protecting groups. Table 1 outlines the
substrates examined and the results, including reaction time
and yield. It was found that the reaction does not proceed
for primary alcohols or secondary alcohols not bearing two
aryl functionalities, nor was the presence of the silyl protect-

ing group required. The reaction proceeds in good yields
(68%–90%) for substrates displaying a variety of substitu-
tion patterns.

Conclusions

A new mild and efficient method for the deoxygenation of
diarylmethanols has been developed. This reaction mitigates

Table 1. Deoxygenation of secondary alcohols using HCl/EtOH.

Scheme 1. Attempted acidic hydrolysis of silyl ether protecting groups. Reagents and conditions: HCl, EtOH, reflux 48 h.
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the need to use radical conditions or toxic heavy metals em-
ployed in the Barton–McCombie deoxygenation.
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Modular incorporation of 1-benzyltryptophan into
dipeptide hosts that bind acetylcholine in pure
water

Cory S. Beshara and Fraser Hof

Abstract: Proteins that recognize and bind quaternary ammonium ions depend on ‘‘aromatic-cage’’ structural motifs that
use multiple aromatic residues to engage the side chain’s ammonium cation. We introduce herein the use of 1-benzyltryp-
tophan (Trp(Bn)) residues as synthetic, unnatural partial analogues of natural aromatic cages. We demonstrate the modular
incorporation of these building blocks into simple dipeptide hosts and show that they are capable of binding quaternary
ammonium ions in buffered water and in chloroform.

Key words: molecular recognition, tryptophan, peptides, cation–p interaction, hydrophobic effect.

Résumé : Les protéines qui reconnaissent et qui se lient à des ions ammonium quaternaires dépendent sur des motifs
structuraux « cage aromatique » qui font appel à de multiples résidus aromatiques pour s’engager avec le cation ammo-
nium de la chaı̂ne latérale. Dans ce travail, on introduit l’utilisation des résidus 1-benzyltryptophane (Trp(Bn)) comme ana-
logues partiels de synthèse, non naturels, des cages aromatiques naturelles. On démontre que l’incorporation modulaire des
ces blocs dans des hôtes dipeptidiques et on montre qu’ils sont capables de se lier à des ions ammonium quaternaires dans
l’eau tamponnée et dans le chloroforme.

Mots-clés : reconnaissance moléculaire, tryptophane, peptides, interaction cation–p, effet hydrophobe.

Introduction

The cation–p interaction is implicated in many recogni-
tion events in biology.1–5 Its importance for the recognition
of cholinergic agents by their receptors3,6,7 has long been
understood. Its role in the recognition of post-translationally
methylated lysine residues has more recently come to
light,4,8–10 and the protein data bank (PDB) now contains
many examples of trimethyllysine-containing quaternary am-
monium complexes.11 In these structures, the binding of the
quaternary ammonium ion is accomplished by motifs re-
ferred to as ‘‘aromatic cages’’ in which clusters of three to
four aromatic side chains make close cation–p contacts
with the RNMe3

+ portion of the side chain (Fig. 1). The
most electron-rich aromatic side chain, tryptophan (Trp), is
present as at least one of the binding partners in all trime-
thyllysine-binding aromatic cage motifs currently reported
in the PDB, where it is accompanied by additional phenyla-
lanine (Phe) and (or) tyrosine (Tyr) residues.

Inspired by the use of multiple aromatic rings in the pro-
tein domains that bind quaternary ammonium ions, we con-
sidered the unnatural modified amino acid 1-benzyltryptophan
(Trp(Bn), 1, Fig. 1) as a building block that could be easily
incorporated into peptide-based hosts. A prior report of the
dipeptide Boc-Trp-Trp-OMe (2) as a simple receptor for am-
monium ions in organic solvents12 led us to wonder if it

could be adapted to achieve the far more difficult task of
binding cations in pure water by the incorporation of Trp(Bn)
residues. We report here, the synthesis of 1-benzyltryptophan
based reagents and their rapid and modular incorporation
into quaternary ammonium ion binding dipeptide hosts re-
lated to the parent Trp-Trp dipeptide (2).

Results and discussion

We were surprised to find very few reports of the appa-
rently simple 1-benzyltryptophan (1) in the literature. Only
six literature references were found in a Scifinder structure-
based search,13–18 and none of these references report the ap-
pended 1-benzyl group being used as a functional element.
The obvious routes for the synthesis of 1 start with simple
tryptophan analogs and involve deprotonation and alkylation
of the side chain nitrogen atom. We first targeted the treat-
ment of tryptophan methyl ester with 1 equiv. of NaH fol-
lowed by treatment with a benzyl halide. Reactions were
attempted in THF and DMF using a variety of temperatures
and reaction times. While selective benzylation of the side
chain nitrogen could be achieved, we found significant race-
mization of the a-carbon under all conditions that we tested
(racemization is most easily detected by the observation of
diastereomeric a-CH 1H NMR resonances once dipeptides
are made from a Trp(Bn) precursor). We next attempted to
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2010.
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treat the free-acid Trp (3) with two or more equivalents of
NaH to generate the doubly deprotonated carboxylate–indole
dianion, with the idea that the more reactive indole anion
could be reacted selectively with 1 equiv. of benzyl halide.
These efforts effectively prevented racemization, but gener-
ated intractable mixtures and low yields arising from mix-
tures of O- and N-benzylation products. We subsequently
adapted a reported deprotonation of unprotected Trp under
dissolving metal conditions (Na–NH3) and subsequent treat-
ment with BnCl in liquid NH3 (Scheme 1).14 We found that
this method was successful only when performed on ‡5 g of
3, and crude yields of 1, uncontaminated by O-benzyl or
racemized by-products, reached a high of 70% when the re-
action was carried out on a 40 g scale. We found an effi-
cient purification for 1 by first dissolving the crude in a
mixture of MeOH and concentrated aqueous HCl; precipita-
tion by the addition of Et2O gave the pure product as the
HCl salt (1�HCl) in a 51% overall yield.

Scheme 2 depicts the synthesis of Boc-Trp(Bn)-OH (4)
and H2N-Trp(Bn)-OMe (5) that were used in the subsequent
synthesis of a family of organic- and water-soluble host di-
peptides. Treatment of 1�HCl with thionyl chloride in meth-
anol gives methyl ester 5 in a 87% yield, whereas treatment
of 1�HCl with NaOH in the presence of (Boc)2O under
mixed aqueous-organic conditions gives the Boc-protected
compound 4 in a 78% yield. Compound 5 was coupled with
commercially available Boc-Trp-OH (6) to form the mono-
benzylated dipeptide host (Boc-Trp-Trp(Bn)-OMe, 7) in a
49% yield. Compound 4 was combined with 5 under stand-
ard solution-phase HBTU coupling conditions to yield the
dibenzylated dipeptide host (Boc-Trp(Bn)-Trp(Bn)-OMe, 8)
in a 61% yield. To complete the series, 4 was coupled with
commercially available H2N-Trp-OMe (9) to afford Boc-
Trp-Trp-OMe (2) with free indole side chains in a 76%
yield. Unlike the prior synthesis of host 2,12 all transforma-
tions reported herein were optimized to allow purification
without resorting to flash chromatography.

To create water-soluble analogs that retained an overall
anionic charge, we doubly deprotected compounds 2, 7, and
8 and created simple N-terminal acetylated derivatives of
the form Ac-Trp-Trp-OH (not shown). Unfortunately, dipep-
tides of this form were insoluble in phosphate-buffered D2O
(pD = 7.4). In an effort to increase water solubility while
leaving the Trp(Bn) binding motifs unchanged, we targeted
structures with N-terminal succinyl groups. Thus, com-
pounds 2, 7, and 8 were Boc-deprotected in HCl–AcOH to
give the dipeptide hydrochloride salts 10, 11, and 12, re-
spectively, as pure white solids after filtration and washing
with Et2O. The suspension of 10–12 in CH2Cl2, neutraliza-
tion with i-Pr2EtN, and treatment with succinic anhydride
gave the succinyl (Suc) derived Suc-Trp-Trp-OMe dipeptides,
which were directly saponified in methanol–water to yield,
after acidification of the aqueous work-up layer, dipeptides
13–15 (40%–56% overall yield over four synthetic steps;
Scheme 2). Compounds 13–15 are all soluble in phosphate-
buffered D2O (pD = 7.4) at concentrations up to 10 mmol/L.

Acetylcholine chloride (AcCh+ Cl–) was used as a proto-
typical RNMe3

+ guest because of its high solubility in both
water and chloroform, which is a critical feature that we did
not find in halide or BArF salts of other guest candidates tri-
methyllysine, tetramethylammonium, or benzyltrimethylam-
monium. Titration of AcCh+ Cl– into the dipeptide hosts
13–15 in phosphate-buffered D2O (10 mmol/L Na2HPO4–
NaH2PO4, pD = 7.4) revealed guest-induced chemical shifts
that fit to 1:1 binding isotherms to provide Kassoc values
(Fig. 2 and Table 1). Even at the highest host and guest con-
centrations tested (10 and 930 mmol/L, respectively), the
unbenzylated host 13, which is most closely related to the
literature host 2 that can bind AcCh+ in CDCl3,12 showed
no detectable binding of AcCh+ under these competitive sol-
vent conditions.

The monobenzylated host 14 and dibenzylated host 15
both showed evidence of binding that, while weak, was re-
producibly observed over many determinations with the
highest affinity arising from dibenzylated 15. Direct evi-
dence for the interaction of benzyl groups with the bound
cation was given by the large chemical shift changes among
the benzylic methylenes of dipeptide 15 (Fig. 2B), while the
shifts of both benzyl and indolyl resonances in the aromatic
regions (Fig. 2A) further support the participation of both
types of aromatic rings in binding.

To examine the role of solvent effects in these hosts, we
carried out binding studies of the chloroform-soluble analogs
2, 7, and 8 using the same titration methodology. In this sol-
vent, the unbenzylated host 2 bound AcCh+ Cl– with a Kassoc
of 85 (mol/L)–1, which is in agreement with the value previ-
ously reported.12 Suprisingly, our new benzylated hosts 7
and 8 bound AcCh+ more weakly than did the unbenzylated

Fig. 1. Top: aromatic cage binding motifs that are used by proteins
that recognize biologically important ammonium ions of the form
RNMe3

+. The structure on the right is an example of an aromatic
cage taken from the PDB entry 1PDQ. Bottom: the unnatural amino
acid 1-benzyltryptophan.

Scheme 1. Selective 1-benzylation of Trp and isolation as the HCl
salt.
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parent (Table 1), despite the presence of additional aromatic
binding surfaces. We also found that host 2 is also the most
potent host for the binding of the the noncoordinating
BnNMe3

+ BArF–, suggesting that this result is not an artifact
arising from counterion effects in chloroform.19 The cation–
p interaction is an electrostatic attraction that should be

stronger in nonpolar media; the fact that we see the opposite
trend in CDCl3 suggests that it is not a major contributor to
interactions between the benzyl groups and cationic guests.
Instead, it is likely the increase in hydrophobic surface area
provided by the benzyl groups that leads to the higher cation
affinities observed for benzylated hosts in D2O.

Scheme 2. Synthesis of Trp and Trp(Bn)-containing hosts.
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To gain some insight into the possible structures of these
host–guest complexes, we carried out Monte Carlo conforma-
tional searches using a representative dibenzylated dipeptide
host (the methyl ester analog of 15) and the truncated guest
Me4N+. These gas-phase calculations are limited in scope
and capabilities; they are subject to unrealistic overemphasis
of electrostatic attractions (hence our use of the methyl ester
host analog) and they are incapable of representing the hy-
drophobic driving forces that are critical in aqueous solu-
tion. However, they are very good at determining
energetically reasonable bond angles and intra- and inter-
molecular contacts, and are therefore useful for gaining a
qualitative sense of what types of structures might be allow-
able for the host–guest complex. The two most common
types of structures among low-energy conformations ob-
tained from our Monte Carlo calculation involve (i) the in-
teraction of the cation with both benzyl indole moieties in a
pocket-like geometry (‘‘pocket’’, Fig. 3A) or (ii) the interac-
tion of the cation with only a single Trp(Bn) side chain
(‘‘cleft’’, Fig. 3B). The cleft structure in Fig. 3B suggests

that only one benzyl indole group and a neighboring car-
bonyl might be needed to engage the cationic guest. To test
this hypothesis, we designed compound 16 (Suc-Trp(Bn)-
OH) to see if this monomeric host fragment was a compe-
tent cation binder in water. Compound 16 was synthesized
in a 56% yield by the reaction of succinic anhydride with
precursor 3 (Scheme 2). NMR titrations of 16 with
AcCh+ Cl– in buffered D2O, carried out as for the other
hosts, gave no observable sign of binding, proving that two
Trp residues are required for cation binding in water by
these dipeptides.

Conclusions

These studies with simple dipeptide hosts introduce the
readily synthesized Trp(Bn) building block as a new quater-
nary ammonium ion binding motif that can function in pure,
buffered water. The weakness of the observed binding by
these dipeptides in either medium almost certainly arises
from their lack of preorganization relative to more rigid

Fig. 2. Concentration-dependent chemical shift changes displayed by the host 15 (10 mmol/L) in its (a) aromatic and (b) methylene regions
upon addition of AcCh+ Cl– in D2O (phosphate buffer, pD 7.4, 10 mmol/L). Concentrations of AcCh+ Cl– are indicated. (c) A plot of titra-
tion data and the 1:1 binding isotherm arising from nonlinear least-squares regression (see Experimental).

Table 1. Kassoc values for cations with hosts 13–16 in D2O and 2, 7, and 8 in
CDCl3.

Host Guest Solvent
Kassoc

((mol/L)–1)
13 (Trp-Trp) AcCh+ Cl–a D2O £1b

14 (Trp-Trp(Bn)) AcCh+ Cl–a D2O 3±1
15 (Trp(Bn)-Trp(Bn)) AcCh+ Cl–a D2O 14±6
16 (Trp(Bn)) AcCh+ Cl–a D2O £1b

2 (Trp-Trp) AcCh+ Cl–a CDCl3 85±17
7 (Trp-Trp(Bn)) AcCh+ Cl–a CDCl3 22±4
8 (Trp(Bn)-Trp(Bn)) AcCh+ Cl–a CDCl3 1±0.5
2 (Trp-Trp) BnNMe3

+ BArF–c CDCl3 63±12
7 (Trp-Trp(Bn)) BnNMe3

+ BArF–c CDCl3 27±5
8 (Trp(Bn)-Trp(Bn)) BnNMe3

+ BArF–c CDCl3 47±3

Note: Kassoc was determined using at least three replicate titrations, tracking two to
three proton resonances during each titration. Errors represent the upper and lower
limits of replicate titrations. ‘‘D2O’’ also contained 10 mmol/L NaH2PO4–Na2HPO4

adjusted to pD 7.4.
aGuest solution (ranging from 80 to 930 mmol/L) was titrated into a solution of the

host (10 mmol/L).
bTitration resulted in insignificant Dd values.
cA concentrated solution of the host (80–250 mmol/L) was titrated into the guest

(2 mmol/L) due to low solubility of the BnNMe3
+ BArF– salt in CDCl3.
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macrocyclic systems.9,10 We are curious to see if rigidifica-
tion of these building blocks by incorporation into small,
folded peptide scaffolds increases the potency of Trp(Bn)
building blocks as cation binders.

Experimental

General procedure
All solvents and reagents were used as purchased from

Sigma-Aldrich and used without further purification, except
solvents that were dried using an MBraun solvent purifica-
tion system. NMR spectra and NMR titration data were ob-
tained on a Brüker Avance 500 MHz NMR spectrometer
with the exception of 19F NMR, which was obtained on a
Brüker Avance 300 MHz spectrometer. Coupling constants
are reported in Hertz. 1H and 13C spectra were referenced to
residual solvent signals, and the 19F spectrum was externally
referenced to FCCl3. HR-MS were acquired on a Waters/
Micromass LCT TOF instrument. Melting points were deter-
mined with the use of a GallenKamp melting point appara-
tus. Specific rotations (c = g/100 mL) were aquired with a
Rodolf Research Analytical Autopol I instrument and are
given in units of 10–1 deg cm2 g–1.

The typical titration procedure is as follows: The mole-
cule of interest was dissolved in the appropriate solvent (dis-
pensed with a micropipette) to make a solution (4 mL) of a
predetermined concentration (2–10 mmol/L). The stock
(600 mL) was then introduced into an NMR tube and to the
remaining stock solution was added an excess of host or
guest. The NMR spectrum of the stock solution was used as
a reference for unbound host or guest and the solution ti-
trated with predetermined volumes (micropipette) of titrant,
followed by the collection of new NMR spectra. This
method ensures that the concentration of the host remains
constant throughout the titration. The Dds were recorded
and the data worked-up and fitted to the 1:1 binding iso-
therm using the spreadsheet made freely available by Sand-
erson.20 Initial guesses for host or guest concentrations
during the course of the experiments were obtained by the
method discussed by Hirose.21

Calculations were carried out at the PM3 level of theory
using the conformational search routine in Spartan’04.22

Structures within 5 kcal/mol (1 cal = 4.186 8 J) of the global

minimum were retained, and examination revealed that all
such low-energy structures could be sorted into two groups
by considering the number of aryl side chains making con-
tact with the quaternary ammonium ion (pocket = two
Trp(Bn) side chains in contact, Fig. 3A; cleft = one Trp(Bn)
residue in contact, Fig. 3B).

1-Benzyltryptophan hydrochloride (1�HCl)
Liquid ammonia (1000 mL) was condensed into a 2 L

flask containing Na(s) (10.4 g, 452 mmol) and Fe(NO3)3
(0.6 g, 0.01 mmol) under argon. To facilitate the addition of
ammonia, the flask was cooled in a dry ice – acetone bath
and equipped with a cold finger (dry ice – acetone) via a
Claisen adapter. The resultant mixture turns blue immedi-
ately and slowly fades to a grey color. Tryptophan (40 g,
196 mmol) was introduced to the grey solution as a slurry
in ether, and benzyl chloride (22.5 mL, 196 mmol) was
added immediately thereafter via syringe through the sep-
tum. The reaction refluxed on an ice bath for 1 h, and
evaporated overnight. The crude product dissolved in hot
water and a small amount of solid residue was removed by
filtration. Acetic acid was added until the product precipi-
tated, and filtration yielded the 1-benzyltryptophan as an
off-white solid (41 g, 71%). A portion of this product (24 g,
81 mmol) was suspended in methanol (200 mL) at room
temperature and concentrated aqueous hydrochloric acid
was added dropwise until the starting material was com-
pletely dissolved. The reaction was stirred for 5 min, and
was then concentrated to half volume. The solution was
then poured into 1.6 L of ether and the resultant slurry was
filtered to yield 1�HCl as a white solid that was left to air-
dry overnight (19 g, 72%); mp 204–206 8C. ½a�25

D +5.08 (c
0.08 in MeOH). 1H NMR (300 MHz, DMSO-d6) d: 3.32
(2H, J = 6.3, d), 4.12 (1H, bs), 5.38 (2H, s), 7.03 (1H J = 7
and 1, td), 7.10 (1H, J = 8 and 1, td), 7.18–7.33 (5H, m),
7.37 (1H, J = 8, d), 7.39 (1H, s), 7.63 (1H, JHH = 7, d),
8.31 (3H, bs), 13.77 (1H, bs). 13C NMR (75.5 MHz,
DMSO-d6) d: 26.0, 49.1, 52.6, 106.8, 110.2, 118.7, 118.9,
121.4, 127.0, 127.3, 127.7, 128.5, 128.7, 136.1, 138.1,
170.7. ESI (accurate mass) m/z: 295.1452 (M+ C18H19N2O2
requires 295.1447).

N-(tert-Butoxycarbonyl)-1-benzyltryptophan (4)
3 (1.0 g, 3.0 mmol) was suspended in 1:1 dioxane–water

(12 mL) at room temperature. NaOH (aq, 1 mol/L, 6 mL,
6 mmol) was added, followed by the addition of (Boc)2O
(0.84 mL, 3.6 mmol), and this mixture was stirred for 18 h.
The reaction was acidified to pH 2.5 with HCl (2 mol/L),
and diluted further with water (50 mL). Ethyl acetate was
then used to extract the mostly aqueous mixture. The or-
ganic layers were combined, dried, and concentrated to yield
a white solid (0.928 g, 78%); mp 181–182 8C (EtOAc).
½a�25

D +9.18 (c 0.08 in MeOH). 1H NMR (300 MHz, DMSO-
d6) d: 1.13 (9H, s), 2.99 (1H, J = 15 and 9, dd), 3.14 (1H,
J = 14 and 5, dd), 4.16 (1H, J = 9 and 5, td), 5.36 (2H, s),
6.97–7.1 (3H, m), 7.13–7.16 (2H, m), 7.19–7.31 (4H, m),
7.37 (1H, J = 8, d), 7.55 (1H, J = 7, d), 12.55 (1H, bs). 13C
NMR (75.5 MHz, DMSO-d6) d: 26.7, 28.1, 48.9, 54.4, 77.9,
110.0, 110.3, 118.6, 121.2, 126.9, 127.2, 127.4, 127.8,
128.4, 135.9, 138.3, 155.3, 173.8. ESI (accurate mass) m/z
calcd.: 417.1790; found: 417.1789.

Fig. 3. Representative structures, (A) ‘‘pocket’’ and (B) ‘‘cleft’’, aris-
ing from Monte Carlo conformation searches at the PM3 level of
theory. Structures like that shown in Fig. 3A are consistent with
both of our key experimental observations in water: the N-benzyl
subsitituents play a significant role in binding, and both amino acid
side chains are required for cation binding in water.
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Methyl 1-benzyltryptophanate hydrochloride (5)
3 (5.0 g, 15.1 mmol) was dissolved in methanol (300 mL)

and cooled to 0 8C. Thionyl chloride (1.1 mL, 15.1 mmol)
was added dropwise and the mixture was then allowed to
warm to room temperature before being brought to reflux.
After overnight stirring at reflux, the reaction was cooled
and concentrated. Trituration with diethyl ether provided a
white powder with no further purification needed (4.55 g,
87%); mp 115–117 8C (ether). ½a�25

D +11.38 (c 0.15 in
MeOH). 1H NMR (300 MHz, DMSO-d6) d: 3.26 (1H, J =
15 and 7, dd), 3.38 (1H, J = 15 and 5, dd), 3.60 (3H, s),
4.19 (1H, J = 7 and 5, dd), 5.38 (2H, s), 7.04 (1H, J = 7
and 1, td), 7.11 (1H, J = 8 and 1, td), 7.18–7.33 (5H, m),
7.37 (1H, s), 7.41 (1H, J = 8, d), 7.59 (1H, J = 7, d), 8.71
(3H, bs). 13C NMR (75.5 MHz, DMSO-d6) d: 26.1, 49.0,
52.5, 52.7, 106.6, 110.2, 118.5, 119.0, 121.5, 127.0, 127.3,
127.5, 128.4, 128.5, 136.0, 138.1, 169.7. ESI (accurate
mass) m/z calcd.: 309.1603; found: 309.1603.

Dipeptide coupling general procedure
N-terminally protected (Boc) amino acid (2.0 mmol) and

HBTU (0.78 g, 2 mmol) were added to a flask containing
THF (70 mL). The mixture was cooled to 0 8C and 1 equiv.
of DIEA (0.35 mL, 2.03 mmol) was added. The mixture was
stirred for 10 min. C-terminally protected (methyl ester)
amino acid (2 mmol) and 1.2 more equiv. of DIEA
(0.42 mL, 2.4 mmol) were added to the reaction, which was
then warmed to room temperature and stirred for 2 h, re-
gardless of completeness. Once complete, the reaction was
concentrated, taken up in ethyl acetate, and washed with
1 mol/L HCl (�2), satd. NaHCO3 (�2), water, and brine.
The organic layer was dried with Na2SO4 and concentrated
to produce a white powder (or foam) after exposure of the
residue to high vacuum overnight.

Methyl N-[N-(tert-butoxycarbonyltryptophyl)]-
tryptophanate (2)

After initial concentration, the product was precipitated
from a minimum volume of CH2Cl2 at –20 8C as a white
solid (1.51 g, 71%); mp 162–164 8C (CH2Cl2). ½a�25

D –7.08
(c 0.08 in MeOH). 1H NMR (500 MHz, DMSO-d6) d: 1.26
(9H, s), 2.84 (1H, J = 15 and 9, dd), 3.00 (1H, J = 15 and 4,
dd), 3.06 (1H, J = 15 and 7, dd), 3.13 (1H, J = 15 and 6,
dd), 3.52 (3H, s), 4.21 (1H, J = 9 and 4, td), 4.53 (1H, J =
7.0 and 6, td), 6.69 (1H, J = 8, d), 6.92–6.97 (2H, m), 7.00–
7.06 (3H, m), 7.14 (1H, J = 2, d), 7.28–7.33 (2H, m), 7.44
(1H, JHH = 8, d), 7.55 (1H, J = 8, d), 8.23 (1H, J = 8, d),
10.77 (1H, s), 10.86 (1H, s). 13C NMR (126 MHz, DMSO-
d6) d: 27.1, 27.7, 28.1, 51.8, 53.1, 55.0, 78.1, 109.2, 110.1,
111.3, 111.5, 118.0, 118.2, 118.46, 118.51, 118.9, 120.8,
121.0, 123.7, 127.1, 127.4, 136.06, 136.10, 155.1, 172.1,
172.2. ESI (accurate mass) m/z calcd.: 527.2270; found:
527.2271.

Methyl N-[N-(tert-butoxycarbonyl)tryptophyl]-1-
benzyltryptophanate (7)

A white powder was isolated (1.16 g, 49%); mp 76–78 8C
then 99–100 8C (EtOAc). ½a�25

D –15.68 (c 0.09 in MeOH). 1H
NMR (500 MHz) d: 1.26 (9H, s), 2.89 (1H, J = 15 and 9,
dd), 3.06 (1H, J = 15 and 4, dd), 3.10 (1H, J = 15 and 7,
dd), 3.18 (1H, J = 15 and 6, dd), 3.54 (3H, s), 4.26 (1H,

J = 9 and 4, td), 4.60 (1H, J = 7 and 6, td), 5.35 (2H, s),
6.72 (1H, J = 8, d), 6.97(1H, J = 7, t), 7.00–7.10 (3H, m),
7.12–7.21 (3H, m), 7.25–7.27 (2H, m), 7.31–7.33 (2H, m),
7.38 (1H, J = 8, d), 7.51 (1H, J = 8, d), 7.60 (1H, J = 8, d),
8.38 (1H, J = 7, d), 10.81 (1H, s). 13C NMR (126 MHz,
DMSO-d6) d: 27.0, 27.7, 28.1, 49.0, 51.8, 53.0, 55.0, 78.0,
109.3, 110.07, 110.12, 111.2, 118.1, 118.4, 118.5, 118.8,
120.8, 121.3, 123.7, 126.9, 127.2, 127.4, 127.5, 127.7,
128.5, 135.8, 136.0, 138.2, 155.1, 172.1, 172.2. ESI (accu-
rate mass) m/z calcd.: 617.2740; found: 617.2754.

Methyl N-[N-(tert-butoxycarbonyl)-1-benzyltryptophyl)]-1-
benzyltryptophanate (8)

A white powder was isolated (0.83 g, 61%); mp 149–
151 8C (EtOAc). ½a�25

D +4.08 (c 0.08 in MeOH). 1H NMR
(500 MHz, DMSO-d6) d: 1.28 (9H, s), 2.91 (1H, J = 15 and
9, dd), 3.05 (1H, J = 15 and 4, dd), 3.09 (1H, J = 15 and 7,
dd), 3.18 (1H, J = 15 and 6, dd), 3.52 (3H, s), 4.27 (1H, J =
9 and 4, td), 4.58 (1H, J = 7 and 6, td), 5.32 (2H, s), 5.35
(2H, s), 6.74 (1H, J = 8, d), 6.98–7.03 (1H, m), 7.05–7.09
(2H, m), 7.12–7.28 (11H, m), 7.32–7.38 (2H, m), 7.51 (1H,
J = 8, d), 7.61 (1H, J = 8, d), 8.31 (1H, J = 7, d). 13C NMR
(126 MHz, DMSO-d6) d: 27.0, 27.6, 28.1, 48.90, 48.94,
51.8, 53.0, 55.0, 78.0, 109.3, 109.9, 110.1, 110.2, 118.4,
118.5, 118.8, 118.9, 121.1, 121.3, 126.8, 126.9, 127.2,
127.5, 127.7, 128.0, 128.4, 135.8, 135.9, 138.2, 138.3,
155.1, 171.9, 172.2. ESI (accurate mass) m/z calcd.:
707.3209; found: 707.3201.

General procedure for BOC deprotection
Starting material (0.6 mmol) was suspended in acetic acid

at room temperature. In a separate flask, HCl (concd) was
diluted with acetic acid to form a 1.5 mol/L solution of HCl
in acetic acid. The resultant HCl in acetic acid solution
(9.4 mL, 14 mmol HCl) was added in one portion to the
starting material suspension. The suspension was dispersed
upon addition of the HCl solution, followed by the appear-
ance of another precipitate 1 h postaddition. The reaction
was stirred overnight, filtered, and the cake washed with
ether to yield a white solid that needs no further purification.

Methyl N-tryptophyl-tryptophanate hydrochloride (10)
The work-up differed as the product was soluble in acetic

acid. The acetic acid was concentrated and diluted with
ether. A light brown solid resulted, was filtered, and isolated
(0.23 g, 90%); mp (foams) 162–170 8C, mp (melts) 178–
180 8C (ether). ½a�25

D –4.28 (c 0.08 in MeOH). 1H NMR
(500 MHz, DMSO-d6) d: 3.05–3.30 (4H, m), 3.58 (3H, s),
4.03 (1H, J = 8 and 6, dd), 4.62 (1H, J = 7, q), 6.98–7.01
(2H, m), 7.08 (2H, J = 8, q), 7.21 (1H, s), 7.22 (1H, s),
7.35 (2H, J = 8, t), 7.50 (1H, J = 8, d), 7.71 (1H, J = 8, d),
8.1 (3H, bs), 9.11 (1H, J = 7.0, d), 10.96 (1H, s), 11.04 (1H,
s). 13C NMR (126 MHz, DMSO-d6) d: 27.2, 27.3, 52.0, 52.5,
53.3, 106.8, 108.9, 111.4, 111.5, 117.9, 118.4, 118.47,
118.52, 121.0, 121.1, 124.0, 125.0, 127.0, 127.1, 136.1,
136.3, 168.8, 171.6. ESI (accurate mass) m/z calcd.:
405.1927; found: 405.1927.

Methyl N-tryptophyl-1-benzyltryptophanate hydrochloride
(11)

A white solid was isolated (0.112 g, 69%); mp 222–
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224 8C (AcOH). ½a�25
D +2.38 (c 0.08 in MeOH). 1H NMR

(500 MHz, DMSO-d6) d: 3.08–3.29 (4H, m), 3.55 (3H, s),
4.04 (1H, J = 6, t), 4.62 (1H, J = 7, q), 5.37 (2H, s), 5.37
(2H, s), 7.00 (1H, J = 7, t), 7.03 (1H, J = 7, t), 7.09 (2H,
J = 7, t), 7.16 (2H, J = 7, d), 7.21(2H, J = 7, t), 7.27 (2H, J =
7, t), 7.35 (1H,s), 7.36 (1H, J = 11, d), 7.41(1H, J = 8, d),
7.53 (1H, J = 8, d), 7.70 (1H, J = 8, d), 8.16 (3H, bs), 9.15
(1H, J = 6, d) 11.00 (1H, s). 13C NMR (126 MHz, DMSO-
d6) d: 27.1, 27.3, 48.9, 51.9, 52.4, 53.4, 106.7, 108.9, 110.2,
111.4, 118.4, 118.5, 118.8, 121.1, 121.3, 125.0, 126.9,
127.1, 127.3, 127.6, 127.8, 128.5, 135.9, 136.3, 138.3,
168.6, 171.5. ESI (accurate mass) m/z calcd.: 495.2396;
found: 495.2397.

Methyl N-(1-benzyltryptophyl)-1-benzyltryptophanate
hydrochloride (12)

A white solid was isolated (0.30 g, 83%); mp 219–220 8C
(AcOH). ½a�25

D +6.28 (c 0.08 in MeOH). 1H NMR (500 MHz,
DMSO-d6) d: 3.12–3.28 (4H, m), 3.51 (3H, s), 4.09 (1H, bs),
4.61 (1H, J = 7, q), 5.35 (2H, s), 5.37 (2H, s), 7.03 (2H, J =
7, t), 7.08–7.12 (2H, m), 7.16–7.31 (10H, m), 7.33 (1H, s),
7.37 (1H, J = 8, d), 7.39 (1H, s), 7.41(1H, J = 8, d), 7.53
(1H, J = 8, d), 7.75 (1H, J = 8, d), 8.31 (3H, bs), 9.2 (1H,
J = 7, d). 13C NMR (126 MHz, DMSO-d6) d: 27.7, 27.8,
49.6, 49.8, 52.5, 53.2, 54.1, 107.5, 109.5, 110.7, 110.8,
119.0, 119.4, 119.5, 119.6, 121.97, 122.02, 127.6, 127.7,
127.89, 127.93, 128.2, 128.4, 128.5, 129.1 (�2), 129.4,
136.6, 136.8, 138.7, 138.9, 169.2, 172.2. ESI (accurate
mass) m/z calcd.: 585.2866; found: 585.2875.

General method for the sequential installation of the
succinyl group on N-terminal amines and saponification
of C-terminal methyl esters

Starting material 10, 11, or 12 (0.25 mmol) was sus-
pended in CH2Cl2 (10 mL) at room temperature. Succinic
anhydride (0.036 g, 0.36 mmol) was added to the reaction,
followed by DIEA (0.095 mL, 0.55 mmol), and the mixture
stirred overnight. Dilution of the reaction with CH2Cl2
(50 mL), followed by extraction with HCl (1 mol/L, 2 �
50 mL), followed by back extraction of the aqueous with
CH2Cl2 was sufficient to isolate the methyl ester of the de-
sired product. The combined organic layers were washed
with brine (1 � 50 mL) and dried over Na2SO4 before con-
centration. The sticky residue was used without further puri-
fication to produce the de-esterified product. Dissolution in
methanol (3 mL), followed by the addition of NaOH
(1 mol/L, 0.75 mL) furnished the final product after 2 h of
stirring. The reaction was diluted with water (5 mL) and
acidified with HCl (1 mol/L) to pH 2. The suspension was
extracted with ethyl acetate and the organic layer was
washed with brine and dried over Na2SO4 before concentra-
tion.

N-[N-(3-Carboxypropanoyl)-tryptophyl]-tryptophan (13)
Isolated as a light brown powder (0.055 g, 44%); mp

(turns dark brown) 88 8C, mp (melts) 154–156 8C (EtOAc).
½a�25

D –11.68 (c 0.09 in MeOH). 1H NMR (500 MHz, DMSO-
d6) d: 2.25–2.34 (4H, m), 2.88 (1H, J = 15 and 9, dd), 3.08
(1H, J = 15 and 8, dd), 3.12 (1H, J = 15 and 4, dd), 3.19
(1H, J = 15 and 5, dd), 4.50 (1H, J = 8 and 5, td), 4.58
(1H, J = 9.0 and 4, td), 6.97 (1H, J = 8, t), 6.98 (1H, J = 8,

t), 7.05 (1H, J = 8, t), 7.06 (1H, J = 8, t), 7.11 (1H, J = 2.0,
d), 7.16 (1H, J = 2.0, d), 7.31 (1H, J = 8, d), 7.33 (1H, J =
8, d), 7.53 (1H, J = 8, d), 7.58 (1H, J = 8, d), 8.01 (1H, J =
8, d), 8.17 (1H, J = 8, d), 10.77 (1H, bs), 10.85 (1H, bs),
12.36 (2H, bs), 12.7 (bs, 1H). 13C NMR (126 MHz) d: 27.0,
27.6, 29.2, 30.0, 53.0, 53.2, 109.7, 110.2, 111.2, 111.4,
118.2, 118.40, 118.44, 120.8, 120.9, 123.5, 123.6, 127.3,
127.4, 136.0, 136.1, 170.9, 171.6, 173.2, 173.9. ESI (accu-
rate mass) m/z calcd.: 489.1774; found: 489.1773.

N-[N-(3-Carboxypropanoyl)-tryptophyl]-1-benzyltryptophan
(14)

Isolated as a white powder (0.074 g, 88%); mp 180 8C
dec (EtOAc). ½a�25

D –11.98 (c 0.09 in MeOH). 1H NMR
(500 MHz, DMSO-d6) d: 2.25–2.32 (4H, m), 2.89 (1H, J =
15 and 9, dd), 3.06 (1H, J = 15 and 8, dd), 3.11 (1H, J =
15 and 4, dd), 3.21 (1H, J = 15 and 5, dd), 4.50 (1H, J =
8.0 and 5, td), 4.58 (1H, J = 9.0 and 4, td), 5.35 (2H, s),
6.96 (1H, J = 7, t), 7.01 (1H, J = 7, t), 7.04 (1H, J = 7, t),
7.07 (1H, J = 7, t), 7.12 (1H, J = 2, d), 7.16–7.27 (5H, m),
7.31 (1H, J = 8, d), 7.32 (1H, s), 7.35 (1H, J = 8, d), 7.55
(1H, J = 8, d), 7.58 (1H, J = 8, d), 8.01 (1H, J = 8, d), 8.28
(1H, J = 8, d), 10.78 (1H, J = 2, d), 12.3 (1H, bs), 12.7 (1H,
bs). 13C NMR (126 MHz, DMSO-d6) d: 26.8, 27.6, 29.1,
30.0, 49.0, 52.9, 53.3, 109.7, 110.1, 110.2, 111.2, 118.1,
118.4, 118.5, 118.7, 120.8, 121.2, 123.6, 126.9, 127.2,
127.4, 127.6, 127.9, 128.5, 135.8, 136.0, 138.3, 170.9,
171.7, 173.1, 173.8. ESI (accurate mass) m/z calcd.:
579.2244; found: 579.2231.

N-[N-(3-Carboxypropanoyl)-1-benzyltryptophyl]-1-
benzyltryptophan (15)

A white solid was isolated (0.106 g, 64%); mp (turns
brown) 180 8C, mp (melts) 190–192 8C (EtOAc). ½a�25

D –1.18
(c 0.09 in MeOH). 1H NMR (500 MHz, DMSO-d6) d: 2.24–
2.32 (4H, m), 2.88 (1H, J = 15 and 9, dd), 3.07 (1H, J = 15
and 8, dd), 3.12 (1H, J = 15 and 4, dd), 3.21 (1H, J = 15 and
5, dd), 4.49 (1H, J = 8.0 and 5, td), 4.59 (1H, J = 9.0 and 4,
td), 5.32 (2H, s), 5.34 (2H, s), 6.99 (1H, J = 7, q), 7.05–7.08
(2H, m), 7.14–7.29 (10H, m), 7.34 (2H, J = 9, d), 7.35 (2H,
J = 8, d), 7.56 (1H, J = 8, d), 7.60 (1H, J = 8, d), 8.05 (1H,
J = 8, d), 8.31 (1H, J = 8, d), 12.7 (2H, bs). 13C NMR
(126 MHz, DMSO-d6) d: 26.8, 27.5, 29.1, 29.9, 48.9, 49.0,
53.0, 53.2, 109.7, 109.9, 110.0, 110.2, 118.5, 118.6, 118.7,
118.9, 121.1, 121.2, 126.9, 127.2, 127.4, 127.6, 127.9,
128.0, 128.4, 135.8, 138.3, 138.4, 170.8, 171.5, 173.1,
173.8. ESI (accurate mass) m/z calcd.: 669.2724; found:
669.2713.

Benzyltrimethylammonium tetrakis[3,5-
bis(trifluoromethyl)phenyl]borate (BnNMe3

+ BArF–)
Benzyltrimethylammonium chloride (0.107 g, 0.57 mmol)

and NaBArF (0.510 g, 0.57 mmol) were stirred overnight in
CH2Cl2 (40 mL). The resulting suspension was filtered
through a syringe filter with a pore size of 0.45 mm and the
filtrate was concentrated to produce a white solid. The solid
was rinsed with pentane and dried in vacuo for 3 h (0.499 g,
86%); mp 136–137 8C (CH2Cl2). 1H NMR (500 MHz,
CDCl3) d: 2.82 (9H, s), 4.12 (2H, s), 7.22 (2H, J = 10, d),
7.47 (2H, J = 10, t), 7.51 (4H, bs), 7.57 (1H, J = 10, t),
7.67–7.68 (8H, m). 13C NMR (126 MHz, DMSO-d6) d: 53.2
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(JCN = 4, t), 71.9, 117.8, 124.7 (JCF = 273, q), 124.8, 129.2
(JCF = 29, q), 130.4, 132.3, 132.7, 134.9, 161.9 (JCB = 50,
q). 19F NMR (282 MHz) d: –62.3. 11B NMR (160 MHz)
d: –6.8. ESI (accurate mass) m/z calcd. (anion): 862.0685;
found: 862.0700; calcd. (cation): 150.1283; found: 150.1281.

N-(3-Carboxypropanoyl)-1-benzyltryptophan (16)
5 (0.926 g, 2.8 mmol) was suspended in dry THF and

stirred at room temperature. Succinic anhydride (0.28 g,
2.8 mmol) and DIEA (0.49 mL, 2.8 mmol) were then added
and the mixture refluxed overnight. The volume was re-
duced until a thick syrup formed. Ethyl acetate was added
(300 mL) and the organic was extracted three times with
NaOH (aq, 0.5 mol/L, 3 � 75 mL). The aqueous extracts
were combined and acidified to pH 2 with HCl (1 mol/L).
The brown oil was extracted with ethyl acetate. Upon drying
(Na2SO4) and concentrating the residue solidifies on expo-
sure to vacuum overnight. Purification with column chroma-
tography (CHCl3, AcOH, MeOH) with gradient elution from
94:5:1 to 93:5:2 was used to elute pure product. Trituration
of the combined and concentrated fractions with ether
yielded a white crystalline solid (0.634 g, 56%); mp 148–
150 8C (ether). ½a�25

D +308 (c 0.09 in MeOH). 1H NMR
(500 MHz, DMSO-d6) d: 2.25–2.34 (4H, m), 3.00 (1H, J =
15 and 9, dd), 3.17 (1H, J = 15 and 5, dd), 4.88 (1H, m),
7.01 (1H, J = 8, t), 5.35 (2H, s), 7.07 (1H, J = 8, t), 7.15–
7.16 (2H, m), 7.21–7.23 (1H, m), 7.27–7.30 (3H, m), 7.37
(1H, J = 8, d), 7.56 (1H, J = 8, d), 8.19 (1H, J = 8, d),
12.37 (2H, bs). 13C NMR (126 MHz, DMSO-d6) d: 27.1,
29.0, 29.8, 48.9, 52.9, 109.9, 110.0, 118.6, 118.7, 121.2,
126.9, 127.2, 127.5, 127.8, 128.4, 135.9, 138.3, 170.9,
173.3, 173.8. ESI (accurate mass) m/z calcd.: 393.1456;
found: 393.1450.
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journal Web site (canjchem.nrc.ca).

Acknowledgements
This work was funded by the Michael Smith Foundation

for Health Research (MSFHR). FH is a MSFHR Career
Scholar and Canadian Institutes of Health Research (CIHR)
New Investigator.

References
(1) Dougherty, D. A.; Stauffer, D. A. Science 1990, 250 (4987),

1558. doi:10.1126/science.2274786. PMID:2274786.
(2) Dougherty, D. A. Science 1996, 271 (5246), 163. doi:10.

1126/science.271.5246.163. PMID:8539615.
(3) Beene, D. L.; Brandt, G. S.; Zhong, W.; Zacharias, N. M.;

Lester, H. A.; Dougherty, D. A. Biochemistry 2002, 41 (32),
10262. doi:10.1021/bi020266d. PMID:12162741.

(4) Hughes, R. M.; Benshoff, M. L.; Waters, M. L. Chem. Eur.
J. 2007, 13 (20), 5753. doi:10.1002/chem.200601753.

(5) Hughes, R. M.; Wiggins, K. R.; Khorasanizadeh, S.; Waters,
M. L. Proc. Natl. Acad. Sci. U.S.A. 2007, 104 (27), 11184.
doi:10.1073/pnas.0610850104. PMID:17581885.

(6) Beene, D. L.; Brandt, G. S.; Zhong, W.; Zacharias, N. M.;
Lester, H. A.; Dougherty, D. A. Biochemistry 2002, 41 (32),
10262. doi:10.1021/bi020266d. PMID:12162741.

(7) Schmitt, J. D.; Sharples, C. G. V.; Caldwell, W. S. J. Med.
Chem. 1999, 42 (16), 3066. doi:10.1021/jm990093z. PMID:
10447950.

(8) Taverna, S. D.; Li, H.; Ruthenburg, A. J.; Allis, C. D.; Patel,
D. J. Nat. Struct. Mol. Biol. 2007, 14 (11), 1025. doi:10.
1038/nsmb1338. PMID:17984965.

(9) (a) Beshara, C. S.; Jones, C. E.; Daze, K. D.; Lilgert, B. J.;
Hof, F. ChemBioChem 2010, 11 (1), 63. doi:10.1002/cbic.
200900633. PMID:19937593.; (b) Whiting, A. L.; Neufeld,
N. M.; Hof, F. Tetrahedron Lett. 2009, 50 (50), 7035.
doi:10.1016/j.tetlet.2009.09.161.

(10) Ingerman, L. A.; Cuellar, M. E.; Waters, M. L. Chem. Com-
mun. (Camb.) 2010, 46 (11), 1839. doi:10.1039/c000255k.
PMID:20198226.

(11) (a) Shi, X.; Kachirskaia, I.; Walter, K. L.; Kuo, J.-H. A.; Lake,
A.; Davrazou, F.; Chan, S. M.; Martin, D. G. E.; Fingerman, I.
M.; Briggs, S. D.; Howe, L.; Utz, P. J.; Kutateladze, T. G.;
Lugovskoy, A. A.; Bedford, M. T.; Gozani, O. J. Biol. Chem.
2007, 282 (4), 2450. doi:10.1074/jbc.C600286200. PMID:
17142463.; (b) Jacobs, S. A.; Khorasanizadeh, S. Science
2002, 295 (5562), 2080. doi:10.1126/science.1069473.
PMID:11859155.; (c) Flanagan, J. F.; Mi, L.-Z.; Chruszcz,
M.; Cymborowski, M.; Clines, K. L.; Kim, Y.; Minor, W.;
Rastinejad, F.; Khorasanizadeh, S. Nature 2005, 438 (7071),
1181. doi:10.1038/nature04290. PMID:16372014.; (d) Huang,
Y.; Fang, J.; Bedford, M. T.; Zhang, Y.; Xu, R.-M. Science
2006, 312 (5774), 748. doi:10.1126/science.1125162. PMID:
16601153.

(12) Ito, K.; Nagase, K.; Morohashi, N.; Ohba, Y. Chem. Pharm.
Bull. (Tokyo) 2005, 53 (1), 90. doi:10.1248/cpb.53.90.
PMID:15635237.

(13) Powers, J. C. Tetrahedron Lett. 1965, 6 (11), 655. doi:10.
1016/S0040-4039(00)90013-3.

(14) Yamada, S.; Shioiri, T.; Itaya, T.; Hara, T.; Matsueda, R.
Chem. Pharm. Bull. (Tokyo) 1965, 13 (1), 88. PMID:
5864290.

(15) Magnus, P.; Mugrage, B.; DeLuca, M. R.; Cain, G. A. J.
Am. Chem. Soc. 1990, 112 (13), 5220. doi:10.1021/
ja00169a033.

(16) Cornforth, J. W.; Cornforth, R. H.; Dalgliesh, C. E.; Neuberger,
A. Biochem. J. 1951, 48 (5), 591. PMID:14838907.

(17) Chen, Y.; Bilban, M.; Foster, C. A.; Boger, D. L. J. Am.
Chem. Soc. 2002, 124 (19), 5431. doi:10.1021/ja020166v.
PMID:11996584.

(18) Kumaraswamy, G.; Pitchaiah, A.; Ramakrishna, G.; Ramakrishna,
D. S.; Sadaiah, K. Tetrahedron Lett. 2006, 47 (12), 2013.
doi:10.1016/j.tetlet.2006.01.050.

(19) Ito et al.12 previously reported that the Trp-Trp dipeptide 2
bound BnNMe3

+ Cl– with Kassoc of 69 (mol/L)–1 in chloro-
form, and they attributed the relative strength to NH–Cl– hy-
drogen bonding effects. Our observation that the binding of
the BnNMe3

+ salt of the nonhydrogen-bonding BArF– anion
is essentially equal to their reported value indicates that the
role of Cl– may not be as important as previously described.

(20) Sanderson, J. M. Excel Workbooks for Curve-fitting NMR Ti-
tration Data; The Centre for Bioactive Chemistry, Depart-
ment of Chemistry University Science Laboratories, Durham
University: Durham, UK; Available from http://www.dur.ac.
uk/j.m.sanderson/science/downloads.html.

(21) Hirose, K. J. Incl. Phenom. Macrocycl. Chem. 2001, 39 (3–
4), 193. doi:10.1023/A:1011117412693.

(22) Spartan’04; Wavefunction, Inc.: Irvine, CA, 2004.

1016 Can. J. Chem. Vol. 88, 2010

Published by NRC Research Press

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

U
ni

ve
rs

ity
 o

f 
E

le
ct

ro
ni

c 
an

d 
Sc

ie
nc

e 
T

ec
ho

no
lo

gy
 o

f 
C

hi
na

 o
n 

09
/1

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



An atmospheric pressure static reactor – ion trap
mass spectrometer for studying gas-phase
reactions

Fadel Wedian and Dean B. Atkinson

Abstract: The design and operation of an atmospheric pressure static reactor coupled to an ion trap mass spectrometer is
described. The reactor is designed for studying gas-phase reactions that are important in atmospheric chemistry. The sys-
tem provides a simple and robust method for identifying the products of gas-phase reactions. Results for the reaction of O3

with 2,3-dimethyl-2-butene (tetramethylethylene, TME) are demonstrated as a proof of the principle for the performance
of the static reactor. All of the previously reported major primary products of the reaction were observed, and the yields
of two compounds (acetone and hydroxyacetone) were quantified, in excellent agreement with previous work. Several mi-
nor species were also observed, demonstrating the potential for this method to investigate the product channels for less
well-studied atmospherically relevant reactions.

Key words: atmospheric pressure reactor, ozone, tetramethylethylene (TME), ion trap mass spectrometer, gas-phase reac-
tion.

Résumé : On décrit la fabrication et l’opération d’un réacteur statique à pression atmosphérique couplée à un spectromètre
de masse avec trappe ionique. Le réacteur a été construit de façon à pouvoir étudier les réactions en phase gazeuse impor-
tantes en chimie de l’atmosphère. Le système fournit une méthode simple et robuste pour identifier les produits des réactions
en phase gazeuse. On a utilisé les résultats de la réaction de l’ozone, O3, avec le 2,3-diméthylbut-2-ène (tétraméthyléthylène,
TME) comme preuve du principe de la performance du réacteur statique. Tous les produits primaires majeurs de la réac-
tion rapportés antérieurement ont été observés et les rendements de deux composés (acétone et hydroxyacétone) ont été
quantifiés, en excellent accord avec les résultats obtenus antérieurement. On a aussi observé plusieurs espèces mineures,
ce qui démontre le potentiel de cette méthode pour étudier les voies réactionnelles de réactions intéressantes d’un point de
vue atmosphérique, mais moins bien étudiées.

Mots-clés : réacteur à pression atmosphérique, ozone, tétraméthyléthylène (TME), spectromètre de masse à piège ionique,
réaction en phase gazeuse.

[Traduit par la Rédaction]

Introduction
There are numerous approaches available to investigate

the kinetics and mechanisms of gas-phase reactions; these
include FTIR spectroscopy,1–3 fast flow tube mass spectrom-
eters (FF-MS),4,5 turbulent flow tube high-pressure chemical
ionization mass spectrometry,6–8 and atmospheric chambers
coupled with GC-FID,9 atmospheric pressure ionization
mass spectrometry (API-MS),10–12 and atmospheric pressure
chemical ionization ion trap (APCI-IT) mass spectrome-
try.13,14 In this article we introduce a method where an at-
mospheric pressure reactor is coupled to an ion trap mass
spectrometer (IT-MS). The IT-MS is potentially valuable as
a detector for gas-phase reaction experiments since it pro-
vides various clean chemical ionization modes and MS–MS
experiments, which can be performed for structure determi-
nation. In addition, the IT-MS is an inexpensive bench top
instrument.

Alkenes are an important class of volatile organic com-
pounds that have natural and industrial sources.15 In the at-
mosphere, the main sinks for alkenes are chemical reactions
with ozone, OH, and NO3.15,16 The mechanism of gas-phase
reactions of ozone with alkenes in the troposphere has been
studied over the last few decades.16–18 Major overall features
of ozone–alkene reactions have been established for simple
alkenes, for example, 1-butene, 1-pentene, 3-methyl-1-pentene,
and 3,3-dimethyl-1-butene, while little verifiable information
is available for reactions with large alkenes (either open-
chain or ring compounds), especially regarding the nature
and yields of their products, for example, 1-methylcyclohex-
ene, camphene, limonene, and b-pinene.16–18

The accepted mechanism of the gas-phase reaction of
ozone with alkenes proceeds via the addition of O3 to the
double bond to yield an energy rich ozonide, which rapidly
dissociates to a carbonyl product and a biradical ‘‘Criegee’’
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intermediate:1,16,19

The biradical intermediate is an energy-rich species,
which rapidly undergoes complex bimolecular and unimo-
lecular rearrangement and (or) fragmentation to yield a set
of secondary products, including hydroxyl radicals (OH).16

The carbonyl compounds formed in the decomposition of
the ozonide will be denoted as the primary products. Typical
OH–alkene reaction rate coefficients are several orders of
magnitude larger than those for the corresponding O3–alkene
reaction; therefore, OH reacts rapidly with the alkene to pro-
duce a secondary set of gas-phase products in laboratory
studies. The reactivity of OH causes problems for studying
the primary products of ozonolysis, so OH-scavengers such
as cyclohexane20 and 2-butanol21 are commonly used in pre-
vious works to suppress the OH formed from the reactions
of O3 with alkenes.

In this paper, 2,3-dimethyl-2-butene (tetramethylethylene,
TME) was used as a reagent because the TME–O3 reaction
has been studied intensively1,19 and the major features of the
reaction’s kinetics and products are well-established.1,15,17,18,22–29

The reaction is one of the fastest ozonolyses with a room tem-
perature rate coefficient of k & 1 � 10–15 cm3 molec–1 s–1. The
known primary stable products of the TME–O3 reaction are
acetone, (CH3)2CO, methylgloxal, CH3C(=O)CHO, and hy-
droxyacetone or acetol, CH3C(=O)CH2OH.1,19

A problem in these types of studies is that a multicompo-
nent mass spectrum is obtained from the mixture of reac-
tants and products. The approach investigated here to
mitigate this problem is to replace the electron impact ion-
ization (EI) mode with a ‘‘softer’’ chemical ionization (CI)
mode. Soft ionization refers to the ability to produce molec-
ular ions or ions related to the original compound (e.g., pro-
tonated ions) from analytes with little or no fragmentation.
Since the major products of the ozonolysis are easily proto-
nated oxygenated compounds, methane was used as a proton
exchange chemical ionization reagent. In methane positive
chemical ionization mode, CH3

+, CH5
+, and C2H5

+ are the
proton donor species, which are produced in the ion source
of the ion trap mass spectrometer mainly through the follow-
ing reactions:

CH4 þ e� ! CH4
�þ þ 2e� ! CH3

þ þ H�

CH4
�þ þ CH4 ! CH5

þ þ CH3
�

CH3
þ þ CH4 ! C2H5

þ þ H2

The mechanisms of methane chemical ionization are (i) the
proton transfer in which the CH3

+, CH5
+, and C2H5

+ react
with gaseous compounds leading to the formation of ‘‘mole-
cular ions’’, (MH)+, which dominates the mass spectrum of
oxygenated compounds, and (ii) the ion–molecule adduct
formation, which leads to the formation of adduct ions

[M + CH5]+ and [M + C2H5]+.30 Because of the clean chemi-
cal ionization mode of the IT-MS, all ions observed came
from the ion–molecule reaction.

This paper describes the external reactor design for the at-
mospheric pressure static reactor and its operational proce-
dure. The interface between the reactor and the low
pressure mass spectrometer is discussed. The experimental
results for the TME–O3 reactions are used to demonstrate
the strengths and weaknesses of the reactor. The future out-
look for this reactor design is discussed.

Experimental method

The ion trap mass spectrometer
The reactor was coupled to an ion trap mass spectrometer

(Varian, Inc. Saturn 2000 GC–MS) via 1.4 in. (1 in. =
25.4 mm) outer diameter (o.d.) direct insertion probe interfa-
ces (the Saturn was originally coupled to a GC through a
transfer line, which was removed for all studies described
here). The reactor interface was inserted into the vacuum
adaptor installed in the GC transfer line inlet port.

The ion trap usually operates at a pressure of a few milli-
torr (1 Torr = 133.32 Pa) of He (buffer gas). High-energy
ions in the trap collide with He as the radio frequency po-
tential increases, allowing the ions to lose some energy and
remain in the center of the ion trap, improving the mass res-
olution. Therefore, the reactor interface described here was
designed to admit a small flow of He (~2 mL/min) to help
transfer analytes into the ion trap and to supply the ion trap
buffer gas requirement.

All experiments reported here were conducted using
methane chemical ionization. The mass spectra (50–200 m/z)
were collected using the Varian Saturn 2000 ion trap control
software in the GC (repetitive mass scan vs time) mode. An
aftermarket mass spectral data reduction program
(WSearchPro) was used to convert the data to a useful form
(i.e., ASCII text) for further analysis.

Static reactor design
A vacuum interface was used to sample the static reactor

Fig. 1. Schematic view of the static-bag interface.
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as shown in Fig. 1. The interface to the IT-MS consisted of
a 8 cm glass capillary tube mounted in a brass plug with O-
ring seals, allowing substitution for the standard GC inter-
face of the mass spectrometer. The flow-restricting inlet in
this design was a 1/16 in. o.d. glass capillary, which was
heated and pulled to make a long thin tube that gave a
measured flow of 2 cm3/min of helium at the atmospheric
pressure differential. The capillary was held in a Cajon Swa-
gelok connector using an O-ring seal that extended through
the brass interface.

The static reactor was a 12 L Teflon bag where reactions
were carried out. One side of the bag was connected to the
mass spectrometer interface while the other side was con-
nected to a three-way valve. In one position, the valve ad-
mitted a He flow sufficient to supply the mass-spectrometer
interface, while maintaining the bag shape. Helium served as
the gas medium for reactions as well as the carrier gas that
delivered the reactants and products into the mass spectrom-
eter and the ion trap buffer gas source, as described above.
In the other valve position, the bag was connected to a dia-
phragm pump (Environmental Monitoring Systems) to evac-

uate the bag’s contents between successive experiments.
Vapor phase reagent alkenes and ozone were injected with
a syringe through a hole in the side of the bag, which was
then covered with Teflon tape. A small electric fan inside
the bag stirred the gas mixture if needed during the experi-
ment (Fig. 2).

Static reactor operation
In preparation for a reaction sequence, the reactor bag

was filled with helium. Purified ozone in nitrogen (see be-
low) was then injected into the bag using a 50 mL syringe.
A sufficient time was given to ensure a uniform distribution
of ozone throughout the bag. Then vapor-phase samples
(head space air above liquids) of selected organic com-
pounds were directly injected into the bag using a 25 mL sy-
ringe. Following the observation of the products of the
ozone–TME reaction (typically several minutes), the bag
was flushed and filled several times with He to remove the
contents from the previous experiment, which was con-
firmed by low ion signals for masses of interest.

Ozone was trapped on cold silica gel via the standard pro-
cedure.31 In brief, pure oxygen was photolyzed by the ozo-
nator, and the resulting ozone–oxygen flow was allowed to

Fig. 2. Schematic of the static-bag reactor coupled with the ion trap
mass spectrometer.

Fig. 3. (A) The mass spectrum of ozone background in the absence
of added TME. (B) The mass spectrum of the TME–ozone reaction
mixture after subtraction of the ozone background. The spectrum is
dominated by acetone. (C) The net mass spectrum of the TME–
ozone reaction mixture after subtracting contributions of ozone,
pure TME, and pure acetone.

Fig. 4. Ion profiles of reactant and product masses (10 ppm of
TME reacting with an excess amount of purified ozone) in the sta-
tic reactor, without fan, using methane as a chemical ionization re-
agent. (A) Ion profiles of products of the TME–O3 reaction (m/z 59,
61, 73, 75, and 83) that show differences in rise and decay rates
among the products. (B) Ion profiles of two successive injections of
pure TME (m/z 83, 84, and 85) that show good reproducibility and
show no observable differences among the rise times (t10%–90%) of
these three ions associated with TME.
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pass over the cold surface of silica gel (dry ice – isobutyl al-
cohol temperature) where the ozone was trapped. After an
hour of trapping, the ozone–oxygen flow was replaced by
an ultrahigh purity nitrogen flow that was used to deliver
the trapped ozone to a 5 L Tedlar bag (Alltech Associates,
Inc.). The ozone–nitrogen mixture was observed to be stable
in the Tedlar bags for several hours. Aliquots of the mixture
were transferred to the 12 L bag reactor with a syringe and
released at room temperature. The ozone concentration in
the reactor was determined in separate experiments by ex-
hausting the reactor through a Dasibi ozone instrument (Da-
sibi, Inc., model X).

Chemicals
Pressurized mixtures of TME in N2, acetone in N2, and

hydroxyacetone in N2 were prepared using a gas manifold
system. Chemicals and gases used in these experiments
were: TME (Sigma-Aldrich, 99%), acetone (Sigma-Aldrich,
99%), hydroxyacetone (Sigma-Aldrich, 90%), pyruvic alde-
hyde (Sigma-Aldrich, 40 wt%), He (commercial grade
99.998, Airgas Inc.), methane (UHP 99.9995, Airgas Inc.),
N2 (UHP 99.9995, Airgas Inc.), O2 (UHP 99.9995, Airgas
Inc.), and isobutane (commercial grade 99.9, Airgas Inc.).

Results and discussion
Figures 3 and 4 show results for the ozone–TME reaction,

monitored using methane as the CI reagent. Figure 3A
shows the mass spectrum of the reactor contents when ozone
is the only added reagent; it shows significant fragmenta-
tions and severe overlapping of ions in at least three regions,
m/z 50–60, 65–75, and 80–90. These low intensity ions may
correspond to impurities associated with the injected ozone
into the reactor. Figure 3B shows the reaction mixture at a
long reaction time in the static reactor, after subtraction of
the prereaction background, much of which comes from the
ozone injection. The mass spectrum is dominated by ace-
tone, which produces a strong peak at m/z 59 ([M + 1]+)
and a few weaker fragments and isotopic variant peaks. The
CI mass spectra of pure acetone, TME, methylglyoxal, and
hydroxyacetone were obtained in separate experiments
(Fig. 5). Multiplying the pure acetone spectrum by an appro-
priate weighting factor, and then subtracting this from the
ozone–TME reaction mixture allows the contribution of ace-
tone to be removed. A similar procedure is used to remove
the small contribution of unreacted TME, and Fig. 3C shows
the resulting mass spectrum. The other products of the
ozone–TME reaction are now visible at mass peaks m/z 57,
60, 61, 73, 75, 83, and 101. The following paragraphs will
try to distinguish which of those ions are due to single prod-
ucts from multiple ion fragments of those products.

Figure 4A shows data obtained in the static reactor with-
out stirring. These data help to distinguish ions due to single
products of the ozonolysis of the TME reaction from multi-
ple ion fragments of those products. The experimental se-
quence in this case was injection of ozone, equilibration,
and then injection of TME at concentrations where nearly
all the TME is consumed. Figure 4 shows the rise and decay
of net ion signals, normalized to the maximum observed for
each ion (m/z 59, 61, 73, 75, and 83). Since the products of
the reaction are continuously diluted by the helium inflow
and (or) lost by adsorption to the bag wall, all stable com-
pounds show a long-time decline. The peak at m/z 83 arises
here almost entirely from an unidentified product in the bag
reactor, since the other TME fragment ions (m/z 57, 69, 84,
and 85) are absent (Fig. 5B).

The primary and secondary reactions in the ozone–TME
system run to near-completion (99%) within a few seconds,

Fig. 5. (A) The CI mass spectrum of pure acetone (dominated by
m/z 59). (B) The CI mass spectrum of pure TME (dominated by m/z
57, 69, 83, 84, and 85). The relative ratio of m/z 83–85 is 0.98. (C)
The CI mass spectrum of pure hydroxyacetone (dominated by m/z
75). (D) The CI mass spectrum of pure methylglyoxal (dominated
by m/z 61 and 73).

Table 1. Major ions observed by ion trap mass spectrometry
using CH4 chemical ionization, sampling from 1 atm (1 atm =
101.325 kPa) static reactor (without stirring), after ozone–TME
reaction, listed in order of decreasing rise rates.

m/z
Rise coefficient
(s–1)a

Tentative assignment
of neutral parent bp (8C)

59 0.004 06 Acetone 56
73 0.003 48 Methylglyoxal 72
83 0.002 86 (Not TME)
75 0.002 34 Hydroxyacetoneb 145c

101 0.002 33 TME oxirane
87 0.001 84 C5H10O
61 0.001 75 Acetic acid 118

aObtained by fitting (1 – exp(–a1t))a2 to measured signals vs time after
the injection of TME into the unstirred reactor containing excess O3 (with
O2) in He.

bIntermediate species with m/z 74 may contribute.
cDecomposes.
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and they occur in a relatively small volume of the bag reac-
tor at a considerable distance from the IT-MS sampling in-
terface. As the fully-reacted mixture mixes with helium at
atmospheric pressure in the bag, we might expect similar di-
lution and transport of all products at m/z 59, 61, 73, 75, and
83. Thus, we would expect all peaks to diffuse with an iden-
tical time behavior, which is not what we find. The individ-
ual ion signals’ time dependences were fitted to an
exponential growth expression to obtain coefficients for
comparison (Table 1). There are observable differences in
the rise rates among those five products at m/z 59, 61, 73,
75, and 83. Figure 6 shows the growth ion profile of m/z
59, 61, 73, and 75 in the absence and presence of isobutane.

We ascribe the differences in rates observed in Fig. 6 to
substance-dependent differential absorption and desorption at
the walls of the reactor bag, and in the atmospheric-pressure
portion of the glass capillary of the IT-MS interface. Re-

gardless of the mechanism, we conclude that each of the dis-
played ion curves corresponds to a distinct protonated
neutral species in the atmospheric-pressure reactor. This
means that no pair of the curves belongs to a pair of frag-
ments produced in the IT-MS by low-pressure chemical ion-
ization of a single species entering from the reactor.

In contrast, Fig. 4B shows the behavior of ions ascribed to
a single neutral parent; in this case, TME in the absence of
ozone, where two equal TME injections were performed,
separated by about 15 min. The small irreproducible differ-
ences between the ion profiles represent the relative
intensity measurement uncertainty for the ion trap mass
spectrometer over very long times. These differences indi-
cate the reliability of distinct neutral parent identifications
such as those in Fig. 4A.

We used the logistic growth function (1 – exp (–a1t))a2,
with adjustable coefficients a1(rise coefficient, s–1) and a2

Fig. 6. The function (1 – exp(–a1t))a2, with adjustable coefficients, was used to fit the initial growth of product ions of TME–O3 in the
stirred bag reactor. (A) The growth ion profile of m/z 59 in the absence of isobutane. (B) The growth ion profiles of m/z 61, 73, and 75 in
the absence of isobutane. (C) The growth ion profile of m/z 59 in the presence of isobutane. (D) The growth ion profiles of m/z 61, 73, and
75 in the presence of isobutane.
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(the upper limit of the growth), to fit the initial growth of
product ions versus time after injection of excess ozone into
the stirred reactor. This experiment was carried out by in-
jecting excess ozone into the stirred reactor containing
TME to monitor the unreacted TME and the products of the
TME–ozone reaction (Fig. 6). The measured growth time of
any ion may help in identifying that ion as a primary prod-
uct showing a short rising time or as a secondary product
showing a relatively long rising time. The growth of m/z 59
was associated with acetone. The growth of m/z 73, associ-
ated with methylglyoxal, was satisfactorily fitted with rise
times (t10%–90%) of 20 ± 4 s. In contrast, the growth of m/z
75, associated with hydroxyacetone (or other neutrals yield-
ing m/z 75 on protonation) was poorly fitted by the above
function. This conclusion was reached based on the chemi-
cal ionization mass spectra of pure acetone (dominated by
the protonated molecular ion m/z 59), methylglyoxal (domi-
nated by m/z 61 and the protonated molecular ion at m/z 73),
and hydroxyacetone (dominated by the protonated molecular
ion m/z 75) (Fig. 3).

The stirred-reactor data at m/z 75 indicated the presence
of both an immediate component and another component
with an induction delay of approximately 30 s. The ion at
m/z 61, presumably protonated acetic acid, grew with a rise
time (t10%–90%) of 50 ± 17 s, consistent with its identification
as a secondary product. Ions at m/z 87 and 101 also showed
slow rise times of approximately 63 ± 17 and 50 ± 16 s, re-
spectively, in the stirred reactor, diagnostic for secondary
products.

Unfortunately, the static reactor will not be effective for
gas-phase kinetic measurements of reactant decay and prod-
uct growth at atmospheric pressure for reaction times in the
range of 0.2–2 s. However, the stirred bag reactor provides
kinetic measurements in the range of 10–200 s, as well as
calibrated product yield measurements where the products
have been identified and are separately available in pure
form for response calibration. Without stirring, the bag reac-
tor assists in the identification of ions arising from distinct
gas-phase neutral species, as opposed to multiple low-pressure
ion fragments from single neutral parents.

Table 2 lists all primary and secondary products of the

ozone–TME reaction identified in the literature.1 All prod-
ucts that have a molar mass less than 50 (the first six in Ta-
ble 2) were not observed by the IT-MS, so they were not
measured in our experiments. We did not observe any de-
tectable signal at m/z 76 or 77 that might indicate the pres-
ence of peroxyacetic acid.

Niki et al.1 performed FTIR observations on the ozonoly-
sis of TME, with positive spectral identification of 11 prod-
ucts (Table 2). Their additional experiments with 18O3 in the
presence of 16O2 established that several of the observed
products incorporated only 16O and thus were products only
of free-radical reactions. Other evidence pointed to free-radical
reactions as the source of several observed products. Niki et
al.1 concluded that there were only three primary products:
acetone, methylglyoxal, and hydroxyacetone. Among the hy-
pothesized species with mass 74, only hydroxyacetone was
available to provide a reference FTIR spectrum, so precur-
sors of the same mass whose reference spectra were not
available, if present in the reaction mixture, would be con-
tained in the residual FTIR spectrum reported in that work,
and thus not reported as measured products.

In our system, the observed peaks at m/z 59, 73, and 75
probably correspond to protonation of the three primary
products identified by Niki et al.:1 acetone, methylglyoxal,
and hydroxyacetone. These three peaks also correspond to
those reported at m/z 58, 72, and 74 by Martinez and Her-
ron,19 who used electron-impact ionization to observe prod-
ucts from ozonolysis of TME in a stopped-flow reactor at a
total pressure of 4 Torr. In the case of m/z 75, our experi-
mental results do not exclude possible contributions from
protonation of thermalized neutral intermediates of mass 74,
such as 2-hydroperoxypropene or dimethylcarbonyl oxide.
However, quantum thermochemical calculations by Olz-
mann et al.22 predict very rapid dissociation of the hydroper-
oxide and persistence of the thermalized carbonyl oxide for
times on the order of only 0.1 ms. From their theoretical re-
sults, one would predict an inability to detect either the car-
bonyl oxide or the hydroperoxide in the time range
accessible to our experiments.

Calibrations and calculation of yields
As discussed previously, acetone, methylglyoxal, and hy-

droxyacetone are identified as primary products of TME
ozonolysis. For the purpose of quantitation of those prod-
ucts, we calibrated the response of the IT-MS (in CH4 chem-
ical ionization mode) to TME (Pvap = 99.665 Torr at 20 8C
from ref. 32), acetone (Pvap = 185.45 Torr at 20 8C from ref.
32), and hydroxyacetone (Pvap = 5.6 Torr at 20 8C from ref.
32; 7.6 mbar (1 bar = 100 kPa) in the MSDS) at their re-
spective dominant mass numbers. Using the internal fan to
stir the contents of the static reactor, we performed calibra-
tions with and without added isobutane, which is used in
some reaction experiments to scavenge OH, and found less

Table 2. Reported primary and secondary products for the
TME–O3 reaction (see refs. 1 and 16).

Compound name
Molecular
weight (g/mol) Chemical formula

Carbon monoxide 28 CO
Formaldehyde 30 HCOH
Methanol 32 CH3OH
Carbon dioxide 40 CO2

Methyl hydroperoxide 48 CH3OOH
Ozone 48 O3

Acetone 58 CH3COCH3

Acetic acid 60 CH3COOH
Methylglyoxal

(pyruvic aldehyde)
72 CH3COCHO

Methyl acetate 74 CH3COOCH3

Hydroxyacetone 74 CH3COCH2OH
Peroxyacetic acid 76 CH3COOOH
TME 84 (CH3)2C=C(CH3)2

Table 3. The initial concentration of all starting materials for
the TME–ozone reaction in the static-bag reactor.

Chemical Static-bag reactor
TME 10 ppm
Ozone Excess
Isobutane 0.04%
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than 10% differences in the responses at the isobutane con-
centrations used. We were unable to calibrate the response
to methylglyoxal due to difficulties in obtaining the pure
compound. The initial typical ozone, TME, oxygen, and iso-
butane concentrations for the bag reactor are listed in Ta-
ble 3. Since unstirred-bag experiments had indicated that
the signal at m/z 83 may correspond to an intermediate or a
product of the ozone reaction, we used only the sum of the
signals at m/z 84 and 85 to calibrate and measure TME in
the bag reactor experiments.

We measured the yields of the products of the ozone–
TME reaction in the stirred bag, relative to consumption of
TME. To calibrate the IT-MS response to TME, acetone,
and hydroxyacetone with the bag reactor interface, we used
a syringe to obtain known small volumes of air in vapor–
pressure equilibrium with the analyte liquid at a known tem-
perature, and injected them through the resealable hole in
the bag wall.

A series of experiments were carried out to measure the
response factor and relative response of the ion trap mass

Fig. 7. Static-bag reactor calibration curves of TME, acetone, and hydroxyacetone. The responses were corrected for dilution decay: (A)
acetone without isobutane, (B) acetone in the presence of isobutane, (C) TME without isobutane, (D) TME in the presence of isobutane, and
(E) hydroxyacetone without isobutane.

Table 4. The responses and relative responses of TME, acetone, and hydroxyacetone for the static-bag reactor.

Compound
Response without
isobutane

Response with
isobutane

Relative response
without isobutanea

Relative response
with isobutanea

TME (m/z 84, 85) 205.6±7.7 247.4±7.0
Acetone (m/z 59) 774.0±41.0 798.6±68.5 0.266±0.017 0.310±0.027
Hydroxyacetone (m/z 75) 142.0±2.0 1.42±0.058 (1.42±0.058)b

aThe relative responses were calculated with respect to TME.
bIt was concluded that the presence of isobutane does not affect the performance of the ion trap, therefore, this calibration was not

carried out. Based on the data shown in Fig. 7.
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spectrometer for the compounds. Under similar conditions
and isobutane concentrations as in the TME–O3 reaction,
the responses of the ion trap mass spectrometer for TME,
acetone, and hydroxyacetone were plotted against the stand-
ard concentrations. Best-fit regression lines were determined
from the data, the mathematical equations of the line were
then used to determine the response factors (R), and then to
determine the relative response factors (RR). The relative re-
sponses were calculated with respect to TME as follows: rel-
ative response = response of TME/response of a product.
Then, a number of experiments were performed to obtain the
product yield, which is given as yield = Dproduct/DTME �
RR, where RR is the relative response of acetone or hydrox-
yacetone with respect to TME, D is the change of concen-
trations of compounds formed or the change in
concentration of reacted TME. The D could be calculated
as the difference between the final concentrations (at the
completion of the reaction) and the initial (starting) concen-
tration.

The calibration results are given in Fig. 7; the slope of the
regression lines was used as the response (R) of the IT-MS
for each compound. The responses and the relative re-
sponses of TME, acetone, and hydroxyacetone for the static
bag in the absence and presence of the OH scavenger (iso-
butane) are given in Table 4. The results in Fig. 7 show the
dependence of responses of compounds on the presence of
isobutane, which apparently behaves as another source to
protonate the compounds and by altering the IT-MS signal
responses for polar compounds over nonpolar compounds
under the chemical ionization mechanism mode (see Supple-
mentary data).

In all cases, we calibrated the interface–IT-MS with and
without isobutane added. We used the appropriate response
calibration factor (with or without isobutane) in the calcula-
tion of product yields. The measured acetone yield (per mol-
ecule TME consumed) was nearly independent of the
presence of isobutane. This is expected since acetone is also
a major primary product of the reaction of O3 with TME.33

Though uncalibrated, the methylglyoxal yield relative to the
acetone yield increased by a factor of 1.7 with the addition
of isobutane, sufficient to compete equally (same reaction
half-life) with TME for reaction with OH. This is consistent
with earlier work that found that methylglyoxal is not a
product of the reaction of OH with TME,33 but that it is a
primary product of ozone plus TME.1 Table 5 shows a com-
parison of this work and other previous TME–ozone studies.

Conclusion

It was demonstrated that a static atmospheric pressure re-
actor coupled with an ion trap mass spectrometer can be
used to study gas-phase reactions. The TME–ozone reaction
was a sample case for the application of the new design.
The unstirred static reactor can be used to distinguish be-
tween different reaction products, while the stirred reactor
and the flow tube described in a companion paper can be
used to study the kinetics of the reaction and to follow the
product formation in different time ranges, as well as to
measure the product yields. This new design is convenient
to use because it permits continuous, sensitive, and specific
monitoring by the IT-MS.

Future work will seek to study short-lived intermediate
product behavior, for example, the as yet unconfirmed prod-
ucts we detect at m/z 75 and 83. The method can also be
used to investigate less well-studied biogenic alkene–ozone
reactions. Furthermore, future work will seek to test a newly
designed flow tube reactor, which will be coupled with the
same IT-MS detector system. This flow tube reactor will be
used to study the kinetics of the products as well as the
product yields. In principle, those instruments may be used
to study other oxidation reactions of hydrocarbons (e.g., re-
actions with OH and with NO3) relevant to atmospheric
chemistry at realistic pressures and temperatures.

Supplementary data

Supplementary data for this article are available on the
journal Web site (canjchem.nrc.ca).
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Temperature and density effects on the
absorption maximum of solvated electrons in sub-
and super-critical methanol

Y. Yan, M. Lin, Y. Katsumura, Y. Muroya, S. Yamashita, K. Hata, J. Meesungnoen,
and J.-P. Jay-Gerin

Abstract: The optical absorption spectra of the solvated electron (e�sol) in sub- and super-critical methanol are measured
by both electron pulse radiolysis and laser photolysis techniques, at temperatures in the range 220–270 8C. Over the den-
sity range studied (~0.45–0.59 g/cm3), the position of the absorption maximum (EAmax

) of e�sol is found to shift only
slightly to the red with decreasing density. In agreement with our previous work in water, at a fixed pressure, EAmax

de-
creases monotonically with increasing temperature in passing through the phase transition at Tc (239.5 8C). By contrast, at
a fixed density, EAmax

exhibits a minimum as the solvent passes above the critical point into the supercritical state. These
behaviors are discussed in terms of microscopic arguments based on the changes that occur in the methanol properties and
methanol structure in the sub- and super-critical regimes. The effect of the addition of a small amount of water to the alco-
hol on the optical absorption energy of e�sol is also investigated.

Key words: methanol, methanol–water mixtures, supercritical fluid, solvated electron, absorption spectrum, density fluctua-
tions, critical phenomena.

Résumé : En utilisant les techniques de radiolyse pulsée et de photolyse éclair, nous avons mesuré les spectres d’ab-
sorption optique de l’électron solvaté (e�sol) dans le méthanol à l’état sous- et supercritique, à des températures entre 220 et
270 8C. Dans la gamme de densité étudiée (~0,45–0,59 g/cm3), nous observons un léger déplacement du maximum d’ab-
sorption (EAmax

) de e�sol vers le rouge (soit vers des énergies plus faibles) lorsque la densité diminue. De façon similaire à
ce que nous avions observé précédemment dans l’eau, à pression fixée, EAmax

diminue de façon monotone lorsque la tem-
pérature augmente en passant la transition de phase à Tc (239,5 8C). En revanche, à une densité fixée, EAmax

présente un
minimum lorsque le solvant passe au-dessus du point critique dans l’état supercritique. Ces comportements sont discutés
en termes d’arguments microscopiques basés sur les changements qui interviennent dans les propriétés du méthanol et la
structure de celui-ci dans les régimes sous-critique et supercritique. L’effet de l’addition d’une faible quantité d’eau à
l’alcool sur EAmax

au voisinage du point critique a aussi été étudié.

Mots-clés : méthanol, mélanges méthanol–eau, fluide supercritique, électron solvaté, spectre d’absorption, fluctuations de
densité, phénomène critique.

Introduction

In the last two decades, there has been an increased inter-
est in various applications of supercritical fluids (SCFs).1,2

Besides their importance from the standpoint of fundamental
chemistry, and especially the question of their unique physi-
cochemical properties, SCFs have drawn interest because of
their innovative role in a variety of chemical processes and
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technological applications. Among the most attractive appli-
cations used or being considered in this area are the
possibility of using SCFs as alternative single-phase envi-
ronment-friendly ‘‘green’’ reaction media for the synthesis
of new materials and the destruction of hazardous waste
compounds.3–9 Underlying this growing attention to SCFs is
the fact that many of their properties are distinctly different
from those of ambient liquid fluids. In particular, it is possi-
ble to sensitively control the reaction rate and the selectivity
by varying the density continuously at constant temperature
over a wide range from liquid- to gas-like values using only
small changes in the applied pressure.

To investigate the reaction mechanisms up to supercritical
conditions, one possible measurement is to establish an in
situ method to infer time-resolved information on transient
species at high temperatures and pressures. The solvated
electron (e�sol) is ubiquitous and one of the most important
species in radiolysis and photolysis. Since its original identi-
fication in aqueous solution in the early 1960s,10,11 the stud-
ies of the properties of solvated electrons in various
solvents, as well as under different conditions, have attracted
much attention in many diverse research areas. The optical
absorption spectra of solvated electrons in polar liquids are
broad, asymmetrical, and featureless bands with a long tail
on the high-energy side of the spectrum. The investigation
of the absorption spectrum of e�sol is not only significant for
our understanding of how the solvent molecules play a cen-
tral role in solvation processes and in the mechanism of re-
actions involving the solvated electron, but is also helpful
for revealing the microscopic structure of solvent-cluster
anions.

Recently, spectroscopic techniques implementing a high-
temperature, high-pressure optical cell coupled with an elec-
tron accelerator or a short-pulsed laser have been developed
by several groups12–14 for the study of SCFs. Our group also
has developed spectroscopic systems applicable to pulse
radiolysis – laser photolysis experiments on supercritical
water (SCW) and alcohols. Two high-temperature, high-
pressure optical cells have successively been designed and
used.15–19

In our previous work,20 we measured, using electron pulse
radiolysis experiments, the absorption spectra of the hy-
drated electron (e�aq) in sub- and super-critical water (D2O)
at different temperatures and densities. A most remarkable
result was that at a fixed pressure (25 MPa), EAmax

decreases
(the position of the maximum absorption shifts to the red)
monotonically with increasing temperature in passing
through the liquid–SCW phase transition at Tc (370.74 8C),
but exhibits a minimum at a fixed density (0.2 and 0.65 g/cm3)
as the water passes above Tc into SCW. Also, over the den-
sity range studied (~0.2–0.65 g/cm3), the position of the
maximum of the e�aq absorption spectra was found to move
only slightly (~5.5%) toward the red when the density de-
creased, in marked contrast with computer simulation stud-
ies21 that predicted an ~46% decrease of EAmax

for the same
range of density. These behaviors were explained in terms
of simple microscopic arguments based on the changes that
occur in the water properties and the water structure in the
subcritical water and SCW regimes. Most importantly, the
role played by local density and molecular configurational
fluctuations (associated with criticality) in providing pre-

existing polymeric clusters, which act as trapping sites for
the excess electron, was a pivotal point in the interpretation
of the data. For example, we estimated that in SCW at
400 8C, the average size of a water cluster anion ðH2OÞ�n
was n * 26–32 water molecules in the investigated density
range. Such cluster size values are consistent with reported
experimental clustering data for ðH2OÞ�n ions, indicating
that interior-bound excess electron states are energetically
favored (compared with surface states) in these sub- and
super-critical regions. Electrons ‘‘internalized’’ in such clus-
ters can, alternatively, be viewed as microscopic probes of
the local structure of their host environment.

Alcohols form an interesting class of liquids that can be
used to investigate the factors influencing the formation and
stabilization of electrons in fluids. Considering that the
structure of methanol is very like that of water (methanol,
the simplest alcohol, may be considered as ‘‘methylated
water’’), just one methyl group replacing one H� atom, it is
reasonable to assume that density-dependent behaviors similar
to those observed for water also exist in sub- and super-critical
methanol (SCM). In this work, we report our measurements
of the temperature and density (pressure) dependences of the
absorption band maximum of e�sol in sub- and super-critical
methanol at temperatures from 220 to 270 8C, using electron
pulse radiolysis and laser photolysis experiments. The effect
of the addition of a small amount of water to the alcohol on
the optical absorption energy of e�sol is also investigated.

Experimental
Two different high-temperature, high-pressure cells

(Taiatsu Techno) were used in pulse radiolysis and laser
photolysis experiments, coupled with a linear electron accel-
erator or a KrF excimer laser (Lambda Physik, Compex 102;
pulse duration, 20 ns; l = 248 nm), respectively, at the Nu-
clear Professional School of the University of Tokyo.

As guaranteed by the manufacturer, the corrosion-resistant
Hastelloy HC22 irradiation cells, equipped with sapphire
windows, can withstand maximum temperatures of ~400 8C
and maximum pressures of ~40 MPa. The optical path
length was 15 mm for both cells. Compared with the optical
cell for pulse radiolysis experiments, which has only two
sapphire windows, the cell for laser photolysis experiments
consists of three windows, one for the incidence of laser
and the other two for analyzing light. Other details of these
cells were described previously.17,18,22,23

For the pulse radiolysis experiment, the electron beam
had an energy of 35 MeV and its width was ~50 ns with a
dose (in water at room temperature) of ~45 Gy/pulse. The
laser photolysis experiments were generally carried out us-
ing a 248 nm (5 eV) KrF excimer laser, with a pulse dura-
tion of 20 ns and an energy of 100 mJ/pulse. The UV
photons were used to generate solvated electrons via the
photodetachment of I – ions dissolved in the alcoholic solu-
tion (the energy of the lowest CTTS band of the iodide ion
in methanol at 25 8C is known to be centered at ~5.6 eV
above the ground state).19,24

In both the pulse radiolysis and laser photolysis experi-
ments, a flow system, which was composed of a high-
performance liquid chromatography (HPLC) pump and a
back pressure regulator, was used. The solution was loaded
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into the cell by the HPLC pump, and the pressure was ad-
justed with the back pressure regulator. Four thermocouples
were used to monitor temperatures at the preheater and the
heater of the cell; one of these thermocouples was placed in-
side the solution for monitoring the temperature of irradiated
samples. The trigger to the linear accelerator or laser, the
pulsed xenon lamp and the monochromator (Shimadzu
SPG-120S for the UV–vis spectral region and SPG-120IR
for the near-IR region), as well as data accumulation and
transfer were all controlled by a computer.

For the UV–vis region (400–900 nm), a silicon photo-
diode was used as a detector. Because the light intensity
was strong enough in this region, no preamp was necessary.
An InGaAs p-i-n photodiode detector was used for the near-
IR region (800–1250 nm). The signals were amplified 3–
100 times by a variable gain 200 MHz wideband voltage
amplifier DHPVA-200 (FEMTO, Germany) before being
sent to a digital oscilloscope that was connected to a PC
through a GPIB interface. A blocking filter of 750 nm was
employed to cut the scattered and multiple order light for
the measurements ranging from 800 to 1250 nm. In our ex-
perimental conditions, the errors on the positions of the ab-
sorption maxima (EAmax

) were estimated to be ±0.012 eV
(i.e., ~2%).

In the laser flash photolysis experiment, the solvated elec-
tron generated by the resonant one-photon photodetachment
of I – pumped directly into its charge-transfer-to-solvent
band, was not the only species absorbing light in the energy
range of 0.7 to 4.0 eV. Thus, at room temperature we could
not directly obtain a ‘‘pure’’ absorption spectrum of e�sol in
laser photolysis (unlike in pulse radiolysis), but a mixed
spectrum (recorded at the end of laser pulse) of e�sol and the
I��2 anion radical. However, I��2 , with its absorption bands at
1.67 and ~3.2 eV (i.e., ~740 and 380 nm), has a much lon-
ger lifetime than e�sol. Therefore, the overlapping spectra of
e�sol and I��2 can easily be separated.19,25 In this study, since
only high temperatures (in the range from 220 to 270 8C)
were used, the peak positions of the e�sol spectrum were al-
ways lower than 1.33 eV; therefore, it was not necessary to
consider the effect owing to the absorption of the I��2 anion
radical. As the extinction coefficient at 248 nm of I – is
known to increase with increasing temperature in methanol,
more solvated electrons were produced at higher tempera-
ture in the solution for a given concentration of KI. In the
present experiment, a concentration of 0.1 mmol/L KI in
methanol was used.

Dehydrated methanol (CH3OH) with a purity >99.8%
(containing <50 ppm water), methanol with a purity of
99.8% (G.R. grade) (assuming that the remainder is water,
this would correspond to a mole fraction for H2O of
0.36%), and high-purity potassium iodide (KI) were pur-
chased from Wako Pure Chemical Industries Ltd. and used
as received. The pure alcohols or dilute (0.1 mmol/L) KI–
methanol solutions were deaerated by bubbling with high-
purity argon gas before being pumped into the irradiation
cell. Methanol densities at the various temperatures and
pressures used in this study were taken from the NIST
Chemistry WebBook.26

Results and discussion
After irradiation of methanol (99.8%) with a high-energy

electron pulse, the absorption of solvated electrons could
clearly be detected by spectrophotometry even up to
270 8C. Figure 1 shows the temperature dependence of
EAmax

near the critical point of methanol (Tc = 239.5 8C,
Pc = 8.10 MPa, and rc = 0.280 g/cm3)26 at our two limiting
bulk methanol densities (namely, 0.50 and 0.55 g/cm3).
These data suggest that at constant density (at least over the
density range studied here), EAmax

first decreases (the maxi-
mum absorption shifts to the red) as temperature increases in
the subcritical region up to the critical point, reaches a
(well-defined) minimum near this point, and then rises (the
absorption spectrum shifts to the blue) as the temperature is
increased further in the supercritical region. Interestingly,
similar behavior was observed for the temperature depend-
ence of EAmax

of the hydrated electron as the water (D2O)
passes above Tc into SCW.20 Here, however, the minimum
value of EAmax

(~245–250 8C, slightly depending on the den-
sity) does not occur exactly at the critical point. As our
study below makes clear, this slight change in EAmax

can be
attributed to the presence of a small amount of water in the
methanol used in the experiments.

Figure 2 shows the effects caused by the presence of
water in methanol on the minimum value of EAmax

versus
temperature. Using pulse radiolysis and laser photolysis, ex-
periments were carried out for dehydrated methanol, metha-
nol (99.8%), and a 1 mol% water–methanol mixed solution
at several temperatures in the range of 220 to 270 8C, at a
fixed density of r = 0.55 g/cm3. As seen in Fig. 2, the
shapes of the curves and the positions of the minima of
EAmax

found for dehydrated methanol by both nanosecond
pulse radiolysis and laser photolysis are practically the
same, indicating that these two methods are reliable for
methanol. For dehydrated methanol and methanol (99.8%),
we ignored the water effect on the density and assumed that

Fig. 1. Energy of the maximum absorption (EAmax
) for the solvated

electron (e�sol) in sub- and super-critical methanol (SCM) (CH3OH)
as a function of temperature at two different densities: 0.5 and
0.55 g/cm3. A minimum of EAmax

versus temperature is observed at
both densities as the methanol passes above Tc (239.5 8C) into
SCM. Smooth lines are polynomial fits to the experimental data.
Error bars for EAmax

are shown at the ends of the curves.
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at the same temperature and pressure, the densities of these
two kinds of methanol were also the same. Since there is no
density data available for the mixtures of methanol and
water, we just used the same conditions of temperature and
pressure as for the other two kinds of methanol studied. The
results show that, for dehydrated methanol, the minimum of
EAmax

is precisely located at the critical point of methanol
(239.5 8C), as was the case with D2O.20 For methanol
(99.8%) containing a little water, the shape of the EAmax

–
temperature curve is roughly similar (in particular, its width
is increased) to what we observe for methanol without
water, but the position of the minimum of EAmax

is clearly
shifted from Tc to higher temperatures (~248 8C). This shift
is even larger for methanol containing 1 mol% of water. For
this latter case, although EAmax

first decreases with increas-
ing temperature, there is no obvious tendency for it to in-
crease after passing through the minimum point (near
255 8C). In addition, with the addition of 1 mol% of water
to the methanol, the width of the curve of EAmax

versus tem-
perature increases significantly.

In a series of papers, Gordon Freeman and co-workers27

investigated in considerable detail the effect of water con-
tent on EAmax

(and also on the yield of solvated electrons at
1 ms) at room temperature in several alcohols. These authors
indicated that addition of up to 30 mol% of water causes the
EAmax

in methanol to decrease gradually. At around
30 mol% water EAmax

remains approximately constant until
80 mol%, and then decreases again to the value of EAmax

in
pure water. Figure 2 shows that below the critical tempera-
ture, the difference between the values of EAmax

in dehy-
drated methanol and in methanol containing 1 mol% water

is in the range of experimental error. However, above the
critical temperature the values of EAmax

in dehydrated meth-
anol are clearly higher than those in 1 mol% water–methanol
solutions. As changes in EAmax

imply that the energy of the
bound state for the solvated electron is changed,27,28 this in-
dicates that in the supercritical state there is a change in the
intermolecular structure of the solvent (which in fact corre-
sponds to a decrease in the degree of local order) at the ex-
cess electron site caused by the addition of a small amount
of water to the alcohol.

The temperature dependence of EAmax
in methanol

(99.8%) is further displayed in Fig. 3 under two different ex-
perimental conditions, namely, at constant density (0.55 g/cm3)
and along an isobar (20 MPa). As we can see, at tempera-
tures higher than ~230–235 8C, the two EAmax

–temperature
curves move away from each other. Whereas EAmax

exhibits
a minimum around 245 8C (as shown in Fig. 1), we observe
on the contrary, at fixed pressure, a smooth monotonic red-
shift of the e�sol absorption maximum in passing through the
liquid–SCM phase transition. These behaviors bear a strik-
ing similarity to those previously observed for sub- and
super-critical water (D2O).20

Figure 4 shows the absorption spectra of the solvated
electron obtained after an ~50 ns pulse at a constant temper-
ature of 245 8C in SCM at three different pressures: 15, 24,
and 35 MPa for which the corresponding methanol (bulk)
densities are 0.495, 0.549, and 0.587 g/cm3, respectively.
Although methanol itself has strong absorbance below
~1 eV (or above ~1240 nm), we can clearly see the position
of the maximum of the e�sol spectra, which is found to shift
slightly to lower energies (or longer wavelengths) with de-
creasing density. In fact, the EAmax

(obtained by Lorentzian
fitting) of the e�sol spectra in Fig. 4 changes from 1.34 eV at

Fig. 2. Energy of the maximum absorption (EAmax
) for the solvated

electron (e�sol) in sub- and super-critical methanol (CH3OH) as a
function of temperature at a fixed density (0.55 g/cm3) for dehy-
drated methanol (containing <50 ppm water) using electron pulse
radiolysis (&) and laser photolysis (~), for methanol (99.8%)
using electron pulse radiolysis (*), and for a 1 mol% water–
methanol mixed solution using laser photolysis (!). As demon-
strated for dehydrated methanol, the minimum for EAmax

is pre-
cisely located at the critical point of methanol (239.5 8C). Error
bars for EAmax

are shown at the ends of the curves.

Fig. 3. Energy of the maximum absorption (EAmax
) for e�sol in sub-

and super-critical methanol (SCM) (CH3OH) as a function of tem-
perature for two different thermodynamic conditions: at a constant
density (0.55 g/cm3) and at a fixed pressure (20 MPa). The inset
shows the temperature dependence of the methanol density at 9 and
20 MPa. The (liquid–SCM) phase transition is indicated by an ar-
row at Tc (239.5 8C). Smooth lines are polynomial fits to the ex-
perimental data.
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0.587 g/cm3 to 1.27 eV at 0.495 g/cm3, a decrease of
0.07 eV (~5.2%). Similar behavior was also observed for
the density dependence of EAmax

of solvated electrons in
supercritical D2O20 as well as in supercritical ammonia29

and deuteroammonia.30

In Fig. 5 we show EAmax
as a function of density in a dou-

ble logarithmic plot for the temperature of 245 8C in dehy-
drated methanol and in methanol (99.8%). As can be seen,
there is a good linear relationship of EAmax

with density,
very similar to what we observed in the case of heavy
water,20 and the two resulting lines (calculated by least-
squares fits to the data) are almost superposed. Therefore,
this indicates that above the critical temperature and for the
~0.45–0.59 g/cm3 density range studied, the variation of
EAmax

(in eV) with bulk methanol density (r, in g/cm3) can
be well represented by the empirical equation

½1� EAmax
¼ AðTÞrp

where the exponent p & 0.306 (±0.01) for dehydrated
methanol and p & 0.322 (±0.01) for methanol (99.8%), is
the slope of the lines, and A is a proportionality coefficient,
which, according to our results for SCW (D2O),20 varies lit-
tle with temperature (fitted values of A are, respectively,
1.208 for dehydrated methanol and 1.210 for methanol
(99.8%)). Considering the experimental error, the difference
regarding the effects of density on EAmax

in methanol
(99.8%) and dehydrated methanol at a fixed temperature can
simply be ignored.

Some simple microscopic arguments, based on the large
density fluctuations (or inhomogeneities) and the highly dis-
rupted hydrogen bond network associated with criticality,
can be employed to better understand, at the molecular
level, the mechanisms of localization and solvation of
excess electrons in near-critical methanol and SCM. As
discussed in our previous work on e�aq in SCW,20 these argu-
ments rely on the pioneering work of Jortner and Gaathon31

who proposed that local density fluctuations can be viewed
as pre-existing clusters that act as electron traps. As for
water, this proposition is particularly relevant for SCM
where structural investigations32 have clearly shown the ex-
istence of significant methanol ‘‘clustering’’ and the forma-
tion of hydrogen-bonded molecular clusters whose number
decreases with increasing temperature and decreasing den-
sity. However, whereas many studies have focused on the
electronic structure, spectroscopy, and dynamics of ðH2OÞ�n ,
similar investigations for methanol cluster anions
(ðCH3OHÞ�n ) have so far received little attention.33–37 In-
deed, since the first detection of ðH2OÞ�n ions mass spectro-
scopically in 1981,38 significant experimental and theoretical
efforts have been devoted to exploring how excess electrons
are bound to water clusters (over a very wide range of clus-
ter sizes) and, more recently, the key issue of the existence
of both surface and internal states of hydrated electron clus-
ters in relation to the bulk hydrated electron as n ? ? (see
refs. 20, 37, 39, 40, and refs. therein). Much of this work
has centered on the photoelectron and absorption spectro-
scopic studies of ðH2OÞ�n clusters as a function of size (n),
providing a wealth of information about the nature of the
excess electron–water interactions in these clusters. One
most important result is that the parameters that govern the

Fig. 4. Optical absorption spectra of the solvated electron e�sol in
supercritical methanol (dehydrated CH3OH) at 245 8C obtained by
electron pulse radiolysis at various pressures (densities): (a)
15 MPa (0.495 g/cm3, &), (b) 24 MPa (0.549 g/cm3, *), and (c)
35 MPa (0.587 g/cm3, ~). The data are recorded just at the end of
the electron pulse (~50 ns). The end-of-pulse absorbance decreases
with decreasing density, reflecting the fact that the deposited dose
decreases as the density decreases. As for the hydrated electron
spectrum in supercritical D2O (ref. 20), a broadening of the maxi-
mum of the e�sol absorption spectrum is observed at lower density
(curve (a)), which is attributed to an increasing randomness of the
supercritical phase e�sol trap configurations. The experimental points
within the 1.0–1.7 eV energy range are fitted by Lorentzian func-
tions (smooth lines) to read out EAmax

. Dose per pulse, 45 Gy; opti-
cal path length, 1.5 cm.

Fig. 5. Double logarithmic plots of the energy absorption maximum
(EAmax

, in eV) for e�sol against bulk methanol density (r, in g/cm3)
in supercritical CH3OH at 245 8C: in methanol (99.8%, &) and in
dehydrated methanol (containing <50 ppm water, *). Straight lines
are fits to the experimental data. The errors in our EAmax

values are
~2%.
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whole line shapes of both the ðH2OÞ�n cluster photoelectron
and absorption spectra (namely, peak energy position, Gaus-
sian peak width to the low-energy side, and Lorentzian peak
width to the high-energy side) can be fitted linearly in n–1/3

(which derives from the reciprocal of cluster radius).40 For
example, the fit of the peak centres of the photoelectron
spectra (PES) (or ‘‘vertical detachment energies’’ (VDEs),
representing the energy required to remove an electron with
no change in nuclear geometry) gives39,40

½2� Emax;PES;H2OðnÞ ¼ VDEðnÞ ¼ �5:65n�1=3 þ 3:25

where n is the number of water molecules and Emax is in eV.
A similar linear relationship is obtained between the peak
centres of the absorption spectra (ABS) and n–1/3,
namely,20,39,41

½3� Emax;ABS;H2OðnÞ ¼ EAmax
¼ �2:403n�1=3 þ 1:783

Equation [3] builds a bridge, connecting EAmax
to the

ðH2OÞ�n cluster size or, alternatively, the electronic absorp-
tion maxima to the local molecular microstructures accom-
modating the excess charge. Notably, much of the
absorption spectrum of the bulk hydrated electron (which is
inherently an ‘‘internal’’ state) is immediately evident from
the fitted cluster value of Emax when n ? ?. Indeed, as we
can see from eq. [3], Emax extrapolates to the bulk e�aq ab-
sorption value in ambient water (lAmax

= 715 nm or EAmax
=

1.73 eV in H2O at 25 8C),42 which is consistent with water
cluster anions characterized by internalized excess electron
states.

Unfortunately, for methanol, while the photoelectron
spectra of ðCH3OHÞ�n (n * 70–460) are known, their ab-
sorption spectra are not. Nevertheless, as far as the
ðCH3OHÞ�n cluster photoelectron spectra are concerned,
there are clear analogies with the anionic water cluster spec-
tra. In particular, there is evidence for two isomeric classes
of methanol cluster anion excess electron states (evolving
smoothly with cluster size),43 namely, an internally local-
ized, bulklike electron state (methanol I) and a weakly
dipole-bound surface state (methanol II).35,37 Just as in
ðH2OÞ�n clusters, the measured photoelectron peak centres
Emax (in eV) have been fitted linearly in n–1/3, giving for
methanol I,35

½4� Emax;PES;CH3OHðnÞ ¼ �2:25n�1=3 þ 2:51

Analogies also exist between the most stable (higher elec-
tron binding) isomer I clusters for methanol and water clus-
ter anions (assigned both with an internally solvated
electron); for example, their formation is favored under sim-
ilar ion source conditions, their VDEs are similar for compa-
rably sized clusters, and their ultrafast excited-state
relaxation dynamics exhibit similar trends.37 Moreover, the
solvation of an electron in bulk methanol is similar to that
in water in that the electron resides in a roughly spherical s-
type ground state of ~2.5 Å radius surrounded by approxi-
mately six methanol molecules in the first solvent shell
with mostly O–H bond orientation and followed by three lo-
calized, nondegenerate p-like excited states.44 As in normal
bulk liquid water, the absorption spectrum is dominated by
three bound–bound s ? p transitions resulting in a single,
broad, asymmetric, and structureless band centered at

EAmax
= 1.97 eV (630 nm) at 25 8C.25,44,45 Since measure-

ments of the electronic absorption spectra of size-selected
methanol anion clusters have not yet been reported, it is not
unreasonable, in view of the close relationship between the
spectroscopy and dynamics of excess electrons in clusters
and bulk solvated electrons in water and methanol, to pro-
pose that the linear scaling of EAmax

with n–1/3 observed for
ðH2OÞ�n 20,39,41 also applies for ðCH3OHÞ�n . Under this as-
sumption, EAmax

ðnÞ may then simply be written in the same
functional form as eq. [3] as follows:

½5� EAmax
¼ �BðTÞn�1=3 þ CðTÞ

where the coefficients B and C depend on the temperature.
Obviously, as n ? ?, ðCH3OHÞ�n clusters accommodating
internal electron states (methanol I) will grow into bulk sol-
vated electrons as a constraint on the properties of e�sol. In
other words, the n–1/3 plot of EAmax

for those clusters should
extrapolate meaningfully to the bulk solvated electron ab-
sorption value,25,44,45 implying that in ambient methanol C
(25 8C) * 1.97 eV. Combining eqs. [1] and [5] would offer
a potentially useful method (see eq. [4] of ref. 20) for pre-
dicting the average size of a methanol anion cluster at a gi-
ven temperature for any value of the density. Since B(T) is
unknown at this stage for ðCH3OHÞ�n , we are left to specu-
late that the cluster size values in SCM are comparable to
those estimated20 in supercritical D2O (at 400 8C, we esti-
mated that n decreases from ~32 to 26 for a change in den-
sity from ~0.65 to 0.2 g/cm3). These values are not
inconsistent with the most recent molecular dynamics simu-
lations of Krishtal et al.,32 who found n * 15–20 for near-
critical methanol at ~212 8C and r = 0.65 g/cm3. Overall,
one can assume that just as in water, the amplitudes of den-
sity fluctuations (or sizes of existing clusters) in subcritical
methanol and SCM are sufficiently large to ensure interna-
lized electron capture and solvation.

Some discussion, based on the above microscopic argu-
ments, should be added here with regard to the temperature
and density dependences of EAmax

in the vicinity of the crit-
ical point. As demonstrated in Fig. 3, at fixed pressure EAmax

decreases with increasing temperature, which means that the
excess electron is less solvated or, in other words, that the
average cluster size of ðCH3OHÞ�n decreases. On the other
hand, Fig. 5 indicates that at a fixed temperature EAmax

shifts
(slightly) to higher energies as the pressure increases, imply-
ing the formation of larger cluster anions. These results can
be used to explain, at least partly, the behavior of EAmax

as a
function of temperature at two constant bulk densities as
shown in Fig. 1. In fact, the observed decrease in EAmax

when the temperature is raised in the subcritical region can
readily be attributed to a (gradual) decrease in hydrogen
bonding with increasing temperature,32 which results in a
decrease of the average size of the existing clusters. There-
fore, in these conditions, the ‘‘structure-breaking’’ effect of
the temperature (i.e., the higher temperature causes the clus-
ter size to decrease) dominates the ‘‘structure-making’’ ef-
fect of the pressure (i.e., the higher pressure required to
keep the density constant while increasing the temperature
works toward an increase in the cluster size). However,
above the critical point, the competition between the struc-
ture-breaking and -making effects (in other words, the de-
crease and increase in the cluster size) of the temperature
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and pressure appears to be inverted. In fact, on the basis of
our experimental results, we are led to conclude that the
structure-making effect of the pressure is larger above Tc.
These findings are interesting in the sense that they can
shed some light on the size of clusters as temperature in-
creases at constant bulk density (actually, we know of no
published work on this subject). As originally proposed by
Jortner and Gaathon,31 a ‘‘snowball effect’’ could explain
the variation of EAmax

vs temperature at constant bulk den-
sity in SCM (just as in SCW). In this regard, such an effect
would likely induce an increased pressure-dependent local
clustering around the initially formed charged cluster, lead-
ing to cluster growth. Obviously, the existence of this effect,
and especially its dependence on the thermodynamic (tem-
perature and pressure) conditions and its time scale, would
certainly deserve further investigation. Quantum-classical mo-
lecular dynamics simulations of the excess electron-binding
structures at play in SCM (and SCW) would likely be of
great help to better understand the detailed atomistic picture
underlying these findings. Finally, as seen in Fig. 2, holding
density constant, the presence of a small amount of water in
methanol affects the spectral peak positions EAmax

, which in-
dicates that the density of the bulk methanol is not the most
important variable in determining the position of the e�sol ab-
sorption maximum at temperatures that are near-critical or
higher. What, in fact, plays a crucial role in the determina-
tion of EAmax

in the sub- and super-critical regions is the ex-
tension of the microscopic changes in the fluid structure
(i.e., the amplitude of density fluctuations or, alternatively,
the size of pre-existing methanol clusters to which the elec-
tron is confined).20

Conclusion
In this study, we measured the absorption spectra of the

solvated electron in sub- and super-critical methanol at dif-
ferent temperatures (in the range of ~220 to 270 8C) and
densities (or pressures) using electron pulse radiolysis and
laser photolysis techniques. Over the density range studied
(~0.45–0.59 g/cm3), the e�sol absorption maximum is found
to shift only slightly to the red with decreasing density, in
agreement with our previous work in water. The data show
that EAmax

varies linearly (in a double logarithmic plot) with
density for the temperature investigated (namely, 245 8C)
and that the resulting lines are nearly the same for methanol
(99.8%) and dehydrated methanol (within the experimental
uncertainties). It is also shown that above the critical tem-
perature, the values of EAmax

in dehydrated methanol are
higher than those in 1 mol% water–methanol solutions, indi-
cating that in the supercritical state there is a change in the
intermolecular structure of the solvent at the excess electron
site caused by the addition of a small amount of water to the
alcohol. The temperature dependence of EAmax

in sub- and
super-critical methanol further reveals that at a fixed pres-
sure (20 MPa), EAmax

decreases monotonically with increasing
temperature while passing through the liquid-supercritical
phase transition at Tc, but exhibits a minimum at fixed den-
sities (0.50 and 0.55 g/cm3) as the methanol passes above Tc
into SCM. These behaviors can be understood by means of
simple microscopic arguments based on the changes that oc-
cur in the methanol properties and methanol structure in the

sub- and super-critical regimes. Most importantly, the role
of local density and molecular configurational fluctuations
(associated with criticality) in providing pre-existing poly-
meric clusters, which act as trapping sites for the excess
electron, is a pivotal point in the interpretation of the data.
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Surface-mediated synthesis of
organophosphorus-based hydrazides using basic
alumina

Kavita, P. Joshi, N. Sharma, and Y.C. Joshi

Abstract: The surface-mediated synthesis of O-alkyl alkylphosphorohydrazides and N,N-dialkylamino alkylphosphorohy-
drazides from phosphoryl chlorides is described. The effect of the presence of chromatographic-grade Al2O3 (basic) on the
hydrazinolysis of a series of O-alkyl alkylphosphonic chlorides and N,N-dialkylamino alkylphosphonic chlorides has also
been investigated. It was observed that higher yields of the less-hindered hydrazides were obtained

Key words: O-alkyl alkylphosphonic chlorides, N,N-dialkylamino alkylphosphoric chlorides, phosphorohydrazides, surface
mediated, Al2O3 (basic).

Résumé : On décrit une méthode de synthèse catalysée par la surface de O-alkylphosphorohydrazides et de N,N-dialkyl-
aminoalkylphosphorohydrazides à partir de chlorures du phosphoryle. On a aussi étudié l’effet de la présence d’alumine,
Al2O3 (basique), de qualité chromatographique sur l’hydrazinolyse d’une série de chlorures d’acides O-alkyl alkylphospho-
niques et d’acides N,N-dialkylamino alkylphosphoniques. Il a été observé que les rendements obtenus sont plus élevés
avec les hydrazides les moins encombrées.

Mots-clés : chlorures d’acides O-alkyl alkylphosphoniques, chlorures d’acides N,N-dialkylamino alkylphosphoniques,
Al2O3 (basique).

Introduction

The chemistry of organophosphorus compounds is a rap-
idly developing area of research because of their importance
in industrial, agricultural, biochemical, and medicinal appli-
cations.1 It is interesting to note that the variation in their
physical, chemical, and biological properties is governed by
the selection of the group attached to the phosphorus atom.
Although phosphorous compounds containing the P–C bond
are not abundant in nature, they have diverse range of bio-
logical activity and have attracted considerable synthetic
and pharmacological interest.2

Hydrazides are versatile intermediates for the synthesis of
hydrazones,3 pyrazoles,4 and various heterocyclic com-
pounds.5 It is well known that hydrazides play an important
role in antimicrobial activity. Furthermore, a number of hy-
drazide derivatives have been reported to possess interesting
antibacterial,antifungal,6–8 anticonvulsant,9,10 anti-inflamma-
tory,11,12 antimalarial,13 and antituberculosis activities.3,14–18

Several methods have been reported in the literature for
the synthesis of hydrazides.19 However, the synthesis of
phosphorohydrazides has not been fully explored. There
have been only a few reports on the synthesis of phosphoro-
hydrazides, and these have several drawbacks such as the
use of carcinogenic solvents, long reaction times, and forma-
tion of several by-products.

Surface-mediated solid-phase reactions are of growing in-
terest20 in the synthesis of hydrazides because of their ease

of execution and work-ups, mild reaction conditions, fast
rate of reactions, selectivity, higher yields, solvent-less reac-
tion conditions, and low cost in comparison with their ho-
mogeneous counterparts.21–23 Chromatographic grade Al2O3
(basic) has many applications as a heterogeneous catalyst ei-
ther by itself or, more commonly, as a support for other re-
agents.20 There have been only a few reports, however, on
the use of Al2O3 as a support for substrates, despite the fact
that novel, synthetically useful, reactions have been ob-
served under these conditions. Symmetrical functional sub-
strates adsorb to the surface of Al2O3 via a functional
group. The other reactant selectively attaches to the alumina
surface by reaction with the free functional group. This
prompted us to explore the utility of a surface-mediated re-
action for the synthesis of title compounds, in continuation
of our ongoing research program to develop new synthetic
methods for antibacterial compounds.24 We have synthesized
various O-alkyl alkylphosphorohydrazides and N,N-dialkyl-
aminophosphonohydrazides 3a–3p.

Results and discussion
To test the above proposition, we have carried out the re-

action of alkyl phosphonic dichloride 125 with various alco-
hols and amines in the presence of triethylamine at 0 8C
followed by heating at 50 8C. This reaction gave O-alkyl-
and N,N-dialkylamino alkylphosphonic chlorides 2a–2p.26

After obtaining the intermediates 2a–2p, we optimized the
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reaction conditions to obtain phosphorohydrazides. In this
regard, several reactions of O-methyl isopropylphosphonic
chloride with various reagents such as neutral Al2O3, basic
Al2O3, acidic Al2O3, SiO2, ZnO, and ZnO–SiO2 were per-
formed as model reactions. Maximum yield was obtained
when basicAl2O3 was used. Further, to optimize the molar
ratio of basic Al2O3, various reactions of O-methyl isopro-
pylphosphonic chloride were also performed by changing
the mole ratio of basic Al2O3, reaction time, and tempera-
ture. These reactions were monitored through TLC and 31P
NMR. Best results were obtained when the model reaction
was performed with basic Al2O3 and O-methyl isopropyl-
phosphonic chloride in the mole ratio of 1:1 at 60 8C for
30 min.

After optimization, the general applicability of the method
was applied with diversity in structures 2a–2p and results of
the reactions are summarized in Table1. All the compounds
3a–3p were characterized by spectroscopic techniques such
as FTIR, 31P NMR, LC–MS, and elemental analysis. The
FTIR spectra showed the presence of NH bands at 3320,
3260 (NH2), and 3140 (sec-amine). It is worth noticing that
the 31P NMR signal of O-alkyl alkylphosphonochloridates
2a–2p disappeared and a new signal appeared in the range
of 19–42 ppm for 3a–3p. The results of other analysis 3a–
3p are compiled in the Experimental section.

Experimental

General
Melting points were determined on a hot stage micro-

scope and are uncorrected. IR spectra were recorded on
FTIR spectrometer model Jasco 610 on KBr pellets. 1H, 13 C,
and 31P NMR spectra were recorded in CDCl3 on Bruker
FTNMR at 400, 100, and 162 MHz, respectively, using tet-
ramethylsilane as an internal standard for 1H and 85%

H3PO4 as an external standard for 31P NMR. Mass spectra
were performed on a LCMS. Satisfactory C, H, N analyses
were obtained for all the compounds.

General procedure for the preparation of O-methyl
isopropylphosphorohydrazide 3a

In a typical experimental procedure, basic activated alu-
mina (1.0 g, 0.01 mol/L) was mixed with hydrazine hydrate
99% (0.32 g, 0.01 mol/L) in a mortar and pestler. It was
ground for 5 min. at room temperature. The mixture was
transferred into a single-necked flask and sealed with rubber
septum, and then O-methyl isopropylphosphonic chloride
(1.55 g, 0.01 mol/L) was added through a syringe at 0 8C.
The resultant dispersion was shaken occasionally at room
temperature followed by heating at 60 8C for 30 min. The
reaction mixture was monitored using TLC and GC by
drawing a few milligrams of the mixture and suspending it
in 1 mL of diethyl ether. After completion of the reaction,
the reaction mixture was extracted in dichloromethane and
filtered. The solvent was removed and the residue was crys-
tallized with diethyl ether.

O-Methyl isopropylphosphorohydrazide 3a
IR nmax (cm–1): 3320, 3265 (N–H), 3140 (N–H), 2890 (C–

H), 1235 (P=O), 1090 (P–O–C), 695 (P–C). 1H NMR d: 1.10
(dd, 3J(PH) = 21.4 Hz, 6H, CH3), 2.05 (m, 2J(PH) =
17.3 Hz, 1H, CH), 2.92 (br s, 2H, NH2), 3.95 (s, 3J(PH) =
19.4 Hz, 3H, CH3), 4.22 (d, 2J(PH) = 18.5 Hz, 1H, NH).
13C NMR d: 15.85 (CH3), 26.78 (CH), 62.58 (CH3). LCMS
(EI) m/z: 153 (M + H+). Anal. calcd. for C4H13N2O2P: C
31.58, H 8.61, N 18.41; found: C 31.50, H 8.58, N 18.35.

O-Ethyl isopropylphosphorohydrazide 3b
IR nmax (cm–1): 3325, 3260 (N–H), 3145 (N–H), 2885 (C–

H), 1230 (P=O), 1090 (P–O–C), 697 (P–C). 1H NMR d: 1.05
(dd, 3J(PH) = 21.4 Hz, 6H, CH3), 1.15 (t, J = 7.8 Hz, 3H,
CH3), 2.05 (m, 2J(PH) = 17.5 Hz, 1H, CH), 2.95(br s, 2H,
NH2), 3.90 (q, 3J(PH) = 19.7 Hz, 2H, CH2), 4.20 (d, 2J(PH) =
18.5 Hz, 1H, NH). 13C NMR d: 15.85 (CH3), 17.25 (CH3),
26.78 (CH), 62.58 (CH2). LCMS (EI) m/z: 167 (M + H+).
Anal. calcd. for C5H15N2O2P: C 36.14, H 9.10, N 16.86;
found: C 36.15, H 9.05, N 16.83.

O-Propyl isopropylphosphorohydrazide 3c
IR nmax (cm–1): 3320, 3270 (N–H), 3150 (N–H), 2905 (C–

H), 1240 (P=O), 1085 (P–O–C), 705 (P–C). 1H NMR d: 0.95

Scheme 1. Proposed mechanism for the synthesis of phosphonohydrazides on alumina.
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Table 1. Synthesis of O-alkyl alkylphosphoro- and N,N-dialkylaminophosphonohydrazides (3a–3p).
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(t, J = 7.8 Hz, 3H, CH3), 1.10 (dd, 3J(PH) = 21.5 Hz, 6H,
CH3), 1.15 (m, J = 7.9 Hz, 3H, CH2), 2.05 (m, 2J(PH) =
17.5 Hz, 1H, CH), 3.07 (br s, 2H, NH2), 3.95 (q, 3J(PH) =
19.4 Hz, 2H, CH2), 4.25 (d, 2J(PH) = 18.7 Hz, 1H, NH).
13C NMR d: 15.93 (CH3), 17.23 (CH3), 22.58 (CH2), 26.80
(CH), 62.70 (CH2). LCMS (EI) m/z: 181 (M + H+). Anal.
calcd. for C6H17N2O2P: C 39.99, H 9.15, N 15.55; found: C
39.95, H 9.17, N 15.53.

O-Butyl isopropyl phosphorohydrazide 3d
IR nmax (cm–1): 3315, 3240 (N–H), 3160 (N–H), 2897 (C–

H), 1239 (P=O), 1090 (P–O–C), 697 (P–C). 1H NMR d: 0.95
(t, J = 8.2 Hz, 3H, CH3), 1.07 (dd, 3J(PH) = 22.3 Hz, 6H,
CH3), 1.15 (m, J = 7.9 Hz, 3H, CH2), 1.28 (m, J = 7.6 Hz,
3H, CH2), 2.05 (m, 2J(PH) = 17.3 Hz, 1H, CH), 2.92 (br s,
2H, NH2), 4.05 (q, 3J(PH) = 19.4 Hz, 2H, CH2), 4.27 (d,
2J(PH) = 18.5 Hz, 1H, NH). 13C NMR d: 15.80 (CH3),
17.23 (CH3), 23.60 (CH2), 25.85 (CH2), 26.98 (CH), 62.45
(CH2). LCMS (EI) m/z: 195 (M + H+). Anal. calcd. for
C7H19N2O2P: C 43.29, H 9.86, N 14.42; found: C 43.30, H
9.81, N 14.43.

O-Pentyl isopropylphosphorohydrazide 3e
IR nmax (cm–1): 3325, 3260 (N–H), 3170 (N–H), 2907 (C–

H), 1245 (P=O), 1095 (P–O–C), 705(P–C). 1H NMR d:
0.95(t, J = 7.9 Hz, 3H, CH3), 1.07 (dd, 3J(PH) = 21.4 Hz,
6H, CH3), 1.18 (m, J = 7.3 Hz, 3H, CH2), 1.25 (m, J =
8.5 Hz, 3H, CH2), 1.35 (m, J = 8.3 Hz, 3H, CH2), 2.05 (m,
2J(PH) = 17.6 Hz, 1H, CH), 2.92 (br s, 2H, NH2), 3.95(q,
3J(PH) = 19.5 Hz, 2H, CH2), 4.15 (d, 2J(PH) = 18.2 Hz,
1H, NH). 13C NMR d: 15.90 (CH3), 17.20 (CH3), 21.89
(CH2), 22.26 (CH2), 25.85 (CH2), 26.58 (CH), 62.54 (CH2).
LCMS (EI) m/z: 209 (M + H+). Anal. calcd. for
C8H21N2O2P: C 46.14, H 10.16, N 13.45; found: C 46.15, H
10.15, N 13.43. .

O-Ethyl phenylphosphorohydrazide 3f
IR nmax (cm–1): 3320, 3260 (N–H), 3140 (N–H), 2890 (C–

H), 1235 (P=O), 1090 (P–O–C), 695 (P–C). 1H NMR d: 1.15
(t, 3J(PH) = 21.4 Hz, 3H, CH3), 2.85 (br s, 2H, NH2), 4.15
(q, 3J(PH) = 19.4, 2H, CH2), 4.22 (d, 3J(PH) = 18.5 Hz, 1H,
NH), 7.25–7.50 (m, 5H, C6H5). 13C NMR d: 15.85 (CH3),
62.58 (CH2), 172–178 (Ar–C). LCMS (EI) m/z: 201 (M +
H+). Anal. calcd. for C8H13N2O2P: C 48.00, H 6.55, N
13.99; found: C 48.05, H 6.51, N 13.95.

O-Propyl phenylphosphorohydrazide 3g
IR nmax (cm–1): 3320, 3260 (N–H), 3140 (N–H), 2890 (C–

H), 1235 (P=O), 1090 (P–O–C), 695 (P–C). 1H NMR d: 1.15
(t, J = 6.5 Hz, 3H, CH3), 1.35 (q, J = 7.4 Hz, 2H, CH2), 2.85
(br s, 2H, NH2), 4.15 (q, 3J(PH) = 19.4 Hz, 2H, CH2), 4.22
(d,3J(PH) = 18.5 Hz, 1H, NH), 7.25–7.50 (m, 5H, C6H5).
13C NMR d: 15.85 (CH3), 22.53 (CH2), 62.58 (CH2), 172–
178 (Ar–C). LCMS (EI) m/z: 215 (M + H+). Anal. calcd.
for C9H15N2O2P: C 50.46, H 7.06, N 13.08; found: C 50.45,
H 7.10, N 13.05.

O-Isopropyl phenylphosphorohydrazide 3h
IR nmax (cm–1): 3320, 3260 (N–H), 3140 (N–H), 2890 (C–

H), 1235 (P=O), 1090 (P–O–C), 695 (P–C). 1H NMR d: 1.15
(d, J = 6.5 Hz, 6H, CH3), 2.85 (br s, 2H, NH2), 4.15 (sextet,
3J(PH) = 19.4 Hz, 2H, CH), 4.22 (d, 3J(PH) = 18.5 Hz, 1H,

NH), 7.25–7.50 (m, 5H, C6H5). 13C NMR d: 15.85 (CH3),
62.58 (CH), 172–178 (Ar–C). LCMS (EI) m/z: 215 (M +
H+). Anal. calcd. for C9H15N2O2P: C 50.46, H 7.06, N
13.08; found: C 50.45, H 7.10, N 13.05.

O-Isobutyl phenylphosphorohydrazide 3i
IR nmax (cm–1): 3320, 3260 (N–H), 3140 (N–H), 2890 (C–

H), 1235 (P=O), 1090 (P–O–C), 695 (P–C). 1H NMR d:
1.15(d, J = 6.5 Hz, 6H, CH3), 1.20 (sextet, J = 6.5 Hz, 1H,
CH), 2.85 (br s, 2H, NH2), 4.15 (sextet, 3J(PH) = 19.4 Hz,
2H, CH2), 4.22 (d, 3J(PH) = 18.5 Hz, 1H, NH), 7.25–7.88
(m, 5H, C6H5). 13C NMR d: 15.68 (CH3), 22.50 (CH), 62.58
(CH2), 172–178 (Ar–C). LCMS (EI) m/z: 229 (M + H+).
Anal. calcd. for C10H17N2O2P: C 52.63, H 7.51, N 12.27;
found: C 52.65, H 7.50, N 12.28.

O-Pentyl phenylphosphorohydrazide 3j
IR nmax (cm–1): 3309, 3256 (N–H), 3143 (N–H), 2908 (C–

H), 1255 (P=O), 1070 (P–O–C), 693 (P–C). 1H NMR d: 0.95
(t, J =7.8 Hz, 3H, CH3), 1.15 (m, J = 8.6 Hz, 3H, CH2), 1.23
(m, J = 8.1 Hz, 3H, CH2), 1.37 (m, J = 7.4 Hz, 3H, CH2),
2.92 (br s, 2H, NH2), 3.97(q, 3J(PH) = 19.4 Hz, 2H, CH2),
4.56 (d, 2J(PH) = 18.9 Hz, 1H, NH), 7.25–7.50 (m, 5H,
C6H5). 13C NMR d: 15.83 (CH3), 21.89 (CH2), 22.38 (CH2),
25.75 (CH2), 63.03 (CH2), 172–178 (Ar–C). LCMS (EI) m/z:
243 (M + H+). Anal. calcd. for C8H21N2O2P: requires C
54.54, H 7.91, N 11.56; found: C 54.52, H 7.93, N 11.55.

N,N-Diethylamino isopropylphosphonohydrazide 3k
IR nmax (cm–1): 3340, 3265 (N–H), 3150 (N–H), 2910 (C–

H), 1460 (C–N), 1245 (P=O), 1070, 1155 (P–N–C), 705 (P–
C). 1H NMR d: 1.03 (t, J = 8.4 Hz, 6H, CH3), 1.15(dd,
3J(PH) = 22.5 Hz, 6H, CH3), 1.85 (m, 2J(PH) = 16.7 Hz,
1H, CH), 2.60 (br s, 2H, NH2), 3.65 (q, 3J(PH) = 19.4 Hz,
4H, CH2), 4.25 (d, 2J(PH) = 17.9 Hz, 1H, NH). 13C NMR d:
16.88 (CH3),17.37 (CH3), 26.98 (CH), 42.58 (CH2). LCMS
(EI) m/z: 194 (M + H+). Anal. calcd. for C7H20N3OP: C
45.51, H 10.43, N 21.75; found: C 45.50, H 10.45, N 21.73.

N,N-Dipropylamino isopropylphosphonohydrazide 3l
IR nmax (cm–1): 3327, 3265 (N–H), 3146(N–H), 2920 (C–

H), 1435 (C–N), 1235 (P=O), 1080, 1150 (P–N–C), 703 (P–
C). 1H NMR d: 0.75 (t, J = 8.4 Hz, 6H, CH3), 1.15 (dd,
3J(PH) = 21.9 Hz, 6H, CH3), 1.45 (m, 4H, CH2), 1.95 (m,
2J(PH) = 17.3 Hz, 1H, CH), 3.15 (br s, 2H, NH2), 3.85 (q,
3J(PH) = 19.8 Hz, 4H, CH2), 3.98 (d, 2J(PH) = 16.5 Hz,
1H, NH). 13C NMR d: 15.67 (CH3), 17.20(CH3), 22.45
(CH2), 27.03 (CH), 41.37 (CH2). LCMS (EI) m/z: 222 (M +
H+). Anal. calcd. for C7H20N3OP: C 48.85, H 10.93, N
18.99; found: C 48.86, H 10.95, N 18.96.

N,N-Dibutylamino isopropylphosphonohydrazide 3m
IR nmax (cm–1): 3320, 3260 (N–H), 3150 (N–H), 2920 (C–

H), 1447 (C–N), 1230 (P=O), 1070, 1150 (P–N–C), 693 (P–
C). 1H NMR d: 0.75 (t, J = 8.4 Hz, 6H, CH3), 1.10 (dd,
3J(PH) = 21.8 Hz, 6H, CH3), 1.40 (m, 4H, CH2), 1.55 (m,
4H, CH2), 1.97 (m, 2J(PH) = 16.9 Hz, 1H, CH), 2.92 (bd s,
2H, NH2), 3.15 (q, 3J(PH) =18.4 Hz, 4H, CH2), 4.20 (d,
2J(PH) =17.5 Hz, 1H, NH). 13C NMR d: 15.85 (CH3),
17.23(CH3), 20.45(CH2), 22.45(CH2), 26.78 (CH), 42.58
(CH2). LCMS (EI) m/z: 250 (M + H+). Anal. calcd. for
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C7H20N3OP: C 52.99, H 11.32, N 16.85; found: C 52.95, H
11.33, N 16.86.

N,N-Diethylamino phenylphosphonohydrazide 3n
IR nmax (cm–1): 3320, 3260 (N–H), 3140 (N–H), 2890 (C–

H), 1457 (C–N), 1239 (P=O), 1070, 1150 (P–N–C), 695 (P–
C). 1H NMR d: 1.03 (t, J = 8.4 Hz, 6H, CH3), 2.92 (br s,
2H, NH2), 3.95 (q, 3J(PH) = 17.3 Hz, 4H, CH2), 4.15 (d,
2J(PH) = 17.6 Hz, 1H, NH), 7.25–7.58 (m, 5H, C6H5). 13C
NMR d: 17.23 (CH3), 42.58 (CH2), 172–178.27 (Ar–C).
LCMS (EI) m/z: 228 (M + H+). Anal. calcd. for
C10H18N3OP: C 52.85, H 7.98, N 18.49; found: C 52.87, H
7.96, N 18.47.

N,N-Dipropylamino phenylphosphonohydrazide 3o
IR nmax (cm–1): 3320, 3260 (N–H), 3140 (N–H), 2890 (C–

H), 1450 (C–N), 1235 (P=O), 1070, 1150 (P–N–C), 695 (P–
C). 1H NMR d: 0.75 (t, J = 8.4 Hz, 6H, CH3), 1.45 (m, 4H,
CH2), 2.92 (br s, 2H, NH2), 3.95 (q, 3J(PH) = 19.4 Hz, 4H,
CH2), 4.22 (d, 2J(PH) = 18.5 Hz, 1H, NH), 7.25–7.50 (m,
5H, C6H5). 13C NMR d: 17.23 (CH3), 22.45 (CH2), 42.15
(CH2), 172–178 (Ar–C). LCMS (EI) m/z: 256 (M + H+).
Anal. calcd. for C12H22N3OP: C 56.46, H 8.69, N 16.46;
found: C 56.48, H 8.67, N 16.44.

N,N-Dibutylamino phenylphosphonohydrazide 3p
IR nmax (cm–1): 3315, 3250 (N–H), 3135 (N–H), 2895 (C–

H), 1450 (C–N), 1235 (P=O), 1070, 1150 (P–N–C), 695 (P–
C). 1H NMR d: 0.75 (t, J = 8.4 Hz, 6H, CH3), 1.45 m, 4H,
CH2), 1.55 (m, 4H, CH2), 3.10 (br s, 2H, NH2), 2.95 (q,
3J(PH) = 18.6 Hz, 4H, CH2), 4.10 (d, 2J(PH) = 17.5 Hz,
1H, NH), 7.25–7.50 (m, 5H, C6H5). 13C NMR d: 15.85
(CH3), 17.28 (CH3), 20.49 (CH2), 22.47 (CH2), 26.78 (CH),
42.58 (CH2), 172–178 (Ar–C). LCMS (EI) m/z: 284 (M +
H+). Anal. calcd. for C14H26N3OP: C 59.34, H 9.25, N
14.83; found: C 59.35, H 9.23, N 14.80.

Conclusion
In conclusion, we have developed a rapid and efficient

method for the synthesis of O-alkyl alkylphosphorohydra-
zides and N,N-dialkyl aminophosphonohydrazides 3a–3p
with excellent yields.
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One-pot synthesis of b-diketimine ligands

Ibrahim El-Zoghbi, Aysha Ased, Paul O. Oguadinma, Ekou Tchirioua, and
Frank Schaper

Abstract: Symmetric N,N’-dialkyl-2-amino-4-imino-pent-2-enes (nacnacRH) can be prepared in high yields in a simple
one-pot reaction from acetylacetone and 2 equiv. of amine. Optimized conditions require the azeotropic removal of water,
use of a minimum amount of solvent, and of 1 equiv. of acid. Either para-toluenesulfonic acid, hydrochloric acid, or a
mixture of both can be employed, with the latter being most advantageous. Symmetric nacnacRH are thus obtained in
higher than 95% purity and with 65% yield for R = Me and 80%–95% yields for R = n-Pr, i-Pr, i-Bu, Bn, Cy, and (+)-
CH(Me)Ph.

Key words: diketimines, one-pot synthesis.

Résumé : On peut préparer les N,N’-dialkyl-2-amino-4-iminopent-2-ènes (nacnacRH) avec des rendements élevés en réali-
sant la réaction monotope de l’acétylacétone avec deux équivalents d’amine. Les conditions optimisées nécessitent l’élimi-
nation azéotropique de l’eau, l’utilisation d’une quantité minimale de solvant et un équivalent d’acide qui peut être l’acide
para-toluènesulfonique, l’acide chlorhydrique ou un mélange des deux; ce dernier est le plus avantageux. Des nacnacRH
symétriques peuvent ainsi être obtenus avec une pureté de plus de 95 % et un rendement de 65 % lorsque R = Me et des
rendements allant de 80 à 95 % lorsque le groupe R = n-Pr, i-Pr, i-Bu, Bu, Cy et (+)-CH(Me)Ph.

Mots-clés : dicétimines, synthèse monotope.

Introduction
Preparation of b-diketimines (‘‘nacnac’’ ligands), based on

diimine analogues of acetylacetone, was described already in
1950,1 and their first metal complexes in 1968.2,3 They
played only a marginal role in coordination chemistry until
the introduction of nacnacdipp (dipp = 2,6-diisopropylphenyl)
as a spectator ligand in the late 1990s.4 Since then, b-
diketiminate ligands have become some of the most widely
used bidentate N-donor ligands in coordination chemistry.5
Interest in diketiminate ligands concentrated mostly on their
N-aryl derivatives, and N-alkyl substituted diketimines were
used only sparingly, mostly as low-molecular-weight ligands
for chemical vapour deposition and atomic layer deposition
applications.6 We recently started to investigate the coordi-
nation chemistry of diketiminate ligands with aliphatic N-
substituents.7–11 For these investigations, we required a sim-
ple, efficient, and economic access to these compounds.

The most efficient and versatile preparation of 2-amino-4-
imino-pent-2-enes is condensation of acetylacetone with
amines. While condensation of the first amine proceeds
readily, the resulting enaminoketone has to be activated for
the second condensation.2,5 This might be achieved by trans-
formation into the ketal, and the ethylene glycol monoketal
has been used successfully as starting material for the
synthesis of nacnacBnH and some macrocyclic diketimines
(Scheme 1).12,13 Alternatively, in the case of aryl N-substituents,
reaction in ethanolic HCl yielded the desired dicondensation
product, probably by intermediate formation of the diethyox-
yketal.3 For the diketimines with N-alkyl substituents of in-

terest here, alkylation of the enaminoketone obtained after
the first condensation with Meerwein salt and subsequent re-
action with a second equivalent of amine is the most com-
monly employed method.2 In an isolated report, nacnacBnH,
1, has been obtained by refluxing the monocondensation
product acnacBnH, 1b, in methyl iodide.14 The mechanism
of this reaction (no second equivalent of amine was added)
remains unclear. Recently, Bradley et al. showed that Meer-
wein salt can be replaced by the less toxic and more eco-
nomic methyl sulfate as alkylating agent (Scheme 1).15 The
latter, to our knowledge, is the most efficient synthesis de-
scribed, and diketimines were obtained in yields of 46%–
87% starting from the enaminoketone intermediate after dis-
tillation. Diketimines with aliphatic substituents are thus ac-
cessible, but their synthesis still requires a two-step reaction,
often distillation of the obtained product for purification, ex-

Scheme 1.
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clusion of moisture, and the use of toxic alkylating reagents.
In the following, we describe a one-step preparation of these
compounds, which avoids these drawbacks.

Results and discussion

Initial explorations
We repeated the preparation of nacnacBnH, 1, described

by Dorman12 using either acetylacetone ethylene glycol
mono- or di-ketal as starting material. We found, however,
the reaction to give varying yields of diketimine product
and to be highly dependent on reaction conditions
(Scheme 2). If the reaction is carried out in diluted toluene
solution, only the monocondensation product 1b was ob-
tained. Reaction of acetylacetone with 2 equiv. benzylamine
in ethanolic HCl, following the procedure described by
Parks and Holm3 and Feldman et al.16 for N-aryl substituted
diketimines, also yielded only 1b. Direct condensation of
acetylacetone and benzylamine (no solvent, T > 100 8C, in
the presence of molecular sieves or thionyl chloride), under
microwave heating (neat or in toluene solution, without or
with addition of molecular sieves or acetyl chloride), or
under azeotropic removal of water (toluene solution, cata-
lytic quantities of para-toluenesulfonic acid, several days)
yielded either 1b or decomposition products and at best
traces (<10%) of the desired 1.

While aryl-substituted diketimines have been sometimes
obtained under typical ‘‘Dean–Stark conditions’’, i.e., cata-
lytic amounts of acid and azeotropic removal of water,
yields have been generally low-to-moderate. Budzelaar et
al. reported the synthesis of nacnacXylH, 2, (Xyl = 2,6-dime-
thylphenyl) in 75% yield in the presence of stoichiometric
amounts of acid. Applying this protocol, we had previously
obtained nacnacBnH,8 nacnacCyH,10 and nacnacCH(Me)PhH7 in
67%–82% yield. The initially obtained tosylate salt can be
neutralized using a variety of bases of which aqueous potas-
sium hydroxide proved to be the most convenient (aqueous
NaHCO3 failed in some cases to deprotonate the tosylate
salt). Azeotropic water removal is required and reaction of
BnNH2 (or i-BuNH2), acetylacetone, and 1 equiv. TsOH ei-
ther in toluene or without solvent only yielded the monocon-
densation product 1b.

Optimization of the reaction conditions
Attempts to widen the synthesis described above to dike-

timines with simple alkyl substituents such as Me, i-Pr, n-Pr,
and i-Bu yielded even after prolonged heating only mixtures
of bis- and mono-condensation products with less than 60%
of the desired diketimine according to NMR analysis. Use of
more than 1 equiv. of TsOH showed no or only detrimental
influence on product yields. While it has never been clari-
fied why reactions proceed differently when catalytic or sto-
ichiometric amounts of acid are used, we find it reasonable
to assume that alkylation of the intermediate enaminoketone
is replaced by its (reversible) protonation and that the latter
requires amounts of acid, which are equal or slightly higher
than those of the amine. In agreement with this putative
mechanism, presence of excess amine reduced the yield of
diketimine when not compensated with excess TsOH
(Table 1). Since the presence of excess amine and TsOH in
equimolar amounts did not increase the yield when com-

pared to the stoichiometric reaction (Table 1), loss of the
low-boiling amine seems not to be responsible for the low
yields obtained.

Inspired by the decrease in yields in the reaction of acety-
lacetone ketal with amines on dilution, we found that con-
centration of the reaction mixture reduced drastically the
amounts of monocondensation product and impurities
formed (Table 2). Best results were obtained when the mini-
mum amount of toluene necessary to operate the Dean–Stark
apparatus was employed.

Reactions with other primary and secondary amines
showed that concentration of the solution in general im-
proved product yields and in most cases shortened reaction
times to less than one day (Table 3). The low isolated yields
for nacnacMeH are related to its high volatility and its high
sensitivity towards hydrolysis.15 Reactions with isopropyl
amine and isobutyl amine, however, did not show conver-
sions above 30% even under these conditions. Substituting
p-toluenesulfonic acid with sulfuric acid led to strongly de-
creased yields. The use of concentrated hydrochloric acid,
on the other hand, increased the yields to 85%–95% for R =
i-Pr and i-Bu, respectively. In addition, use of concentrated
HCl prevented the formation of impurities observed in reac-
tions with TsOH, and diketimines were obtained analytically
pure for R = i-Bu, i-Pr, and n-Pr without the need for further
purification. Diketimines with R = Bn or CH(Me)Ph were
obtained with >90% purity according to NMR (the main
contamination being the monocondensation product), which
is in most cases sufficient for their use in subsequent reac-
tions. Analytically pure compounds were obtained by
recrystallization from ethanol. For methylamine and cyclo-
hexylamine, yields were drastically reduced by replacing
para-toluenesulfonic acid with HCl. In both cases, the for-
mation of an insoluble precipitate even at reflux temperature
indicated that this might be related to the insolubility of the
respective ammonium chloride salt. Consequently, use of an
equimolar mixture of HCl/TsOH restored the yields ob-
served for TsOH in these two cases, but did not otherwise
affect reactions for other amines (Table 3).

Non-symmetric diketimines
Synthesis of non-symmetrically substituted diketimines

with different substituents on N and N’ is a challenge and

Scheme 2.
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stepwise reaction using alkylating reagents such as Meer-
wein salt led to product mixtures.17,18 We thus explored if
non-symmetric diketimines can be obtained using the one-
pot procedure established above. Reactions of acetylacetone
with 1 equiv. 2,6-dimethylaniline and 1 equiv. of either (+)-
methylbenzylamine or benzylamine yielded product mix-
tures containing the non-symmetric diketimines 4 or 5 in
higher than statistical amounts, but always accompanied by
the two symmetric diketimines (Scheme 3).

The preferred formation of the non-symmetric diketimine
can be rationalized by the trapping of the more reactive 2,6-
dimethylaniline in the monocondensation product, which di-
minishes its concentration in solution. Following reactions
between acnacXylH, 2b, with methylbenzylamine, and vice
versa of acnacCH(Me)PhH, 3b, with 2,6-dimethylaniline by
NMR showed that scrambling between the monocondensa-
tion products and free amines was observed already before
significant amounts of diketimine were obtained (Scheme 3).
In all cases, acnacXylH was obtained preferentially. In partic-
ular at the beginning of the reaction, diketimines were thus

formed from the two species present in the highest concen-
trations, i.e., acnacXylH and either methylbenzylamine or
benzylamine. As was previously observed by others, separa-
tion of non-symmetrical substituted diketimines from their
symmetric counterparts is nearly impossible.18 Despite their
disproportionally high amount in the obtained product mix-
tures, 4 and 5 were not separated from the symmetric diketi-
mines 1–3 by recrystallization, sublimation, or column
chromatography (extensive hydrolysis in the latter case).
For 5, diketimine 1 could be separated by recrystallization
and 5 was obtained in 30% yield and 90% purity, still con-
taminated by 10% of 2.

Summary and conclusions
b-Diketimines with aliphatic substituents on nitrogen can

be obtained in simple one-pot condensation reactions be-
tween acetylacetone and primary or secondary amine, pro-
vided that water is removed azeotropically and that one
equivalent of acid is present. Under optimized reaction con-
ditions, we employed an equimolar mixture of hydrochloric
and para-toluenesulfonic acids, and the amount of solvent
was kept to the minimum required for water removal. Sym-
metric diketimines can thus be obtained very economically,
without the need of toxic alkylating reagents or moisture-
free conditions.

For non-symmetric diketimines, the fast scrambling be-
tween free amine and monocondensation products makes
the proposed protocol less efficient. Although they are ob-
tained in higher than statistic ratio, their separation from the
symmetric diketimines, invariably formed as side products,
was not possible and the synthetically more demanding
routes proposed by Park et al.18,19 are still more advanta-
geous.

Table 1. Influence of excess base in the preparation of nacnaci-BuH.

i-BuNH2/acacH TsOH/acacH Reaction time (h) nacnaci-BuH (%)a acnaci-BuH (%)a

2 1.1 24 60 30
3 1.1 24 5 70
3 1.5 20 15 30
3 2.2 18–54 60 30

aDetermined by 1H NMR from the crude product after basic workup.

Table 2. Influence of concentration in the preparation of
nacnacnPrH.

[acacH]
(mol/L)

Reaction time
(h)

nacnaci-BuH
(%)a

acnaci-BuH
(%)a

0.048 68 62 18
1.2 68 80 Traces
4.0 16 90 Traces

Note: acacH/n-PrNH2/TsOH = 1:2:1; toluene solution; azeotropic
removal of water.

aDetermined via 1H NMR from the crude product after washing with
aqueous KOH.

Scheme 3.
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Experimental section
All chemicals were obtained from commercial suppliers

and used as received. Elemental analyses were performed at
the Laboratoire d’Analyse Élémentaire (Université de Mon-
tréal). NMR spectra were recorded on a Bruker ARX
400 MHz spectrometer and referenced to residual solvent
(CHCl3: d 7.26).

General procedure for the synthesis of symmetric
diketimines

Acetylacetone and 1 equiv. of the desired acid or acid
mixture (see Table 3) were combined in a minimum volume
of toluene, usually equal to the combined volumes of all re-
actants. The mixture was stirred for 10 min and 2 equiv. of
the desired amine were added to give a white suspension,
which was allowed to stir for approximately 20 min. The re-
action mixture was then refluxed for the required time
(Table 3) with azeotropic removal of water (Dean–Stark ap-
paratus). The brown precipitate formed after cooling to
room temperature and standing for 3–4 h was isolated by
decantation. Ether (50 mL) and aqueous KOH (11.2 g,
0.2 mol, 50 mL) were added and the mixture stirred for
15 min. The ether phase was separated, dried over Na2SO4,
and the solvent evaporated. Yields and purities of the ob-
tained products, estimated from 1H NMR, are given in Ta-
ble 3. Characterization data and quantities are given below
for selected experiments.

nacnacBnH, 1
Acetylacetone (2.00 g, 20 mmol), HCl (12.1 mol/L,

1.65 mL, 20 mmol), and benzylamine (4.28 g, 40 mmol) in
toluene (7 mL) gave a red brown solid (2.90 g, 75%, >95%
purity). 1H NMR (CDCl3, 400 MHz): d 11.49 (bs, 1H, NH),
7.22–7.30 (m, 10H, Ph), 4.64 (s, 1H, CH(C=N)2), 4.46 (s,
4H, CH2), 1.95 (s, 6H, Me). Recrystallization from a satu-
rated ethanol solution at –20 8C gave the following: Anal.
calcd. for C21H26N2: C, 81.97; H, 7.97; N, 10.06. Found: C,
81.75; H, 8.19; N, 10.05.2,14,15

nacnacCH(Me)PhH, 3
Acetylacetone (1.00 g, 10 mmol), HCl (12.1 mol/L,

0.82 mL, 10 mmol), and (+)-phenylethylamine (2.42 g,
20 mmol) in toluene (6 mL) gave a red brown oil (2.45 g,

80%, 92% purity). 1H NMR (CDCl3, 400 MHz): d 11.89
(bs, 1H, NH), 7.20–7.35 (m, 10H, Ph), 4.68 (q, 2H, J =
7 Hz, CH(Me)Ph), 4.48 (s, 1H, CH(C=N)2), 1.82 (s, 6H,
Me(C=N)), 1.49 (d, 6H, J = 7 Hz CH(Me)Ph). Recrystalliza-
tion from a saturated ethanol solution at –20 8C gave the
following: Anal. calcd. for C21H26N2: C, 82.31; H, 8.55; N,
9.15. Found: C, 81.75; H, 8.52; N, 9.06.7,20

nacnacn-PrH
Acetylacetone (2.00 g, 20 mmol), HCl (12.1 mol/L,

1.65 mL, 20 mmol), and n-propylamine (2.36 g, 40 mmol)
in toluene (5 mL) gave a dark brown oil (3.3 g, 90%). 1H
NMR (CDCl3, 400 MHz): d 10.04 (bs, 1H, NH), 4.47 (s,
1H, CH(C=N)2), 3.17 (t, J = 9 Hz, 4H, NCH2), 1.87 (s, 6H,
Me(C=N)), 1.61 (m, 4H, CH2CH2CH3), 0.97 (t, J = 9 Hz,
6H, CH2CH3). Anal. calcd. for C11H22N2: C, 72.47; H,
12.16; N, 15.37. Found C, 72.41; H, 11.81; N, 15.39.15

nacnaci-PrH
Obtained from acetylacetone (2.00 g, 20 mmol), HCl

(12.1 mol/L, 1.65 mL, 20 mmol), and isopropylamine
(2.36 g, 40 mmol) in toluene (5 mL). To eliminate mono-
condensation product, the oil obtained after decantation of
toluene was treated with excess saturated aqueous NaHCO3
and ether (20 mL). Ether and water phases were decanted
from the remaining oil. Ether (50 mL) and aqueous KOH
(11.2 g, 0.2 mol, 50 mL) were added and the mixture
stirred. The ether phase was separated, dried over Na2SO4,
and evaporated to dryness to give a dark-red oil (3.4 g,
85%). 1H NMR (CDCl3, 400 MHz): d 11.43 (bs, 1H, NH),
4.38 (s, 1H, CH(C=N)2), 3.06 (hept., J = 6 Hz, 2H,
CH(CH3)2), 1.89 (s, 6H, CH3(C=N)), 1.16 (d, J = 6 Hz,
12H, CH(CH3)2). Anal. calcd. for C11H22N2: C, 72.47; H,
12.16; N, 15.37. Found C, 72.06; H, 12.08; N, 15.15.2

nacnaci-BuH
Acetylacetone (2.00 g, 20 mmol), HCl (12.1 mol/L,

1.65 mL, 20 mmol), and isobutylamine (2.92 g, 40 mmol)
in toluene (5 mL) gave a brown oil (4.3 g, 95%). 1H NMR
(CDCl3, 400 MHz): d 11.07 (bs, 1H, NH), 4.48 (s, 1H,
CH(C=N)2), 3.05 (d, J = 9 Hz, 4H, CH2), 1.88 (m, 2H,
CH(CH3)2), 1.86 (s, 6H, CH3(C=N)), 0.96 (d, J = 9 Hz,
12H, CH(CH3)2). Anal. calcd. for C13H26N2: C, 74.23; H,
12.46; N, 13.32. Found C, 74.06; H, 13.03; N, 12.99.15,21

Table 3. Yields in diketimine synthesis for different combinations of amines and acids (purity is given in parentheses).

R TsOH (cacacH < 1 mol/L) TsOH HCl HCl/TsOH Reaction time
n-Pr 50% (EA) 80% (90%) 90% (EA) 72 h
Bn 82% (EA)a 80% (>95%) 75% (>95%) 24 h
CH(Me)Ph 70% (EA)b 80% (90%) 80% (90%) 80% (90%) 5 d
i-Bu 35% (EA) 30% 95% (EA) 18 h
i-Pr 23% (90%)c 30% (>95%) 85% (EA) 95% (EA) 24 h
Cy 69% (EA)d 90% (>95%) 0% 90% (90%) 72 h
Me 60% (50%) 50% (95%) 5% 65% (>95%) 18 h

Note: Purity was estimated by 1H NMR, EA indicates correct elemental analysis. Reaction conditions: acacH/RNH2/acid = 1:2:1; minimum amount of
toluene used with exception of the first column.

acacacH = 0.5 mol/L.8
bcacacH = 0.1 mol/L, 5 d.7
ccacacH = 0.2 mol/L, 3 d.9
dcacacH = 0.1 mol/L, 3 d.10
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nacnacCyH
Acetylacetone (2.00 g, 20 mmol), HCl (12.1 mol/L,

0.82 mL, 10 mmol), p-toluenesulfonic acid monohydrate
(2.00 g, 11 mmol), and cyclohexylamine (3.98 g, 40 mmol)
in toluene (15 mL) gave a colorless oil that crystallizes into
colorless crystals upon standing for 2–3 h (4.75 g, 90%). 1H
NMR (CDCl3, 400 MHz): d 11.72 (bs, 1H, NH), 4.44 (s, 1H,
CH(C=N)2), 3.32–3.35 (m, 2H, Cy CH), 1.90 (s, 6H,
Me(C=N)), 1.80–1.35 (m, 20H, Cy). Anal. calcd. for
C13H26N2: C, 77.80; H, 11.52; N, 10.64. Found C, 77.44; H,
11.57; N, 10.67.22

nacnacMeH
Acetylacetone (3.00 g, 30 mmol), HCl (12.1 mol/L,

1.24 mL, 15 mmol), p-toluenesulfonic acid monohydrate
(2.99 g, 16 mmol), and methylamine (40%, 4.65 g,
0.06 mol) in toluene (6 mL). The aqueous phase was re-
extracted with ether (3 � 300 mL), and the combined
organic phases were dried over Na2SO4 and evaporated to
dryness. The dark-yellow oil obtained solidifies to an orange
precipitate that darkens upon standing to room temperature
(2.5 g, 65%). 1H NMR (CDCl3, 400 MHz): d 10.04 (bs, 1H,
NH), 5.2 (s, 1H, CH(C=N)2), 2.99 (s, 6H, NMe), 1.86 (s,
6H, CH3(C=N)). 13C{1H} NMR (CDCl3, 400 MHz): d 162.1
(C=N), 93.9 (CH(C=N)2), 33.3 (Me), 19.0 (CH3(C=N)). Ele-
mental analysis data were unsatisfactory due to easy decom-
position.2,15

nacnacXyl,BnH
Acetylacetone (3.00 g, 30 mmol), HCl (12.1 mol/L, 2.5 mL,

30 mmol), and 2,6-dimethylaniline (3.63 g, 30 mmol) in tol-
uene (12 mL) were refluxed for approximately 2 h. To the
obtained yellow suspension, benzylamine (3.27 g, 30 mmol)
was added and allowed to reflux for 3 days under azeotropic
removal of water in a Dean–Stark apparatus. After cooling
to room temperature and decantation of toluene, the brown
oil obtained was treated with ether (50 mL) and aqueous
KOH (16.8 g, 0.3 mol, 50 mL). The ether phase was sepa-
rated and evaporated to dryness. The obtained red-brown oil
was dissolved in a minimum amount of ethanol and kept
at –20 8C for several days. Crystals of nacnacBnH formed
were removed by filtration, and the remaining ethanol solu-
tion was evaporated to dryness to yield a brown oil (2.62 g,
30%, in 90% purity containing 10% of 2). Further recrystal-
lizations in MeOH or in EtOH as well as sublimation still
yielded product mixtures. 1H NMR (CDCl3, 400 MHz): d

11.18 (bs, 1H, NH), 7.22–7.30 (m, 8H, Ph), 4.45 (s, 1H,
CH(C=N)2), 4.43 (s, 2H, CH2), 2.07 (s, 6H, Ar Me), 1.90
(s, 3H, Me(C=N)), 1.63 (s, 3H, Me(C=N)). 13C{1H} NMR
(CDCl3, 400 MHz): d 160.1 (C=N), 140.1 (C=N), 128.4,
128.3, 127.6, 127.5, 127.2, 127.0, 126.7, 126.3 (all Ph),
93.9 (CH(C=N)2), 46.5 (CH2), 21.2 (Me(C=N)), 19.1
(Me(C=N)), 18.3 (Me2Ph). EI-HR-MS (m/z): calcd. for
C20H25N2 [M + H]+: 293.2012; found: 293.2013.5
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A convenient route to distannanes,
oligostannanes, and polystannanes

Aman Khan, Robert A. Gossage, and Daniel A. Foucher

Abstract: The quantitative conversion of the tertiary stannane (n-Bu)3SnH (2) into (n-Bu)6Sn2 (4) was achieved by heating
the neat hydride material under low pressure or under closed inert atmosphere conditions. A 31% conversion of Ph3SnH
(3) to Ph6Sn2 (5) was also observed under low pressure; however, under closed inert atmosphere conditions afforded
Ph4Sn (6) as the major product. A mixed distannane, (n-Bu)3SnSnPh3 (7), can also be prepared in good yield utilizing an
equal molar ratio of 2 and 3 and the same reaction conditions used to prepare 4. This solvent-free, catalyst-free route to
distannanes was extended to a secondary stannane, (n-Bu)2SnH2 (8), which yielded evidence (NMR) for hydride termi-
nated distannane H(n-Bu)2SnSn(n-Bu)2H (9), the polystannane [(n-Bu)2Sn]n (10), and various cyclic stannanes [(n-
Bu)2Sn]n=5,6 (11, 12). Further evidence for 10 was afforded by gel permeation chromatography (GPC) where a broad, mod-
erate molecular weight, but highly dispersed polymer, was obtained (Mw = 1.8 � 104 Da, polydispersity index (PDI) =
6.9) and a characteristic UV–vis absorbance (lmax) of &370 nm observed.

Key words: solvent free, catalyst free, dehydrogenation, stannanes, polystannanes.

Résumé : On a effectué la conversion quantitative du stannane tertiaire (n-Bu)3SnH (2) en (n-Bu)6Sn2 (4) par chauffage
de l’hydrure net, à basse pression ou dans des conditions atmosphériques inertes, sans contact avec l’extérieur. On a aussi
observé une conversion de 31 % du Ph3SnH (3) en Ph6Sn2 (5) dans des conditions de basse pression; toutefois, dans des
conditions atmosphériques inertes sans contact avec l’extérieur, le produit majeur est le Ph4Sn (6). Un distannane mixte
(n-Bu)3SnSnPh3 (7) peut aussi être préparé avec un bon rendement en utilisant un rapport molaire égal à l’unité des com-
posés 2 et 3 dans les mêmes conditions que celles utilisées pour préparer le composé 4. On a étendu cette nouvelle voie
de préparation des distannanes, sans solvant et sans catalyseur, pour obtenir un distannane secondaire, le (n-Bu)2SnH2 (8)
qui, sur la base de données de RMN, contient aussi un distannane à hydrure terminal, H(n-Bu)2SnSn(n-Bu)2H (9), du po-
lystannane, [(n-Bu)2Sn]n (10), et divers stannanes cycliques [(n-Bu)2Sn]n=5,6 (11, 12) dans lesquels n = 5 et 6. La chroma-
tographie par perméation de gel (CPG) a aussi permis d’obtenir des données mettant en évidence la présence d’un
polymère de poids moléculaire modéré, mais hautement dispersé (Mw = 1,8 � 104 Da, indice de polydispersion (IPD) =
6,9) et d’observer une absorbance caractéristique dans le spectre UV–vis avec un lmax & 370 nm.

Mots-clés : sans solvant, sans catalyseur, déshydrogénation, stannanes, polystannanes.

[Traduit par la Rédaction]

Introduction

Hexaorganodistannanes are a convenient source of stannyl
radicals and have found applications in organic chemistry in
a variety of reduction reactions,1 in addition to their utility
in palladium-catalyzed cross-coupling processes.2 Distan-
nanes also serve as useful models for polystannanes.3 Indus-
trially, distannanes show considerable antibacterial and
fungicidal activity and were previously used as wood preser-
vatives.4 The distannane class of compounds are the tin ana-
logues of ethanes but possess a Sn–Sn bond that is
comparatively weaker (154 vs 356 kJ/mol) and longer (2.80
vs 1.54 Å) than typical C–C bonds.5,6 Organodistannanes are
generally thermally stable but are chemically sensitive to the
presence of oxygen (more so than that of water, mild acids,
or alkalis) and can readily decompose to form stannoxanes
(i.e., R3Sn–O–SnR3) such as 1 (Fig. 1).7

Distannanes can be synthesized directly from the dehydro-
genative dimerization of tin hydrides (e.g., 2 and 3) with ei-
ther amines or alkoxides acting as the catalyst.8 Organotin
hydrides can also be dehydrogenatively coupled using tran-
sition metal catalysts such as Pd(PPh3)4, PdCl2(NCMe)2,9 or
ruthenium–allenylidene complexes.10 Electrochemical prepa-
rations of R3SnSnR3 (e.g., R = n-C4H9 (4), C6H5 (5), p-
CH3C6H4–, or C6H5CH2–) compounds involving the reduction
of R3SnX (X = Cl, NO3, H, SPh, OCHO, OCOCH3, etc.)
have also been reported.11,12 Stoichiometrically, 5 can be
prepared via the reductive coupling of triphenyltin deriva-
tives (Ph3SnX, where X = Cl, I, or OH) in a
THF / aq NH4Cl solution containing Zn metal.13,14 The first
high yield synthesis of 4 was reported by Sawyer15 from the
treatment of distannoxane 1 with 2 at 100 8C for several
days (Scheme 1).

Alternative methods for the synthesis of 4 from 1 include
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reactions with formic acid,16 or reductions utilizing Mg, Na,
or K metal in THF17 solution; NaBH4

18 or SmI2
19 in hexam-

ethylphosphoramide (HMPA) has also been used. Recently,
an improvement in the synthesis of 420 was reported, which
involves a high temperature (200 8C), catalyst-free protocol
using 1 and 2 at a molar ratio of 1:2.2. This method gives 4
in a quantitative yield. Interestingly, these same authors also
reported a lower yield (52%) of 4 by simply heating 2 at a
lower temperature (150 8C) for 6 h under vacuum
(Scheme 2).

In this study, we reinvestigate the solvent and catalyst-
free dehydrocoupling of 2 to produce 4 in an effort to identify
the optimum reaction conditions for a variety of distannanes.
This direct approach was thus extended to the aryl tin hy-
dride (3) to obtain Ph3SnSnPh3 (5). We also report on the
catalyst-free reactions involving equimolar ratios of alkyl
(2) and aryl (3) tin hydrides. Finally, we present evidence
that this approach can be extended to alkyl dihydrostannanes
for the production of both oligostannanes and polystannanes.

Results and discussion

The reaction conditions for both 2 and 3 to produce dis-
tannanes 4 and 5 are listed in Table 1. An attempt to distill
2 (200 8C, in vacuo) using a long path distillation condenser
was initiated with the intention to further purify 2. Surpris-
ingly, the product of this distillation was not 2, but a nearly
quantitative conversion (1H and 119Sn NMR, yield: 97%) to
distannane 4. We investigated the impact of heating 2 to re-
flux temperature (200 8C) under reduced pressure using a
long path reflux condenser. After 6 h, analysis by 1H and
119Sn NMR indicated a 75% conversion of 2 into 4. The
sample was further heated (6 h) under these conditions, but
NMR analysis showed virtually no change in the proportions
of the product and starting material. A plausible reason for
this observation is that the more volatile hydride is retained
by the cool portion of the reflux condenser rather than in
close proximity to the heat source. To improve this conver-
sion, 2 was heated (200 8C) under static vacuum conditions
in a sealed Schlenk flask. An analysis (119Sn NMR) of a
small aliquot of the reaction mixture taken every hour
revealed that after 5 h, 2 had completely converted to the
distannane 4. A single 119Sn resonance (d –83.6 ppm) was
observed for 4, with characteristic Sn satellites (J119Sn�117Sn =
1280 Hz), which is in agreement with reported literature val-
ues.20 The reaction was also carried out in a sealed flask

under a nitrogen atmosphere. Analysis by 119Sn NMR
showed a small peak for 2 after 5 h, which was completely
consumed after heating for an additional 1 h (Fig. 2). There
was no evidence of redistribution products, which were re-
ported when 2 was thermally dehydrocoupled in the pres-
ence of group 4 or 6 transition metal complexes.21

Similar dehydrocoupling conditions were used for hydride
3. After 6 h at reflux (200 8C) under reduced pressure, anal-
ysis by NMR showed that approximately 31% of the starting
material had converted to distannane 5, with most of the re-
mainder represented by the starting material 3 in addition to
a significant fraction of the redistribution product (24%)
Ph4Sn (6). Product 5 precipitated from the reaction mixture
as a crystalline solid as it cooled and could be easily recov-
ered from the starting material by recrystallization. The re-
action was also repeated in a heated (200 8C) and sealed
Schlenk flask under static vacuum. The 119Sn NMR spec-
trum showed evidence of a thermal redistribution reaction
with the bulk of the material converted (87%) to 6 and a
considerably lower fraction of 5 (10%), in addition to a trace
of grayish sediment, which was attributed to elemental tin
(3%).

Utilizing closed, reduced-pressure reaction conditions, an
equimolar mixture reaction of 2 and 3 was heated (200 8C)
for 5 h. Analysis by 119Sn NMR spectroscopy (Fig. 3) re-
vealed resonances at d –145.8 and –67 ppm consistent with
the formation of 7.22 The NMR evaluation of the reaction
mixture also indicated that compound 7 was present in a
36.6% yield. Traces of the starting materials, along with 4
(11.9%) and 5 (37.6%), the redistribution product 6
(12.9%), recovered tin metal (1.2%), and two unassigned
peaks were also noted. These unidentified materials may be
other higher molecular weight redistribution products.

The solvent-free, catalyst-free reaction N2(g) conditions
were also employed with the secondary stannane, (n-
Bu)2SnH2 (8; Scheme 3). After 6 h of heating (160 8C),
119Sn NMR spectroscopic analysis of the bright yellow oily
solid material revealed a multitude of resonances.

Clearly identifiable in this spectrum, however, was a reso-
nance at d & –208 ppm, which is attributed to the hydride
terminated distannane (n-Bu2SnH)2 (9).

23 Additionally, a res-
onance at d & –189 ppm can be assigned to linear dibutyl-

Fig. 1. Various stannanes.

Scheme 1.

Scheme 2.
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polystannane (10).24 Two cyclic species (11 and 12) were
identified by comparison with the literature 119Sn chemical
shift values.25,26 The assignments of the rest of the minor
signals has not yet been made but these are likely due to
the presence of higher molecular weight hydride terminated
oligomers (e.g., n-Bu2SnH(n-Bu2Sn)nSnHn-Bu2). Analysis of
this material by gel permeation chromatography (GPC)
showed a broad polymer distribution and a modest molecu-

lar weight polystannane (Mw = 1.8 � 104 Da, polydispersity
index (PDI) = 6.9), along with a considerable fraction of
lower molecular weight linear and cyclic products. A UV–
vis spectrum (Fig. 4) of the mixture containing the polymer
10 displayed a broad absorbance with a lmax centered at
&370 nm. This absorbance can be attributed to the s–s* of
the polystannane, which is in good agreement with reported
values.24

When the dehydrocoupling of 8 was attempted at a higher
temperature (200 8C, 6 h), evidence of multitude of alkyl re-
distribution products was found (Scheme 4). Analysis by
119Sn NMR spectroscopy showed resonances attributed to 2,
as well as to dimeric 4 and higher tributylstannane termi-
nated oligomers (i.e., 13 and 14), which were identified by
comparison to literature values.16 A large unassigned reso-
nance was observed at +156 ppm. This downfield shift is
characteristic of a four-coordinate dialkyl tin alkoxide spe-
cies, e.g., R2Sn(OR)2, which typically have resonances in
the range of +90 to +200 ppm.27 There is no evidence of cy-
clic products nor hydride terminated oligomers.

Mechanistic considerations
The catalyst- and solvent-free, presumably radically

driven, dehydrocoupling reactions described herein
(Scheme 5) are apparently activated through the thermolysis
of the relatively weak Sn–H bonds of R3SnH (R = n-Bu3,
Ph). The small differences between the ground state bond
dissociation energies for known stannanes (e.g., Me3SnH =
305 ± 17 kJ/mol, Me3SnEt = 284 ± 17 kJ/mol, Me3SnPh =
339 ± 21 kJ/mol, and Me3SnSnMe3 = 317 ± 25 kJ/mol) pro-
vides little insight to identifying clear redistribution trends
with these systems.28

In the case of 3, additional redistribution reactions to
yield products such as 6 also occur. The Sn–aryl bonds also
appear to be thermally labile at 200 8C and redistribution
chemistry is competitive with dehydrogenation. In contrast,
trialkyl stannanes seem less active towards such redistribu-
tion at this temperature. To maximize yields of distannanes
and reduce the potential of unwanted redistribution products,
it is essential to identify the optimum reaction conditions

Table 1. Catalyst- and solvent-free thermal couplings of tin hydrides.

Starting
material Reaction conditions

Reaction
time (h) Product

Yield
(%)

2 200 8C, N2 6 4 97
200 8C, reflux/reduced pressure 12 4 75
200 8C, static/reduced pressure 5 4 95

3 200 8C, reflux/reduced pressure 6 5, 6 31, 24
200 8C, static/reduced pressure 4 5, 6 10, 87

2 and 3 200 8C, static/reduced pressure 5 4 12
5 37
6 13
7 37

Fig. 2. 119Sn NMR spectra of the products from the dehydrocou-
pling of 2 at (A) 4 h at 200 8C and (B) 5 h at 200 8C under static
reduced pressure.

Fig. 3. 119Sn NMR spectrum of the products from the dehydrocou-
pling of 2 and 3 at 200 8C for 5 h. Peaks with an asterisk are unas-
signed.

Scheme 3.
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(e.g., temperature and duration of the reaction). Closed reac-
tion vessels under slight reduced pressure produce the high-
est yields for all products (4, 5, and 7). A likely driving
force in these reactions is the liberation of H2(g) along with
the formation of the persistent tin alkyl and aryl radicals that
later combine to form distannanes. Attempts to carry out de-
hydrocoupling reactions at higher temperatures (>200 8C)
resulted in the decomposition of the starting materials and
(or) lower product yields. Reaction of the secondary stan-
nane 8 at lower temperatures (160 8C) resulted in the forma-
tion of linear and cyclic polystannane species including a
modest molecular weight polymer (10). The broad polydis-
persity found for this sample is typical of other radical poly-
mers prepared from an uncontrolled polymerization process.
The mechanism of propagation for this species is unclear,
but may occur through the coupling of two growing oligo-
meric species that contain active radical end groups. When
8 is heated at 200 8C, redistribution to tributylstannyl termi-
nated species are dominant but no evidence for cyclics or
polymers was noted.

Conclusion
Compound 4 was successfully synthesized in a high yield

from the thermally driven dehydrocoupling of the tertiary
stannane 2 under a variety of catalyst- and solvent-free con-
ditions. Compound 5 was also obtained in a similar way
with lower conversion from the tertiary stannane 3. A mixed
distannane 7 was also prepared from the equimolar reaction
of 2 and 3 under similar conditions. Evidence for the redis-
tribution product 6 was found when aryl stannane (3) was
used. Solvent- and catalyst-free dehydrogenative coupling
of the secondary distannane 8 at 160 8C resulted in the for-
mation of a modest molecular weight polystannane (10) and
other linear and cyclic stannanes, but favours only redistrib-
ution products at 200 8C. This work has demonstrated that
dehydrocoupling of stannanes in the absence of a catalyst
under a variety of conditions may provide a viable route to
valuable organic radical sources. Future efforts will be di-
rected to the coupling of tertiary and secondary stannanes
using other metal-free routes, including the use of light and
microwave mediated coupling processes.

Experimental methods

Equipment and procedures
1H, 13C{1H}, and 119Sn{1H} NMR spectra were recorded

on a Bruker Avance 400 MHz NMR spectrometer. 1H spec-
tra were referenced to the residual solvent peaks in the deu-
terated solvents, whereas the 13C spectra are referenced
internally to the deuterated solvent resonances, which are in
turn referenced to SiMe4 (d 0 ppm), whereas 119Sn was ref-
erenced to SnMe4 (d 0 ppm). UV–vis measurements were
carried out in THF solutions using a PerkinElmer Lamda 40
spectrometer. Molecular weights of polymers were deter-

mined by gel permeation chromatography (GPC) using a
Viscotek Triple Model 302 detector system equipped with a
refractive index detector (RI), a four capillary differential
viscometer (VISC), a right angle (908) laser light scattering
detector (l0 = 670 nm), and a low angle (78) laser light scat-
tering detector. GPC columns were calibrated versus poly-
styrene standards (American Polymer Standards). A flow
rate of 1.0 mL/min was used with ACS grade THF as the
eluent. GPC samples were prepared using 3–10 mg of poly-
mers per mL THF, and filtered using a 0.45 mm filter. All
samples were run with and without ultraviolet absorbers
(UVA; concn & 0.001 mol/L) for comparison. All reactions
were carried out under a nitrogen atmosphere using Schlenk
techniques unless otherwise described. Thermally driven de-
hydrocoupling reactions were performed under a variety of
conditions in Schlenk flasks, including in an inert N2 atmos-
phere, or in a sealed Schlenk flask placed under a static re-
duced pressure (closed), or finally in a Schlenk flask
exposed to dynamic reduced pressure (open). Pressures
were measured using a mercury manometer attached to the
Schlenk line.

Materials
(n-Bu)3SnH (2, 99%), Ph3SnH (3, 97%), (n-Bu)2SnCl2

(97%), LiAlH4 (1.0 mol/L in ether), and anhydrous CaCl2
were purchased commercially and used without further puri-
fication. (n-Bu)6Sn2 (4) and Ph6Sn2 (5) were purchased from
Strem and used as reference samples. (n-Bu)2SnH2 (8) was
prepared from (n-Bu)2SnCl2 and LiAlH4 according to litera-
ture preparation.24,25 Solvents were dried by standard proce-
dures prior to use.

Large-scale thermal dehydrocoupling of 2 under reduced
pressure (open system)

The tin hydride 2 (50 g, 0.17 mol) was added to a
100 mL round-bottom flask connected to a long path distil-
lation condenser (13 cm) and the volatile components dis-
tilled at 200 8C under reduced pressure (&1 � 10–2 mm
Hg; 1 mm Hg = 133.32 Pa). The product of this distillation
was then analyzed by NMR spectroscopy. The 1H and 119Sn
NMR spectra revealed that 2 had been consumed and con-
verted (recovered yield: 97%) into 4. The NMR data pro-
vided here are in good agreement with literature
values.18,20,22

Small-scale thermal dehydrocoupling of 2 under reduced
pressure (open system)

To a 25 mL round-bottom flask equipped with long path
reflux condenser (20 cm), was added tin hydride 2 (1.0 g,

Scheme 4.

Scheme 5.
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3.44 mmol). The sample was heated to reflux temperature
(200 8C) under reduced pressure (&2 � 10–2 mm Hg) for
6 h. Analysis (1H and 119Sn NMR spectroscopy) of a small
aliquot of the reaction mixture revealed 75% conversion of
2 into 4, while the remainder was unreacted 2. Additional
heating for 6 h under these conditions showed no further re-
actant conversion (NMR).

Small-scale thermal dehydrocoupling of 2 under reduced
pressure (closed system)

To a 25 mL Schlenk flask equipped with a glass stopper
was added 2 (530 mg, 1.82 mmol). The neat hydride was
placed under static reduced pressure (&5 � 10–1 mm Hg),
the vessel was then sealed and subsequently heated
(200 8C) for 5 h. Analysis (1H and 119Sn NMR spectro-
scopy) showed that the majority of 2 had been consumed
and was converted to 4 (recovered yield: 95%).

Small-scale thermal dehydrocoupling of 2 under inert
atmosphere (open system)

Compound 2 (530 mg, 1.82 mmol) was added to a 25 mL
Schlenk flask equipped with a long path (20 cm) reflux con-
denser that was open to a N2(g) atmosphere. The flask was
then heated (200 8C) for 6 h. Analysis (1H and 119Sn NMR
spectroscopy) of the reaction mixture indicated that 2 had
been consumed and was converted to 4 (recovered yield:
97%). 1H NMR (C6D6, ppm) d: 0.97 (3H, t, CH3CH2CH2CH2–
Sn), 1.16 (2H, m, CH3CH2CH2CH2–Sn), 1.42 (2H, m,

CH3CH2CH2CH2–Sn), 1.66 (2H, m, CH3CH2CH2CH2–Sn).
13C{1H} NMR (C6D6, ppm) d: 10.49 (1JC–Sn (CH3CH2CH2CH2–
Sn) = 120.3 Hz and 2JC–Sn (CH3CH2CH2CH2–Sn–Sn) =
19.6 Hz), 14.01 (CH3CH2CH2CH2–Sn), 27.98 (3JC–Sn
(CH3CH2CH2CH2–Sn) = 26.5 Hz), 31.23 (2JC–Sn
(CH3CH2CH2CH2–Sn) = 8.1 Hz). 119Sn{1H} NMR (C6D6, ppm)
v: –83.6 (J119Sn�117Sn = 1280 Hz).

Small-scale thermal dehydrocoupling of 3 under reduced
pressure (open system)

Compound 3 (471 mg, 1.34 mmol) was added to a 25 mL
round-bottom flask equipped with a long path reflux con-
denser (20 cm). The sample was heated (200 8C) under re-
duced dynamic pressure (&1 � 10–3 mm Hg) for 6 h.
During this time period, clear and colourless crystals formed
on the sides of the reaction flask that were then collected
and analyzed (1H and 119Sn NMR spectroscopy). These data
indicated that a considerable fraction of 3 (41%) was un-
reacted. Approximately 59% of 3 was consumed and was
converted to both 5 (31%),29 6 (24%),30 and Sn metal (4%).
Major product 5: 1H NMR (CDCl3, ppm) d: 7.28–7.36 (12H,
m), 7.39–7.52 (12H, m), 7.60–7.63 (6H, m). 13C{1H} NMR
(CDCl3, ppm) d: 139.24 (C1), 137.61 (C2, C6), 128.82 (C3,
C5), 128.94 (C4). 119Sn{1H} (CDCl3, ppm) d: –143.7.

Small-scale thermal dehydrocoupling of 3 under reduced
pressure (closed system)

To a 50 mL Schlenk flask equipped with a glass stopper

Fig. 4. UV–vis (THF) spectrum of the mixture containing 10.

1050 Can. J. Chem. Vol. 88, 2010

Published by NRC Research Press

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

U
ni

ve
rs

ity
 o

f 
E

le
ct

ro
ni

c 
an

d 
Sc

ie
nc

e 
T

ec
ho

no
lo

gy
 o

f 
C

hi
na

 o
n 

09
/1

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



was added 3 (394 mg, 1.12 mmol). The neat hydride was
kept under static reduced pressure (&5 � 10–1 mm Hg), the
flask sealed, and heated (200 8C) for 4 h. Analysis (1H and
119Sn NMR) of the reaction mixture indicated that 3 had
been consumed and was converted to both 6 (yield: 87%),30

5 (yield: 10%),29 and Sn metal (3%). Major product 6:
13C{1H} NMR (CDCl3, ppm) d: 138.04 (C1), 137.39 (C2,
C6), 128.79 (C3, C5), 128.28 (C4). 119Sn{1H} NMR
(CDCl3, ppm) d: –129.6.

Small-scale thermal dehydrocoupling of 2 and 3 under
reduced pressure (closed system)

To a 50 mL Schlenk flask equipped with a glass stopper
was added 2 (291 mg, 1.00 mmol) and 3 (351 mg,
1.00 mmol). Neat tin hydrides were then placed under static
reduced pressure (&5 � 10–1 mm Hg), sealed, and heated
(200 8C) for 5 h. Analysis (1H and 119Sn NMR) of the reac-
tion products indicated the conversion of 2 and 3 into a mix-
ture containing 4 (12%), 5 (37%), 6 (13%), 7 (37%), and
trace of elemental tin (1%).

Small-scale thermal dehydrocoupling of 8 under nitrogen
(open system)

To a 50 mL Schlenk flask equipped with a glass stopper
was added 8 (428 mg, 1.82 mmol). The flask containing 8
was then placed under an atmosphere of N2 and heated
(160 8C) for 6 h. Analysis (1H and 119Sn NMR spectro-
scopy) of a small aliquot of the reaction mixture indicated
the conversion of 8 to a mixture containing 9, 10, 11, and
12 along with unassigned oligomers. UV–vis lmax (nm):
370. 119Sn{1H} NMR (C6D6, ppm) d: 10: –189.3; 12: –202.1;
8: –203.2; 9: –207.9; others: –195.6, –209.5, –220.1. Analy-
sis by GPC revealed a molecular weight of Mw = 1.8 �
104 Da, PDI = 6.9.

Small-scale thermal dehydrocoupling of 8 under reduced
pressure (open system)

To a 50 mL Schlenk flask equipped with a glass stopper
was added 8 (500 mg, 2.12 mmol). The flask containing 8
was then placed under an atmosphere of N2 and heated
(200 8C) for 6 h. Analysis (1H and 119Sn NMR spectro-
scopy) of a small aliquot of the reaction mixture indicated
the conversion of 8 to a mixture containing 2, 4, 13, and 14
along with other unassigned peaks. 119Sn{1H} NMR (C6D6,
ppm) d: 14: –75.3, –213.4; 13: –76.2, –227.0; 4: –83.2;
2: –87.3; others: +155.9, –57.7, –66.6, –210.2.

Supplementary data

Supplementary data of 1H and 119Sn{1H} NMR spectra
for compounds 4, 5, 6, and the products of the dehydrocou-
pling of 8 at two different temperatures are provided.

Acknowledgment
Drs. Foucher and Gossage would like to thank the Natural

Sciences and Engineering Research Council of Canada
(NSERC) Discovery Grants program and the Ryerson
Dean’s startup fund program for support of this research. A.
Khan would like to thank the Molecular Sciences Program
at Ryerson University for a graduate student award.

References
(1) (a) Chabaud, L.; Landais, Y.; Renaud, P. Org. Lett. 2002, 4

(24), 4257. doi:10.1021/ol026824y. PMID:12443072.; (b)
Harendza, M.; Leßmann, K.; Neumann, W. P. Synlett 1993,
283. doi:10.1055/s-1993-22433.; (c) Verlhac, J. B.; Chanson,
E.; Jousseaume, B.; Quintard, J. P. Tetrahedron Lett. 1985,
26 (49), 6075. doi:10.1016/S0040-4039(00)95129-3.

(2) (a) McIntee, J. W.; Sundararajan, C.; Donovan, A. C.;
Kovacs, M. S.; Capretta, A.; Valliant, J. F. J. Org. Chem.
2008, 73 (21), 8236. doi:10.1021/jo8013287. PMID:
18826327.; (b) Ha, Y.-H.; Kang, S. K. Org. Lett. 2002, 4
(7), 1143. doi:10.1021/ol025557t. PMID:11922803.
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Is the oxygen ‘‘side-on’’, or ‘‘end-on’’ and
fluctional, in peroxyl radicals with magnetically
equivalent oxygen atoms?

K.U. Ingold and Gino A. DiLabio

Abstract: The g values that have been measured for the group-14 peroxyls are sufficiently similar to suggest that they all
have very similar structures. However, the 17O hyperfine splittings seem to indicate that tin peroxyls have structures that
differ from their lighter group-14 analogs. We hypothesize that the oxygen atoms in tin peroxyls are magnetically equiva-
lent because they undergo a rapid 1,2-shift. Density-functional and wave-function theory calculations support this view.

Key words: electron paramagnetic resonance spectroscopy, density-functional theory, group-14 peroxyl radicals.

Résumé : Les valeurs g qui ont été mesurées pour les groupes hydroxyles du groupe 14 sont suffisamment semblables
pour suggérer qu’ils ont tous des structures très semblables. Toutefois, les dédoublements hyperfins du 17O semblent indi-
quer que les peroxyles de l’étain possèdent des structures qui diffèrent de celles de leurs analogues plus légers du groupe
14. On croit que les atomes d’oxygène des peroxyles de l’étain sont magnétiquement équivalents parce qu’ils subissent un
rapide déplacement 1,2. La théorie de la fonctionnelle de la densité et celle de la fonction d’onde supportent toutes les
deux cette hypothèse.

Mots-clés : spectroscopie de résonance paramagnétique électronique, théorie de la fonctionnelle de la densité, radicaux pe-
roxyles du groupe 14.

[Traduit par la Rédaction]

The oxidative degradation of organic materials, such as lu-
bricating oils, plastics, edible fats, and even lipids in living
organisms, are free-radical, two-step, chain processes (see
reactions. [1] and [2]).

½1� R� þ O2 ! ROO�

½2� ROO� þ RH! ROOHþ R�

The economic costs of such degradation have led to ex-
haustive research on the kinetics, thermodynamics, and reac-
tion mechanisms of these autoxidation processes and on
methods for their retardation (inhibition). There has also
been extensive research on the structures of the chain-propa-
gating alkylperoxyls, ROO�, primarily by electron paramag-
netic resonance (EPR) spectroscopy. Most organic radicals
have g values near that of the free electron (2.0023) as a
consequence of the almost complete quenching of orbital an-
gular momentum. In contrast, alkylperoxyls have much
higher g values (range: 2.014–2.017)1 because their orbital
angular momentum is incompletely quenched.2

The use of 17O-labelled dioxygen to trap carbon-centered
radicals has revealed that alkylperoxyls have two magnetically

inequivalent oxygen atoms.1,3–6 This is readily understood by
consideration of the two canonical structures, A and B.

In Me3COO�, inductive electron donation by the tert-butyl
group and conjugative electron delocalization stabilize B,
with 17O labelling indicating that A and B make contribu-
tions of approximately 60% and 40%, respectively.3,4 The
relative importance of A increases as the inductive electron-
donating ability of R declines and, with the electron-with-
drawing trichloromethyl group, the unpaired spin density on
the outer oxygen atom reaches 70%.6,7–9

Other triorgano group-14 peroxyls have been prepared
and examined by EPR spectroscopy.1 Relevant EPR data
are given in Table 1. Table 1 contains the isotropic g values
measured in cyclopropane solution10 and the two 17O hyper-
fine splittings (hfs) for triorgano-silylperoxyls,11 -germylper-
oxyls,12 and -stannylperoxyls.11,13 These hfs have not been
measured for plumbylperoxyls. The g values of these perox-

Received 25 January 2010. Accepted 31 March 2010. Published on the NRC Research Press Web site at canjchem.nrc.ca on 19 August
2010.
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yls are somewhat greater than those of triorgano carbon cen-
tered radicals (as might be expected from the presence of
heavier atoms attached to the O–O moiety). However, the g
values of all the group-14 peroxyls are sufficiently similar to
suggest that they all have very similar structures.

On the other hand, the 17O hyperfine splittings (hfs) ap-
pear to tell a different story. For tert-butylperoxyl it has
been established that the larger 17O hfs comes from the ter-
minal (outer) O atom.4 The same is presumed to be true for
all other alkylperoxyls and also for the silyl- and germyl-
peroxyls.14 However, the tri-n-butylstannylperoxyl was
found to have two magnetically equivalent O atoms,11,13

and it was hypothesized to have ‘‘a pentacoordinate, trigonal
bipyramidal structure in which the vacant Sn 5d orbitals are
used to form a dative bond with the lone pair of electrons on
the terminal oxygen of the peroxy function’’10,12 (structure
C). Later,13 it was found that stannylperoxyl radicals reacted
rather like alkylperoxyls,15 which led to the suggestion that
structure C might be in equilibrium with the ‘‘usual structure
for a peroxy radical’’ (D).13

½3�

The possibility that C was simply the transition state
structure for a rapid 1,2 shift of the trialkylstannyl group be-
tween the two oxygen atoms, appears not to have been con-
sidered.11,13

In view of the foregoing, we hypothesized that the oxygen
atoms in n-Bu3SnOO� were magnetically equivalent because
of a fast 1,2-shift of the n-Bu3Sn group, D $ D’, rather than

because this radical had the symmetric structure, C. To
check this hypothesis we turned to theory.

½4�

Using a density functional theory (DFT) approach,16 we
computed the lowest energy structures for Me3XOO� (X =
C, Si, Ge, Sn, and Pb) radicals and subsequently verified
the structures as minima by obtaining all positive vibration
frequencies. We chose to use methyl-substituted group-14
peroxyls for simplicity, recognizing that more elaborate sub-
stituents (e.g., butyl groups) will not change our general
conclusions. In all cases, the lowest energy structure was

Table 1. EPR parameters for some triorgano group-14 peroxyls.

Peroxyl g value
a17O

(inner) (G)
a17O

(outer) (G)
a17O

ref.
Me3COO� 2.0154a 17.6b 23.45 4
Ph3COO� 2.014c 14.3av

c,d 24.3av
c,d 5

Cl3COO� 2.0153e 10.4av
e,f 28.2av

e,f 6
(Me3C)3SiOO� 2.0294g 14.6 25.4 11
Me3GeOO� 2.024h *15i *25i 12
(n-Bu)3SnOO� 2.024j 25 25 13
Me3PbOO� 2.034 NAk NAk NAk

Note: Isotropic parameters measured in cyclopropane solution are from
ref. 10 unless otherwise noted.

aIn C6D6, ref. 10.
bThe value of 16.4 G from ref. 3 has been corrected for sweep width error

by a factor of 23.45/21.8 = 1.076, see footnote 2 in ref. 4.
cAt 123 K in polycrystalline triphenylacetic acid.
dBased on 17O hfs of 61 and 91 G and the suggestion5 that the other

principal values of the17O tensors are both approximately –8 G.
eAt 93 K in a methanol glass.
fBased on 17O hfs of 49.2 and 102.6 G at 93 K and the suggestion5 that the

other principal values of the 17O tensors are both approximately –8 G.
gValues for Me3SiOO� and Ph3SiOO� are 2.0277 and 2.0271, respec-

tively.11

hPh3GeOO� has the same g.12

iFrom the text of ref. 13.
jGiven as 2.025 in ref. 11. This reference includes Me3SnOO� (g = 2.024)

and Ph3SnOO� (g = 2.020).
kNA: not available.

Fig. 1. Perspective images representing (a) the minimum energy
structure for Me3XOO� and the (b) side and (c) top-down views of
the transition state structure interconverting two equivalent struc-
tures of the type in (a). Atoms are represented as follows: H =
white, C = gray, X = blue (X = C, Si, Ge, Sn, and Pb), and O =
red. Atoms in the shaded area are coplanar.
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found to be ‘‘end-on’’, as illustrated in Fig. 1a. Are ‘‘side-
on’’ structures also minima? Calculations show that struc-
tures of this type represent transition states (TS) connecting
equivalent end-on structures.23 The energies of these TS
structures, relative to their corresponding ground-state end-
on radicals, are given in Table 2. Two views of a represen-
tative TS structure are shown in Figs. 1b and 1c.

The relative energies in Table 2 reveal a nonmonotonic
decrease in the barrier to interconversion between equivalent
end-on structures, through the side-on TS structure, with in-
creasing atomic mass of the group-14 atom. Using the bar-
rier heights associated with Me3COO�,25–28 Me3SiOO�, and
Me3GeOO�, together with conventional transition state
theory gives rate constants at ‘‘EPR’’ temperatures, viz.,
200 K, for interconversion between end-on structures that
are too small for interconversion to be observed on the EPR
time scale. However, the calculated rate constants associated
with interconversion of Me3SnOO� and Me3PbOO� are very
large, viz., >107 s–1, which lends support to the mechanism
implied by reaction [4]. We note that our calculations indi-
cate that the energy required to dissociate O2 from the
Me3Sn moiety is *33 kcal/mol, indicating that the intercon-
version is a concerted process. In contrast, the computed en-
ergy required to dissociate O2 from Me3COO� is
*31.4 kcal/mol, indicating that the concerted process will
never compete with dissociation.

To provide additional support for the interconversion via
the reaction in reaction [4], we sought to calculate the a17O

values of the group-14 trimethyl peroxyls. Our initial calcu-
lations were performed using ‘‘EPR-III’’ basis sets,29 which
are specifically designed to give reasonable hyperfine cou-
pling constants. However, we found these basis sets to be
inadequate for the systems investigated in the present work.
Using Me3COO� as a single example, a17O values computed
with EPR-III bases using a variety of computational methods
were in very poor agreement with experiment, e.g., values
(in G) obtained from the following methods for a17O (inner)
and a17O (outer) were HF 23.6 and 48.3, BHandH30LYP31

19.3 and 28.5, B317LYP31 12.7 and 16.8, B32LYP31 8.6 and
10.9, B97133 13.3 and 20.0, HCTH40734 6.4 and 12.2, MP2
18.9 and 21.9, respectively; experiment 17.6 and 23.5, see
Table 1. Similarly poor results were obtained for Me3SiOO�.
We therefore resorted to the use of diffusion augmented, cor-
relation-consistent polarized core/valence triple-zeta polariza-
tion (aug-cc-CVpVTZ)35 basis sets. Additional testing revealed

that various methods with the aug-cc-CVpVTZ bases pro-
duced a17O values that are in better agreement with experi-
ment, compared to those obtained with the EPR-III bases,
but were still not satisfactorily accurate. Once again using
the example of Me3COO�, we obtained the following a17O

(inner) and a17O (outer) values (all in G): BHandHLYP 18.4
and 27.0, MP2 17.9 and 21.0, respectively. It was clear that
it was necessary to perform the calculations at a higher level
of electronic correlation. We chose to use the coupled-clus-
ter approach with single and double electronic excitation
(CCSD) with all electrons (core and valence) correlated.
The large size of the basis set and extent of correlation re-
quired that we use a local dense basis set (LDBS) ap-
proach,36 in which we apply the aug-cc-CVpTZ basis set to
the O atoms, and the remaining atoms were treated with
smaller basis sets and (or) effective core potentials.21,22 Ad-
ditional tests showed that a17O values obtained using the
LDBS approach described above are within *0.5% of those
obtained using balanced basis sets (i.e., aug-cc-CVpTZ basis
sets on all atoms).

Table 2 shows the a17O values obtained using the CCSD/
LDBS approach described above. The values for Me3COO�,
Me3SiOO�, and Me3GeOO� are within *8.4% of the meas-
ured values presented in Table 1, an agreement that can be
considered reasonable. For these three peroxyls, the calcu-
lated ratio of a17O (inner)/a17O (outer) show excellent agree-
ment with the experimentally determined ratios, and provide
us with considerable confidence in the results of the calcula-
tions.

For Me3SnOO�, theory predicts a large difference in inner
(15.7 G) and outer (23.1 G) a17O values with a ratio of 1.49,
whereas EPR measurements on 17O-labelled (n-Bu)3SnOO�
indicate that both oxygen atoms are magnetically equivalent
(25 G). Clearly, the equivalent measured a17O values result
because of the low (calculated) barrier to interconversion be-
tween end-on structures. Calculations show similar results
and would be observed for analogous lead peroxyls.
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Nonempirical density-functional theory for van der
Waals interactions

Axel D. Becke, Alya A. Arabi, and Felix O. Kannemann

Abstract: In previous work, Kannemann and Becke [J. Chem. Theory Comput. 5, 719 (2009) and J. Chem. Theory Com-
put. 6, 1081 (2010)] have demonstrated that the generalized gradient approximations (GGAs) of Perdew and Wang for ex-
change [Phys. Rev. B 33, 8800 (1986)] and Perdew, Burke, and Ernzerhof for correlation [Phys. Rev. Lett. 77, 3865
(1996)], plus the dispersion density functional of Becke and Johnson [J. Chem. Phys. 127, 154108 (2007)], comprise a
nonempirical density-functional theory of high accuracy for thermochemistry and van der Waals complexes. The theory is
nonempirical except for two universal cutoff parameters in the dispersion energy. Our calculations so far have been grid-
based and have employed the local density approximation (LDA) for the orbitals. In this work, we employ orbitals from
self-consistent GGA calculations using Gaussian basis sets. The results, on a benchmark set of 65 van der Waals com-
plexes, are similar to our grid-based post-LDA results. This work sets the stage for van der Waals force computations and
geometry optimizations.

Key words: density-functional theory, van der Waals interactions, dispersion interactions.

Résumé : Dans un travail antérieur, Kannemann et Becke [J. Chem. Theory Comput. 5, 719 (2009) and J. Chem. Theory
Comput. 6, 1081 (2010)], il a été démontré que les approximations généralisées du gradient (AGG) de Perdew et Wang
pour l’échange [Phys. Rev. B 33, 8800 (1986)] et Perdew, Burke et Ernzerhof [Phys. Rev. Lett. 77, 3865 (1996)] pour la
corrélation combinées à la fonctionnelle de la densité de dispersion de Becke et Johnson [J. Chem. Phys. 127, 154108
(2007)] s’avère être une théorie de la fonctionnelle de densité non empirique d’une grande exactitude pour la thermochi-
mie et les complexes de van der Waals. La théorie est non empirique, à l’exception de deux paramètres universels de cou-
pure de l’énergie de dispersion. Les calculs effectués jusqu’à présent ont été faits sur la base d’une grille et ils ont fait
appel à l’approximation de la densité locale (ADL) pour les orbitales. Dans le présent travail, on utilise des orbitales obte-
nus par calculs autocohérents d’approximation généralisée du gradient utilisant des ensembles de base gaussiens. Les résul-
tats obtenus sur un ensemble de référence de 65 complexes de van der Waals sont semblables à ceux obtenus avec nos
résultats obtenus sur la base d’une grille post-ADL. Ce travail permet de faire des calculs de force de van der Waals et
d’optimisation de géométrie.

Mots-clés : théorie de la fonctionnelle de la densité, interactions de van der Waals, interactions de dispersion.

Introduction
The treatment of weak chemical interactions in density-

functional theory (DFT) is fraught with difficulties. The
weakest interaction, dispersion, is the result of long-range
correlations which are impossible to model with standard lo-
cal or semilocal density-functional approximations1 such as
the local density approximation (LDA) or generalized gra-
dient approximations (GGAs). To make matters worse, the
exchange part alone of the LDA or standard GGAs gives
anything from massive over-binding to massive over-repulsion
in dispersion-bound complexes, depending on the choice of
functional.2 Compared to the purely repulsive curves given
by Hartree–Fock theory, the performance of the various

standard exchange GGAs in the DFT literature is unaccept-
ably erratic (see Fig. 1 in ref. 2).

The latter of these problems, reproducing Hartree–Fock
repulsion in closed-shell interactions, has been addressed by
Lacks and Gordon3 and, more recently, by Kannemann and
Becke,2 and Murray, Lee, and Langreth.4 It has been discov-
ered that, among the many available exchange GGAs in the
literature, the nonempirical exchange GGA of Perdew and
Wang5 (PW86) reproduces Hartree–Fock repulsions remark-
ably well. For the ten pair interactions between the rare-gas
atoms He, Ne, Ar, and Kr, self-consistent PW86 repulsion
energies have a mean absolute percent error with respect to
Hartree–Fock of only 10%2. Considering that the model
underlying PW86 is not explicitly designed to capture weak
interatomic interactions, this agreement is perhaps fortui-
tous. It has been pointed out by Zhang, Pan, and Yang6 that
weak interactions are extremely sensitive to the behaviour of
exchange GGAs in the limit of large reduced density gra-
dient

½1� c ¼ jrrj
r4=3

Fortuitous or not, the large-c behaviour of PW86 is ideal for
reproducing closed-shell Hartree–Fock repulsions. The
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‘‘B86b’’ exchange GGA of Becke7 also performs well at this
task, and has nearly the same asymptotic behaviour as
PW86 (Fig. 1 in ref. 6).

The long-range London dispersion interaction responsible
for binding in van der Waals (vdW) complexes cannot be
obtained from local or semilocal density functionals, as first
argued by Kristyán and Pulay.1 Explicit models incorporat-
ing the necessary long-range physics are known,8–13 but are
complicated. Models of the asymptotic dispersion interaction
(i.e., dispersion coefficients) of relatively simple form have
been proposed by several groups.14–17 We use in our work
the model of Becke and Johnson,14,15 which exploits non-
sphericity of the exchange hole around its reference point to
generate C6, C8, and C10 interatomic dispersion coefficients
in a nonempirical density-functional manner. We will refer
to this model as the exchange-hole dipole moment (XDM)
dispersion model. Although XDM generates asymptotic dis-
persion coefficients without empirical fit parameters, two
(universal) fit parameters are required to damp the disper-
sion energy at small internuclear separations.

We have reported in refs. 2 and 18 that the PW86 ex-
change GGA, combined with the nonempirical correlation
GGA of Perdew, Burke, and Ernzerhof19 (PBE) and the
XDM dispersion model, yields excellent binding-energy
curves in rare-gas diatomics2 and excellent binding energies
in a wide variety of intermolecular complexes.18 Our work
thus far has been grid-based fully numerical, using LDA or-
bitals computed by the basis-set-free NUMOL program20,21

(i.e., ‘‘post-LDA’’). In the present work, we instead use
self-consistent PW86+PBE orbitals (i.e., ‘‘post-GGA’’) com-
puted with the Gaussian09 program.22 The objective is to
obtain PW86+PBE+XDM forces suitable for geometry opti-
mization of intermolecular complexes. Forces cannot be ob-
tained from our NUMOL post-LDA approach, and self-
consistent NUMOL GGA calculations are not yet feasible.23

We therefore explore a post-Gaussian09-GGA approach in
this work.

In the following section, we discuss the suitability for our
purposes of the Dunning24 aug-cc-pVDZ and aug-cc-pVTZ
basis sets by considering rare-gas Hartree–Fock repulsion
energies. In a later section, the two dispersion damping pa-
rameters in our PW86+PBE+XDM functional are fit to
benchmark binding energies of 65 intermolecular complexes
compiled in ref. 18. The results are of excellent quality, sim-
ilar in quality to our NUMOL post-LDA results.18 Future di-
rections are discussed in the final section.

Hartree–Fock repulsion in rare-gas
diatomics: basis-set considerations

In ref. 2, the ability of the PW86 exchange GGA to repro-
duce Hartree–Fock repulsion energies in rare-gas systems
was carefully studied. Our test set consisted of the ten pair
interactions between the atoms He, Ne, Ar, and Kr. Post-
Hartree–Fock, post-exchange-only-LDA, and self-consistent
PW86 repulsion energies, computed at experimental Tang–
Toennies internuclear separations,25 were compared to exact
Hartree–Fock repulsion energies from fully numerical NU-
MOL calculations. In Table 1, the Hartree–Fock and the
self-consistent PW86 repulsion energies are listed. The devi-
ation of the PW86 from the Hartree–Fock results is remark-
ably small. The mean absolute error of PW86 is only 10%,
and the maximum error is 20%.

The PW86 benchmarks in Table 1 were obtained with
Gaussian09 and the Dunning aug-cc-pV5Z basis set, includ-
ing counterpoise (CP) corrections for basis-set superposition
error.26 This basis set is much too large, however, for practi-
cal applications. CP corrections are impractical as well, es-
pecially for the computation of intra-molecular dispersion
energies. In this work we therefore undertake additional
PW86 calculations with small Dunning basis sets, and with-

Table 1. Repulsion energies in rare-gas diatomics (mH).

HFa PW86b PW86c PW86d

Numerical aug-cc-pV5Z aug-cc-pVTZ aug-cc-pVDZ
He2 28 29 34 28
He–Ne 47 52 41 13
He–Ar 85 87 96 76
He–Kr 103 98 104 88
Ne2 96 117 114 19
Ne–Ar 190 198 196 117
Ne-Kr 227 219 206 136
Ar2 435 503 519 482
Ar–Kr 538 626 632 621
Kr2 674 796 786 807
MPEe 8 9 –21
MAPEf 10 13 30
MaxAPEg 22 20 81

aExact numerical Hartree–Fock.
bPW86: CP-corrected aug-cc-pV5Z from ref. 2.
cPW86: aug-cc-pVTZ (without CP correction).
dPW86: aug-cc-pVDZ (without CP correction).
eMPE: Mean percent error.
fMAPE: Mean absolute percent error.
gMaxAPE: Maximum absolute percent error.
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Table 2. Binding energies of intermolecular complexes (kcal/mol).

Numericalc TZd DZe

Complex Data seta Referenceb (Post-LDA) (Post-GGA)
He–He TT 0.022 0.018 0.021 0.015
He–Ne TT 0.041 0.048 0.051 0.050
He –Ar TT 0.059 0.059 0.058 0.052
He–Kr TT 0.063 0.065 0.064 0.055
Ne–Ne TT 0.084 0.100 0.088 0.097
Ne–Ar TT 0.132 0.143 0.133 0.132
Ne–Kr TT 0.141 0.164 0.154 0.148
Ar–Ar TT 0.285 0.255 0.245 0.217
Ar–Kr TT 0.333 0.311 0.302 0.256
Kr–Kr TT 0.400 0.381 0.378 0.311
He–N2 L-shaped JB 0.053 0.040 0.046 0.035
He–N2 T-shaped JB 0.066 0.062 0.066 0.082
He–FCl JB 0.097 0.077 0.080 0.096
FCl–He JB 0.182 0.157 0.181 0.191
CH4–C2H4 JB 0.50 0.67 0.67 0.75
CF4–CF4 JB 0.78 0.70 0.76 0.82
SiH4–CH4 JB 0.81 0.88 0.90 1.13
CO2–CO2 JB 1.37 1.15 1.19 1.07
OCS–OCS JB 1.40 1.38 1.35 1.19
C10H8–C10H8 parallel JB 3.78 4.50 4.55 3.98
C10H8–C10H8 parallel crossed JB 5.28 5.85 5.92 5.28
C10H8–C10H8 T shaped JB 4.34 4.46 4.62 4.68
C10H8–C10H8 T shaped crossed JB 3.09 3.50 3.59 3.63
CH4–NH3 JB 0.73 0.97 0.96 1.12
SiH4–HF JB 0.73 0.62 0.62 0.91
CH4–HF JB 1.65 1.76 1.79 1.94
C2H4–HF JB 4.47 5.16 5.21 5.27
CH3F–CH3F JB 2.33 2.16 2.16 2.17
H2CO–H2CO JB 3.37 2.99 3.00 3.09
CH3CN–CH3CN JB 6.16 6.13 6.18 6.20
HCN–HF JB 7.3 7.71 7.83 7.91
(NH3)2 [C2h] S22 3.17 3.24 3.23 3.29
(H2O)2 [Cs] S22 5.02 5.23 5.22 5.25
Formic acid dimer [C2h] S22 18.61 19.13 19.14 18.99
Formamide dimer [C2h] S22 15.96 16.09 16.08 16.20
Uracil dimer [C2h] S22 20.65 20.28 20.45 20.70
2-Pyridoxine–2-aminopyridine [C1] S22 16.71 17.44 17.53 17.89
Adenine–thymine WC [C1] S22 16.37 16.68 16.89 17.17
(CH4)2 [D3d] S22 0.53 0.54 0.53 0.77
(C2H4)2 [D2d] S22 1.51 1.36 1.38 1.55
Benzene–CH4 [C3] S22 1.50 1.48 1.48 1.50
Benzene dimer parallel displaced

[C2h]
S22 2.73 2.63 2.64 2.63

Pyrazine dimer [Cs] S22 4.42 3.69 3.62 3.64
Uracil dimer stack [C2] S22 10.12 8.78 8.71 8.47
Indole–benzene stack [C1] S22 5.22 4.27 4.23 4.16
Adenine–thymine stack [C1] S22 12.23 10.07 9.96 9.82
Ethene–ethyne [C2v] S22 1.53 1.71 1.76 1.92
Benzene–H2O [Cs] S22 3.28 3.17 3.19 3.12
Benzene–NH3 [Cs] S22 2.35 2.22 2.24 2.24
Benzene–HCN [Cs] S22 4.46 4.15 4.30 4.26
Benzene dimer T-shaped [C2v] S22 2.74 2.40 2.52 2.79
Indole–benzene T-shaped [C1] S22 5.73 4.95 5.16 5.42
Phenol dimer [C1] S22 7.05 6.52 6.55 6.65
HF–HF ZT 4.57 4.91 4.86 4.90
NH3–H2O ZT 6.41 7.12 7.17 7.45
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out CP corrections, in search of a practical PW86 scheme
able to mimic Hartree–Fock repulsions in rare-gas systems.

We consider the Dunning basis sets aug-cc-pVDZ and
aug-cc-pVTZ to be of practical size for general applications
and have therefore assessed them, without CP correction, on
our repulsion-energy test set. Integration grids of 200
radial � 590 angular points (unpruned) were used through-
out. The results are reported in the last two columns of Ta-
ble 1. Both the DZ and the TZ basis sets give repulsion for
all ten systems considered. However, the triple-zeta results are
clearly superior to the double-zeta results. Indeed the triple-
zeta data is similar in quality to the CP-corrected quintuple-
zeta data. The worst cases for aug-cc-pVDZ noticeably
involve the Ne atom, but this doesn’t necessarily rule out
the utility of aug-cc-pVDZ in general.

We are therefore encouraged to adopt aug-cc-pVTZ, with-
out CP corrections, as a viable and practical basis set for
GGA computations of weak chemical interactions. The via-
bility of non-CP-corrected aug-cc-pVDZ remains to be seen.
We apply both to the computation of vdW binding energies
in the next section.

Binding energies of intermolecular
complexes

A comprehensive binding-energy (BE) test set of 65 inter-
molecular complexes, spanning three orders of binding-energy
strength from 0.022 kcal/mol (He2) to 20.65 kcal/mol (uracil
dimer), has been assembled in ref. 18 for the assessment of
vdW computational methods. The set includes the ten rare-
gas diatomics in Table 1 with experimentally derived BEs
from Tang and Toennies,25 21 complexes from the test set
of Johnson and Becke27 with CCSD(T)-computed BEs, the
22 complexes of the ‘‘S22’’ biochemical benchmark set of
Jurečka et al.28 also with CCSD(T)-computed BEs, and 12
complexes from Zhao and Truhlar29,30 with BEs computed
by W1 theory. These 65 complexes are listed in Table 2

along with their reference binding energies. Cartesian coor-
dinate files of all the complexes and their monomers are
available as supplementary data to ref. 18.

We assess the exchange-correlation functional

½2� EXC ¼ EPW86
X þ EPBE

C þ EXDM
disp

on our 65 benchmark complexes and report the results in
Table 2. The PW86 exchange GGA is given in ref. 5 and
the PBE correlation GGA in ref. 19. The XDM dispersion
energy is given by27

½3� EXDM
disp ¼ �

1

2

X
i 6¼j

C6;ij

R6
vdW ;ij þ R6

ij

þ C8;ij

R8
vdW ;ij þ R8

ij

 

þ C10;ij

R10
vdW ;ij þ R10

ij

!

with dispersion coefficients C6,ij, C8,ij, and C10,ij computed as
in refs. 15 and 31. The effective vdW interatomic separa-
tions RvdW,ij are linearly related to ‘‘critical’’ interatomic se-
parations Rc,ij by

½4� RvdW ;ij ¼ a1Rc;ij þ a2

with the critical separation Rc,ij given by the average of
(C8,ij/C6,ij)1/2, (C10,ij/C6,ij)1/4, and (C10,ij/C8,ij)1/2.

We use the ‘‘BR’’ variant of XDM,31 since the BR variant
was found to be superior to the ‘‘XX’’ variant in ref. 18.
XDM-BR is based on a density-functional approximation of
the exchange hole, whereas XDM-XX uses the exact orbital-
based exchange hole. That the former outperforms the latter
in intermolecular complexes is rationalized in ref. 18.

Self-consistent PW86+PBE orbitals were computed with
Gaussian09 using the aug-cc-pVDZ and aug-cc-pVTZ basis
sets, without CP corrections, as motivated in the previous
section. The XDM dispersion energy was then computed by
an interface program32 that reads Gaussian09 orbital infor-

Table 2 (concluded ).

Numericalc TZd DZe

Complex Data seta Referenceb (Post-LDA) (Post-GGA)

H2S–H2S ZT 1.66 2.02 2.25 2.35
HCl–HCl ZT 2.01 2.43 2.45 2.50
H2S–HCl ZT 3.35 4.43 4.53 4.76
CH3Cl–HCl ZT 3.55 4.06 4.08 4.16
HCN–CH3SH ZT 3.59 4.20 4.21 4.44
CH3SH–HCl ZT 4.16 6.14 6.22 6.59
CH4–Ne ZT 0.22 0.14 0.17 0.24
C6H6–Ne ZT 0.47 0.35 0.35 0.37
C2H2–C2H2 ZT 1.34 1.64 1.49 1.57
C6H6–C6H6 parallel ZT 1.81 1.49 1.50 0.56
Mean percent error — 2.1 4.1
Mean absolute percent error 12.6 11.5 16.6
Maximum absolute percent error — 49.5 69.3

aTang–Toennies25 (TT), Johnson–Becke27 (JB), S22,28 Zhao–Truhlar29,30 (ZT).
bReference binding energy from respective data set.
cNumerical post-LDA binding energy from ref. 18.
dPresent aug-cc-pVTZ post-GGA binding energy.
ePresent aug-cc-pVDZ post-GGA binding energy.
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mation from ‘‘wfn’’ files. These calculations are therefore
not fully self-consistent, rather ‘‘post-GGA’’. Since the dis-
persion energy is a very small fraction of the total energy,
however, we expect that ignoring self-consistency in the
EXDM

disp term is of negligible consequence. Investigations of
the XDM dispersion model by Kong et al.33 support this ex-
pectation.

The binding energies in Table 2 of the present methods
are quite similar to those of our previous numerical post-
LDA method.18 The present mean absolute percent error
(MAPE) with the aug-cc-pVDZ basis is 16.6, and with the
aug-cc-pVTZ basis is 11.5, compared to our previous
12.6%. Best-fit values (minimum RMS percent error) of the
damping parameters are

a1 ¼ 0:80; a2 ¼ 1:49 �A ðSCF aug-cc-pVDZÞ
a1 ¼ 0:79; a2 ¼ 1:36 �A ðSCF aug-cc-pVTZÞ
a1 ¼ 0:82; a2 ¼ 1:16 �A ðnumerical post-LDA18Þ

Here, we also see similarity between the basis-set and our
previous numerical results, especially for the a1 parameter.

The quality of the double-zeta results, though not as good
overall as triple-zeta, is pleasantly surprising. Even the rare-
gas diatomic binding energies involving Ne are in good
agreement with reference data, despite the notably poor re-
pulsion energies seen above. The under-repulsive tendency
of the DZ basis set compared to TZ (see Table 1) is appa-
rently compensated by a slightly larger best-fit a2 parameter.
The only significant qualitative failure of the double-zeta
method is the parallel benzene dimer (the last entry in Ta-
ble 2), for which only one third of the reference binding en-
ergy is obtained. This failure is not seen in our numerical or
triple-zeta results.

Conclusions and outlook
The nonempirical (except for two universal dispersion

damping parameters) exchange-correlation density func-
tional of eq. [2] was found in refs. 2 and 18 to be an excel-
lent model for van der Waals interactions in chemistry. The
GGA exchange and nondynamical correlation parts,
PW86+PBE, are a very good model for intra-molecular
chemistry as well, as are most standard GGAs. On the atom-
ization energies of the 222 molecules of the G3/99 thermo-
chemical test set of Curtiss et al.34 the mean absolute error
of PW86+PBE+XDM is 10.0 kcal/mol2. This is similar to
the mean absolute error of 9.3 kcal/mol34 for the popular
BLYP35,36 GGA. Thus, PW86+PBE+XDM is a promising
GGA-DFT for simultaneous optimization of intra- and inter-
molecular geometries in complex chemical systems. Our
previous post-LDA approach,2,18 while useful for assessing
the performance of density functionals on energetics, cannot
provide forces for optimization of geometries. Here we have
tested a methodology with the promise to provide energies,
and forces, at reasonable computational cost. This
PW86+PBE/aug-cc-pVnZ scheme, with n = 2 or 3 and
XDM dispersion added post-GGA, will provide useful forces
(and Hessians) if orbital self-consistency can be ignored in
the XDM part, and if changes in the XDM dispersion coef-
ficients C6,ij, C8,ij, and C10,ij with molecular geometry can be
ignored in the energy derivatives. Preliminary tests of these

suppositions by Kong et al.33 are encouraging. We will
undertake our own independent tests in future work. Also in
future work, we will refit the dispersion damping parameters
a1 and a2 for inclusion of exact Hartree–Fock exchange (i.e.,
‘‘hybrid’’ functionals plus XDM dispersion) for even better
accuracy in the intra-molecular energetics.
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New insights concerning the mechanism of
reversible thermochromic mixtures

Hong Tang, Douglas C. MacLaren, and Mary Anne White

Abstract: Three-component organic thermochromic materials, consisting of a leuco dye, a weak acid acting as the colour
developer, and a low-melting organic solvent, can change their colour in response to temperature changes. Although
widely used in applications, their detailed thermochromic mechanism is not fully understood. The present study delineates
the role of subtle changes in the solvent’s molecular structure and concentration in the crystal violet lactone (CVL, dye)/
lauryl gallate (LG, developer)/1-alcohol (dodecanol (DD), tetradecanol (TD), hexadecanol (HD), or octadecanol (OD); sol-
vent) system. Through inkjet printing of the components directly onto a substrate, combinatorial approaches reveal differ-
ences when the alkyl chain length of the alcohol solvent is changed slightly. During the process of heating to the melt,
followed by cooling to room temperature, CVL/LG/DD showed no colour change. On the other hand, CVL/LG/TD exhib-
ited reversible thermochromism with colour forming in the molten state and colour loss in the solid state. In the composi-
tion range investigated, the CVL/LG/HD system showed no colour change during heating, but on cooling from the molten
state, at first a blue colour appeared just below the freezing point, and this was followed by a slow colour fading on fur-
ther cooling. A significant new finding is that the orientationally disordered a-phase of the solvent is required to support
the dye–developer complex that provides colour. Furthermore, there is an optimal solvent chain length for thermochrom-
ism: if too short, there is no disordered phase and no colour; if too long, the formation of the coloured developer–dye
complex is prevented in the melt.

Key words: thermochromism, polymorphism, dynamical disorder.

Résumé : Des matériaux thermochromiques organiques à trois composants formés d’un colorant leuco, d’un acide faible
agissant comme agent de développement de la couleur et d’un solvant organique de faible point de fusion peuvent changer
de couleur en réponse à des changements de température. Le présent travail permet de délimiter le rôle de changements
subtils dans la structure moléculaire du solvant et les concentrations dans le système formé par le colorant, la lactone du
cristal violet (LCV), l’acide faible agissant comme agent de développement de la couleur (gallate de lauryle, GL) et les di-
vers solvants [dodécan-1-ol (DD); tétradécan-1-ol (TD); hexadécan-1-ol (HD); octadécan-1-ol (OC)]. En procédant à une
impression à jet d’encre directement sur un substrat, des approches combinatoires permettent d’identifier les différences ré-
sultant d’un faible changement dans la longueur des chaı̂nes alkyles de l’alcool agissant comme solvant. Durant le proces-
sus de chauffage conduisant au liquide suivi d’un refroidissement à la température ambiante, on n’observe aucun
changement de couleur pour le système LCV/GL/DD. Par ailleurs, pour le système LCV/GL/TD, on observe une thermo-
chromie réversible avec une formation de couleur dans l’état liquide et une perte de couleur à l’état solide. Pour le sys-
tème LCV/GL/HD, il n’y a pas de changement de couleur durant le chauffage mais, lorsqu’on refroidit à partir de l’état
fondu, il y a d’abord apparition d’une couleur bleue juste en dessous du point de fusion et ceci est suivi d’une disparition
lente de la couleur par refroidissement subséquent. Une observation significative a trait au fait que la phase adu solvant,
désordonnée d’un point de vue de l’orientation, a besoin du support du complexe colorant/agent de développement de la
couleur pour conduire au développement d’une couleur. De plus, l’apparition d’une thermochromie ne se produit qu’avec
un solvant comportant une chaı̂ne carbonée de longueur optimale : si la chaı̂ne est trop courte, il n’y a pas de phase désor-
donnée et il n’y a pas de couleur; si elle est trop longue, le complexe colorant/agent de développement de la couleur ne
peut se produire.

Mots-clés : thermochromie, polymorphie, désordre dynamique.

Introduction
Thermochromism, i.e., temperature-induced colour changes,

can be the basis of functional materials such as sensors,

thermometers, or thermal printing. Some thermochromic
processes, such as chemical degradation, are irreversible,
while others are reversible. The mechanisms of thermo-
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2010.
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chromism are varied, including phase-transition induced
changes in the crystal field and a change in wavelength of
constructively interfered light due to thermal expansion of
layered structures such as liquid crystals,1,2 and changes in
luminescence in sol-gel films,3 or polymer structures,4 or
the shape of gold or silver nanorods,5 or isomer distribu-
tion.6 Spiropyrans are known to have potential for thermo-
chromism, whether they are adsorbed on a surface,7,8

embedded in a polymer,9 part of a polymer backbone,10 or a
component in an organic thermochromic mixture. In current
materials applications, the latter is most common; thermo-
chromism arises from the change in interaction of a spiro-
pyran leuco dye with a developer in the presence of a low-
melting solvent.1,11–13 Often, heating results in colour loss
and such mixtures are particularly promising as components
of thermally erasable toner for printers, allowing the same
paper to be used, thermally erased, and then used again.14 A
recent development is thermochromic fibers, with polymeric
shells and thermoresponsive cores based on such mixtures.15

Such materials have recently been proposed as the basis for
low-cost (<$0.10/m2) displays.16

Although we now have some insights into the molecular
processes involved in thermochromic organic mixtures, im-
portant issues remain unresolved, such as control of the con-
trast between the coloured and uncoloured states, the
kinetics of decolourization, and the long-term stability of
the coloured state.17

Early mechanistic studies of ternary organic thermochro-
mic mixtures outlined the main features of the mechanism,18

but left open important questions. More detailed studies
showed the importance of interactions of spiropyrans with
the developer,19–21 and how the competition between the de-
veloper–dye complex (metastable, coloured state) and the
developer–solvent complex (equilibrium, uncoloured state)
leads to thermochromism.22–24 However, considering the
range of possible compositions in the ternary system and
the many possible dyes, developers, and solvents, the gener-
ality of the mechanism has not been tested. Combinatorial
approaches are known to lead to rapid advances when there
are many compositional variables; a relevant example is col-
orimetric differentiation of polydiacetylene sensors.25 To ad-
vance understanding of thermochromism mechanisms, we
have embarked on combinatorial investigations of three-
component thermochromic mixtures, delivered directly on
paper by an inkjet printer. The dye was crystal violet lactone
(CVL), the developer was lauryl gallate (LG), and the sol-
vent was a long-chain alcohol. In the present studies we ex-
plore the question: How does the solvent’s molecular
structure influence reversible, rewritable thermochromism?
Although the solvent was initially thought to be most impor-
tant for its thermochromism-initiating melting point, or as a
decolourization acceleration agent in which the solvent pro-
vides nucleation sites for the phase separation of developer
molecules,26,27 detailed studies have revealed that the nature
of the solvent controls decolourization, through formation of
a solvent–developer complex.23 We now show that the role
of the solvent is more subtle and complex, and is important
for both colour formation and thermal erasure. Although the
present system usually shows colour formation on heating

rather than the more usual colour loss, the conclusions pre-
sented here apply to both types of thermochromic systems.

Experimental methods

Chemicals
Crystal violet lactone (3,3-bis(p-N,N-dimethylamino-phenyl)-

6-N,N-dimethyl-aminophthalide, CVL, 97%), lauryl gallate
(dodecyl(3,4,5-trihydroxy)benzoate, LG, 97%), 1-dodecanol
(DD, 96%), 1-tetradecanol (TD, 96%), 1-hexadacanol (HD,
99%), and 1-octadecanol (OD, 99%) were obtained from
Sigma-Aldrich. All compounds were used without further
purification.

Combinatorial sample preparation
Small quantities of the dye (CVL), developer (LG), and

solvent (DD, TD, HD, or OD) were delivered onto paper
via a combinatorial inkjet printing technique. In brief, the
dye (0.025 mol/L), developer (0.3 mol/L), and solvent
(0.5 mol/L), each in an ethyl acetate/1-butanol (16:9 volume
ratio) were placed in the cleaned ‘‘ink’’ cartridges of a drop-
on-demand thermal roof-shooter inkjet printer (HP 5940c).
The mixed solvent system of ethyl acetate (EMD, 99.5%)
and 1-butanol (ACP, 99.4%) was selected as the volatile sol-
vent system to deliver the thermochromic components to the
paper (ordinary printer paper) and allow mixing before its
evaporation. (Note that we refer here to ethyl acetate/1-buta-
nol as the volatile solvent, to distinguish it from the solvent
required for the thermochromic mixture.) The ratio in the
mixed volatile solvent system was optimized to give rheo-
logical properties in the same range as the commercial ink
for which the printer was designed. In particular, it should
not be so viscous that it cannot flow, or so low in viscosity
that leakage is a problem, yet it needs appropriate spreading
(no splashing). The Ohnesorge number28 for this system was
about 12. Quantitative delivery of the components (dye, de-
veloper, and solvent) to the various regions of the paper was
handled through the software (Adobe Photoshop 5.0) con-
trolling the printer. Optimal parameters included using <90%
‘‘colour’’ density and 10–30 passes per location. (Fewer
passes led to too little deposition; more passes increased the
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probability of wipe-off.) Typical sample preparations con-
sisted of a uniform deposition of CVL dye, a vertically grad-
uated deposition of LG developer, and a horizontally
graduated deposition of solvent, with the deposition repeated
10–30 times. Deposited amounts (excluding volatile solvent)
were quantified by simultaneous deposition on precut round
weighing paper (12.7 mm diameter) adhered to the paper by
low-residue double-sided tape (3M). The deposited thermo-
chromic mixtures (after evaporation of the volatile solvent)
were in the range of 0.2–8 mg mm–2. Further details of the
combinatorial delivery of thermochromic components via
inkjet printing are given elsewhere.29,30

Bulk sample preparation
Although most of the results reported herein are for inkjet

delivered combinatorial samples, in a few key experiments,
bulk quantities of thermochromic mixtures were prepared as
previously described.24

Characterization
An Ocean Optics USB4000 spectrometer was used to

measure diffuse reflectance. The light was sent to the probe
via six 200 mm diameter optical fibers, and reflected light
was detected through a parallel fiber. All diffuse reflectance
measurements were taken for light with a l = 620 nm, the
wavelength of maximum absorbance of CVL in its (blue)
zwitterionic state.31 The probe was used at a 908 angle to
the surface to eliminate spurious results from any gap be-

tween the probe and sample during heating and cooling, in-
cluding any moisture influence. For the normal cooling
process for ternary mixtures (after heating to a molten state
at *60 8C, samples were quenched to room temperature),
kinetic reflectance measurements were taken after they
cooled from the molten state. For rapid cooling (after heat-
ing to a molten state at *60 8C, samples were quenched in
liquid nitrogen), the kinetic reflectance measurements were
taken after the rapidly quenched samples were placed at
room temperature. Diffuse reflection was typically measured
at 100 locations (10 across, 10 down) on the 7.5 cm �
7.5 cm deposition area.

Bulk samples were examined by Raman spectroscopy us-
ing a Bruker RFS 100 Raman spectrometer (excitation by
the 1064.5 nm line of a Nd:YAG laser with an incident
power of 447 mW). Typical spectra consisted of 25–200
scans. Rapid (30 s) scans for kinetic studies typically had a
4 cm–1 resolution, while longer scans had a 2 cm–1 resolu-
tion.

Results and discussion

Combinatorial library
A typical library of mixtures, printed directly on a

7.5 cm � 7.5 cm area on printer paper, is shown in Fig. 1.

Combinatorial approaches represent bulk
Diffuse reflectance for a 10 � 10 matrix of CVL/LG/TD

of varying composition immediately after cooling from
60 8C to room temperature is shown in Fig. 2. The quantity
of CVL is constant in this deposition, and TD increases
from left to right, while LG increases from top to bottom.
Of particular interest is the cell labeled D8, which corre-
sponds to the same components and composition as the sys-
tem previously studied in bulk.24 The thermochromic
properties (kinetics of colour loss on cooling) are the same
for both, despite a reduction in sample mass density by a
factor of *100 in the present studies, validating the inkjet
combinatorial approach.

Different thermochromic behaviours of CVL/LG/alcohols
From Fig. 2 and knowledge of the composition at each

point in the matrix, a ternary thermochromism phase dia-
gram for the system CVL/LD/TD has been constructed
(Fig. 3a). From this diagram, the compositional limits of
thermochromism are apparent. When the mole fraction of
LG is high and there is less TD, the system exhibits long-
lived (essentially permanent) colour due to the limited abil-
ity to decolourize (too little TD to interact with LG). By
contrast, when the mole fraction of LG is low and TD is
high, no colour was observed because TD separates the
CVL and LG species completely, preventing formation of
the CVL–LG coloured complex.

Results for parallel studies in which the alkyl chain length
for the alcohol solvent has been increased by two carbons,
i.e. CVL/LG/HD, are shown in Fig. 3b. This slight change
in solvent has a dramatic effect on the thermochromic prop-
erties of the mixture. In particular, thermochromism exists
for a much smaller range of compositions in CVL/LG/HD,
while CVL/LG/TD can show thermochromism when less
solvent is present. From thermodynamic studies, it has been

Fig. 1. The combinatorial dye–developer–solvent library as depos-
ited directly on a 7.5 cm � 7.5 cm area on ordinary printer paper.
The dye (CVL) was deposited evenly (0.025 mol/L printed at 60%
colour density in Adobe Photoshop 5.0), the developer (0.3 mol/L
LG) was gradually increasing from top to bottom (up to 80% col-
our density in Adobe Photoshop 5.0), and the solvent (0.5 mol/L
TD) was gradually increasing from left to right (up to 80% colour
density). Each of the 100 cells shown represents a certain smoothly
changing mole range of the three components. A faint blue colour
is more intense at high LG and low TD concentration.
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shown that the HD–LG interaction is less attractive than
TD–LG,23 so more HD is required to achieve thermochrom-
ism. Another distinction from the CVL/LG/TD system is
that for CVL/LG/HD no colour development was observed
on heating. However, on cooling from 60 8C to room tem-
perature, the blue colour appeared and then decolourized, al-
beit with slower kinetics than for CVL/LG/TD.

When the alkyl chain of the alcohol solvent was shortened
to dodecanol (DD), no thermochromism was observed in the
explored composition range, mole ratios of DD:CVL from 0
to 35 and LG:CVL from 0 to 10. In CVL/LG/DD, high LG
and low DD concentrations gave a temperature-independent
pale blue colour because of the dominance of the CVL–LG
coloured complex. However, in other compositional regions,
no colour appeared during either heating or cooling. On the
basis that the solvent–developer interaction becomes stron-
ger as the solvent chain length decreases,23 we conclude
that when DD is present, there are essentially no free LG
developer molecules available to interact with CVL and
give the coloured complex.

These three long-chain alcohol solvents, dodecanol, tetra-
decanol, and hexadecanol, only differ by a total of four car-
bons in their alkyl chains, yet the behaviour in
thermochromic mixtures is markedly different. Not only are
the thermochromic compositional ranges different (Fig. 3),
but the overall behaviour, as summarized in Fig. 4, is funda-

mentally different. During the process of heating to the melt
followed by cooling to room temperature, CVL/LG/DD
showed no colour change. On the other hand, CVL/LG/TD
exhibited reversible thermochromism with colour forming
in the molten state and colour loss in the solid state. The
CVL/LG/HD system showed no colour change during heat-
ing, but on cooling from the molten state, at first a blue col-
our appeared just below the freezing point, and this was
followed by a slow colour fading on further cooling.

Burkinshaw et al.18 studied the solubility of the alkyl phe-
nol developer in stearic acid solvent in both liquid and solid
state. Their results support a phase-separation mechanism
and they proposed that a good reversible thermochromic
mixture should have a solvent with good solubility for the
developer in the liquid state and poor solubility in the solid
state. But this phase separation mechanism alone cannot ex-
plain why CVL/LG/TD exhibits colour in the molten state
while CVL/LG/HD does not.

Thermochromism and polymorphism of the long-chain
alcohol solvents

The polymorphism of long-chain 1-alcohols is well-
established.32–38 Three phases, called a, b, and g, are ob-
served in the solid state in 1-alcohols with long alkyl chains.
The a-phase, a disordered rotator phase sometimes called
the R0IV phase,38 appears immediately below the melting

Fig. 2. The diffuse reflection intensity at l = 620 nm as a function of time for lauryl gallate/tetradecanol/crystal violet lactone thermochro-
mic mixtures cooled from 60 8C to room temperature. Low reflectance corresponds to high colour density. The left side shows 100 elements
of the combinatorial library varying in tetradecanol to crystal violet lactone mole ratio (TD:CVL ranges from 0 to 50) across the rows, and
lauryl gallate to crystal violet lactone mole ratio (LG:CVL ranges from 0 to 10) down the columns. The shaded region inside the red lines
corresponds to thermochromic behaviour. The red box corresponds to CVL/LG/TD in the mole ratio 1:6:40. This composition has been
investigated earlier for bulk samples24 and the resulting evolution of diffuse thermal reflection for the thicker sample is shown on the right.
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point. The b- and g-phases have the chains ordered, and are
both monoclinic but with different tilt angles. They have
head-to-head forms and are both thermodynamically stable
at temperatures below the stability range of the a-phase.
The entropy of the various alcohol phases increases as Sg ~
Sb < Sa < Sliquid.39,40 The shortest alcohol studied here, 1-do-
decanol, only exists in an ordered phase.35 However, both
disordered (a) and ordered (b and g) phases have been re-
ported for 1-tetradecanol and 1-hexadecanol,34,35 and for 1-
octadecanol.38

When long-chain alcohols are present in the thermochro-
mic mixtures, different polymorphs of the alcohol could in-
fluence the coloured species. From the experimental results
discussed here, we propose a thermochromic mechanism in-
fluenced by the phase and chain length of the solvent com-
ponent, as follows.

Colour in the solid state
There seems to be a strong correlation between the exis-

tence of the coloured complex and the presence of the disor-
dered a-phase of the alcohol. Direct evidence comes from
Raman studies of bulk samples of CVL/LG/TD
(1:6:40 mole ratio) quenched in liquid nitrogen and then
equilibrated at 25 8C, showing the peak at 1710 cm–1 that is
associated with the a-phase of the alcohol, decreasing into
the baseline within about 3 min (Fig. 5a), with the same ki-
netic profile as the formation of the (uncoloured) LG–TD
complex (Fig. 5b). We conclude that on first cooling from
the melt, the coloured LG–CVL complex stays (TD) or
forms (HD) when the alcohol solidifies to the dynamically
disordered a-phase, providing colour.

In the case of CVL/LG/DD, no disordered phase is ob-
served for the 1-dodecanol solvent on either heating or cool-
ing, which correlates with the absence of colour in the solid
phase. On the other hand, TD, HD, and also octadecanol
(OD) all experience a significant a-phase range when cooled
from the molten state and colour is observed on solidifying
the melt.

At lower temperature, longer-chain alcohols transform to
an ordered b- (or g-) phase. The colour loss rate corresponds
to the loss of the a-phase, indicating that the disordered
a-phase of the alcohols favors the formation of coloured
developer–dye complexes, while the more rigid b- and g-
phases destroy the colour complex, presumably in favor of
the formation of developer–solvent complexes. Although
the mechanism is different, the stability of a mesophase
also leads to thermochromism in poly(3-alkylthiophene)s.4

Colour in the molten state
From previous work on this system22 and studies of a

related system,41 it is known that the colour arises from
dye–developer complexes. Solvent components in the ther-

Fig. 3. The thermochromism ternary phase diagram for the systems
(a) lauryl gallate/tetradecanol/crystal violet lactone (LG/TD/CVL)
and (b) lauryl gallate/hexadecanol/crystal violet lactone (LG/HD/
CVL). Symbols indicate investigated compositions, categorized as
thermochromic, colourless, or permanently coloured.

Fig. 4. A schematic view of the colour as a function of temperature
for thermochromic mixtures composed of crystal violet lactone
(dye), lauryl gallate (developer), and various different alcohols
(solvent). The colour density is shown as a function of temperature,
relative to the melting point of the mixture, Tm, highlighting the
dependence on the solvent. The mixture with dodecanol (DD) does
not show colour development. Tetradecanol (TD) solvent leads to
reversible thermochromism with little hysteresis. The mixture with
hexadecanol (HD) as the solvent was colourless on initial heating
above the melting point and then exhibited colour when it was
cooled to the solid state, followed by loss of colour on further
cooling.
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mochromic mixtures have been mostly considered as phase
separators, although it has been proven that the polarity of
the organic solvent will affect the colour development.42

This also agrees with the fact that the CVL–LG complex
will lose its colour in polar solvents such as ethanol or buta-
nol. When the three-component mixtures are heated to the
molten state, if the solubility of the developer in the solvent
is low, or if there is insufficient solvent to separate the dye
and developer, colour will appear, which correlates with our
observation that CVL/LG/HD exhibited colour in the molten

Fig. 6. Schematic view of possible dynamic structures in the melt
for (a) crystal violet lactone (dye)/lauryl gallate (developer)/tetra-
decanol (solvent), showing developer–solvent complexation that al-
lows the developer to interact with the dye, bringing it to its ring-
open state, and imparting colour to the mixture. (b) The solvent is
changed to hexadecanol, and now the longer alcohol (solvent rods
shown schematically here are longer than in (a)) prevents the de-
veloper from interacting with the dye, leaving it in its ring-closed
colourless state.

Fig. 5. (a) Raman intensity of a bulk sample of crystal violet lac-
tone/lauryl gallate/tetradecanol (CVL/LG/TD in a 1:6:40 mole ra-
tio) quenched in liquid nitrogen and then equilibrated at 25 8C,
showing the peak at 1710 cm–1 that is associated with the a-phase
of the alcohol, decreasing into the baseline within about 3 min. (b)
Raman intensity of the peak at 1683 cm–1 that is associated with
the formation of the LG–TD complex, for the same sample taken at
the same time as the data shown in (a), showing the same kinetic
profile for LG–TD complex formation as for the loss of the a-phase
of the alcohol.
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state when there was not enough HD present (mole ratio of
HD/LG < 1).

In the melt, shorter alcohols are superior at dissolving the
developer molecules. For example, DD can dissolve LG,
thereby isolating the developer from the dye molecules and
preventing colour formation. Longer alcohols (14 or more
carbons) at a sufficiently high concentration give a different
separation mechanism. We propose that in the molten state,
the long-chain alcohol molecules form dynamic structures in
which the long alkyl chains interact. A possibility is shown
in Fig. 6a. In this schematic view, meant to advance our
understanding of the thermochromic mechanism, the –OH
group of LG in CVL/LG/TD is exposed. Therefore, CVL is
able to interact with the –OH group(s) of LG in CVL/LG/
TD to develop colour. In contrast, the longer carbon chain
of HD (Fig. 6b) envelops the polar group on the developer,
and CVL and LG are separated, resulting in a lack of colour.

To test the hypothesis that the longer-chain alcohol car-
bon ‘‘hides’’ the developer and prevents it from interacting
with the dye, an additional system was examined, namely
crystal violet lactone/lauryl gallate/1-octadecanol (CVL/LG/
OD), in the mole ratio of 1:10:40 on the same substrate.
This showed the same colour change phenomenon as CVL/
LG/HD. Colour loss occurred at the molten state, consistent
with the separation of CVL and LG by OD solvent mole-
cules due to the long chains of OD.

Conclusions
Through combinatorial studies of the thermochromic sys-

tem containing crystal violet lactone (dye), lauryl gallate
(developer), and long-chain alcohols (solvent), we found
that subtle changes in the solvent can lead to substantial
changes in both the compositional range in which thermo-
chromism is supported and differences in thermochromic be-
haviour. Colour development in the solid is correlated with
the presence of the dynamically disordered a-phase of the
alcohol on cooling. In cases where there is colour, it fades
when cooled below the a-phase. If the alcohol carbon chain
length is too short to allow the rotator phase, as in dodeca-
nol, no colour is observed. On the other hand, if the alco-
hol’s carbon chain exceeds a critical length, the developer
is hidden from the dye in the melt, preventing colour forma-
tion at high temperatures.
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Density-functional and global optimization study
of copper––tin core-shell clusters

René Fournier

Abstract: We obtained minimum-energy structures for 13 CupSnþq (p = 1–4) species by a combined taboo search and den-
sity functional theory (DFT) approach. The putative global minima are all Cup@Snþq core-shell structures. There is a stabi-
lization energy on the order of 0.5 to 1.0 eV associated with completion of the outer shell of Sn atoms. The stabilization
associated with electronic shell closing is also on the order of 0.5 to 1.0 eV. CuSnþ10 has both a closed atomic shell and a
closed electronic shell, and it is extrastable. We found two or more isomers within 0.6 eV of the global minimum for all
13 species except CuSnþ10.

Key words: bimetallic clusters, nanostructured materials, global energy minima, segregation.

Résumé : Nous avons obtenu des structures d’énergie minimum pour 13 espèces d’agrégats CupSnþq (p = 1–4) par une
combinaison de recherche taboo et de théorie de la fonctionelle de la densité. Les minimas globaux présumés possèdent
tous une structure en couches avec un coeur de cuivre, Cup@Snþq . On observe une stabilisation d’environ 0,5 à 1,0 eV
quand la couche externe d’atomes d’étain devient complète. L’agrégat CuSnþ10 est particulièrement stable dû au fait qu’il a
une structure de couche fermée pour les atomes et aussi pour les électrons. Nous avons trouvé deux isomères ou plus en-
deçà de 0,6 eV du minimum global pour chacune des 13 espèces sauf CuSnþ10.

Mots-clés : agrégats bimétalliques, matériaux nanostructurés, minima d’énergie globale, ségrégation.

Introduction

Bimetallic clusters ApBq received a lot of attention lately.1

They obviously form a much bigger class of compounds
than elemental clusters An, since one can independently
vary A, B, size (p + q), and composition p/q. Furthermore,
one can sometimes achieve kinetic control over the A–B or-
dering2–4 or particle shape5,6 in a given ApBq species. So, bi-
metallic clusters offer more opportunities than elemental
clusters for observing new phenomena, or unusual proper-
ties, or for design of materials.7 Yet, their complexity is still
manageable. A number of bimetallic clusters have been
made with rather well-defined size, composition, and struc-
ture.1 Applications are mainly in catalysis,8 magnetic-record-
ing media,9 and biodiagnostics.10

Generally speaking, the geometric structures of small bi-
metallic clusters fall into three broad categories: mixed (al-
loyed), segregated (or, ‘‘left–right segregated’’, LRS), and
core-shell structures (CSS). A fourth category, onion-layered,
can be seen as a special case of CSS. The CSS clusters re-
ceive special attention because they have no equivalent in
the bulk. Upon coalescence, mixed clusters will likely pro-
duce a bulk alloy. LRS clusters, on the other hand, would
likely produce poorly defined materials with A and B do-
mains having large size distributions. But well-defined (in
size and composition) ApBq CSS clusters could coalesce
into a metastable material having several identical Ap cores
embedded in a B matrix, with the Ap cores roughly equidis-

tant from each other. By controlling p and q, one can, in
principle, control the size of the Ap cluster cores and their
separation inside the B matrix and this would open up inter-
esting possibilities for nanomaterials. The special case where
p = 1 and B is Sn, that is, a Snq cluster doped with a single
endohedral A atom, has received a lot of attention theoreti-
cally11 and experimentally.12–14 Many of these endohedral
M@Snq clusters (neutral or charged) have large HOMO–
LUMO gaps and appear to be stable.

Breaux et al. found, by thermal annealing in the gas phase,
that CupSnq cluster cations are stable over a fairly narrow
range of compositions and suggested that these clusters may
have a CSS.15 The main goal of our study was to determine,
by theory, the detailed geometric structures of a few CupSnþq
species in or near the composition range observed by Breaux
et al., p = 1 – 4 and q & (9 + 2p) ± 2, and offer a rationale
for the enhanced stability of these clusters.

Methods and computational details
All energies were calculated by density functional theory

(DFT) with the Perdew–Burke–Ernzerhof (PBE)16 general-
ized gradient approximation to exchange–correlation and a
LANL2 double-zeta (LANL2DZ) basis set as implemented
in the Gaussian 03 software package.17 Global optimization
was performed by taboo search in descriptor space (TSDS)18

for singlet or doublet states. We set the number of DFT en-
ergy evaluations in the global optimization stage to 3N2 +
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30, where N = p + q is the number of atoms, except for
Cu4Sn19 where we did 1410 energy evaluations. Ten to
twenty distinct structures among the lowest energy ones
were selected from the 3N2 + 30 in the dataset generated by
TSDS. Local optimization was performed on those 10 to 20
structures with a standard method (Gaussian keyword
BFGS). Local optimizations typically required 50 to 100
DFT energy evaluations, so, overall, the computational ef-
fort was divided roughly equally between global and local
optimization.

The number of possibles isomers (local minima) for ApBq
clusters is quite large. For an Xn cluster (n > 9), 3n – 6.5 gives
a rough estimate of the number of distinct isomers. Ignoring
symmetry there would be (p + q)!/(p!q!) ApBq homotops for
every Xp+q parent structure. Then, for instance, we would es-
timate that Cu4Sn19 has roughly 316.5 � 23!/(4!19!) & 1011

distinct local minima. But this optimization problem is not
as difficult as it seems because the vast majority of isomers
are very high in energy, and the low-energy isomers fall into
one or a few categories that share common geometric char-
acteristics. The TSDS algorithm exploits resemblences
among low-energy structures to quickly narrow down the
search to structures that have favorable characteristics. For
instance, in this study, one of the descriptors quantifies Cu–
Sn mixing: after a few hundred energy evaluations on quasi-
random Cu4Snþ19 structures, the TSDS algorithm ‘‘learns’’
that all mixed structures have much higher energies than
segregated ones, and TSDS begins to search preferentially
among segregated structures.

Some of the most relevant descriptors for our discussion
will now be described. We define the number of interior
atoms Ni as follows. First, we calculate the asphericity zj
around each atom j by

½1� zj ¼
ðIa � IbÞ2 þ ðIb � IcÞ2 þ ðIc � IaÞ2

I2
a þ I2

b þ I2
c

where Ia, Ib, and Ic are the moments of inertia of the neigh-
bours of atom j calculated after assigning a unit mass to
every atom. We assign to atom j a number nj = exp(–(zj/
z0)),2 which tends toward one for interior atoms and zero
for surface atoms, and get an effective number of interior
atoms, Ni, by adding up the njs.

½2� Ni ¼
X

j

nj ¼
X

j

expð � ðzj=z0Þ2Þ

With these definitions and z0 = 0.0601, we almost always
get nj > 0.9 for atoms that we would have classified as ‘‘in-
terior atoms’’ upon visual inspection and nj < 10–5 for typi-
cal surface atoms. Another descriptor of geometry that we
use is F90, the number of 908 angles per atom. It is defined
by

½3� F90 ¼
1

n

X
j

X
k>‘

cos ðqkj‘ � 90�Þ100

where k and ‘ index the neighbours of atom j. The exponent
100 in the formula is arbitrary but produces an intuitively
correct count of the number of right angles. Finally, we de-
scribe the overall shape of clusters by the variable h = (2Ib –
Ia – Ic)/Ia, where Ia ‡ Ib ‡ Ic are the moments of inertia of

the clusters when we assign a unit mass to each atom. Note
that h < 0 for oblate clusters and h > 0 for prolate clusters.

Results and discussion
We studied 13 CupSnþq species (p,q): (1,9), (1,10), (1,11),

(1,15), (2,11), (2,12), (2,13), (2,18), (3,14), (3,15), (3,16),
(4,17), and (4,19). TSDS followed by local optimization
yielded a total of 210 structures, out of which 134 were dis-
tinct (76 were repeats): 105 of those 134 were within 1 eV
of the putative global minimum (GM). Table 1 shows the
relative energies (RE) of those 105 isomers and the number
of isomers with RE < 1 eV for each species. The notation
we will use to identify structures will be p–q.n, where n is
the energy rank of the isomer. So, for instance, the RE of
1–11.2 is 0.13 eV, the RE of 3–14.8 is 0.60 eV, and p–q.1
is the GM of CupSnþq . Figures 1 and 2 show the structures
of the 13 GM, and Fig. 3 shows the structures of all isomers
(15 of them) found within 0.2 eV of the GM.

It is immediately clear that there are many isomers within
a small energy range for most species, 1–10, 1–11, and 2–13
being exceptions. Assuming that we found the actual GM,
the mean energy separation between isomers is typically on
the order of 0.1 eV and maybe even smaller considering the
likelihood that we may have missed several low-energy iso-
mers. The uncertainty on calculated relative energies (due to
inexact functional, basis sets, and other numerical approxi-
mations) is probably on the order of 0.1 eV, and no global
optimization method can guarantee finding the GM. So, the
precise GM and isomer structures reported here may not all
be correct predictions of actual cluster geometries, but they
can be used for predicting trends and general structural fea-
tures.

One thing is clear from Figs. 1 and 2: all global minima
have the Cu atoms closer to the center of mass of the clus-
ter. This unambiguously confirms what Breaux et al. sug-
gested: CupSnþq clusters adopt CSS. This is not a trivial
result because, in the bulk, copper and tin form alloys. This
trend can be rationalized from the higher surface energy of
Cu compared with Sn. In metals, the surface energy is
roughly proportional to the ratio of the cohesive energy and
the square of the bulk nearest-neighbour distance19: this is
3.49/2.562 = 0.53 eV/Å2 for Cu, and 3.14/2.812 = 0.40 eV/Å2

for Sn. Clearly, Cu atoms have a propensity to go in the inte-
rior of mixed Cu–Sn clusters, or, equivalently, Sn atoms tend
to arrange themselves in a compact way around Cu atoms to
minimize the surface energy term associated with Cu. An-
other rationale for bimetallic CSS is that putting the smaller
atoms in the interior decreases the strain.20

In principle, two things could oppose the surface energy
driven formation of CSS: (i) ionic energy terms favor A–B
ordering (mixing),21 and (ii) there are many more possible
structures (i.e., local minima) having one or more surface
Cu atoms than there are CSS structures, so, everything else
being equal, one expects a high probability that the GM will
not be a CSS. However: (i) the ionic contributions to energy
in Cu–Sn mixed clusters are negligible because these two el-
ements have almost the same electronegativity; and (ii) as
shown in the Cohesive energies section, the stabilization as-
sociated with atomic shell closing (CSS formation) is on the
order of 0.5 to 1 eV, and this is apparently bigger than en-
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ergy differences caused by arbitrary small changes in cluster
topology.

It is also apparent from Figs. 1 and 2 that Cu-centered
square antiprisms and Cu-centered icosahedra are common
fragments, and that the clusters are generally very compact.
The geometries with centered square antiprisms resemble
some of the GM we found in lithium clusters.22 These are
characterized by a bimodal distribution of nearest-neighbor
interatomic distances that is feasible only for clusters of
highly compressible atoms (e.g., Li) or, as here, mixed clus-
ters where the smaller atoms are in the interior. We will
now describe the lowest-energy structures of each species.

Geometric structures
The GM of 1–9 is a distorted Cu-centered Sn8 cube with a

face-capping Sn atom. Its undistorted C4v version, 1–09.2
(Fig. 3), lies 0.07 eV higher. The lowest-energy isomer with
a low coordinated (four-coordinated) Cu atom is much
higher, 1.04 eV above the GM.

The GM for 1–10 is a D4d Cu-centered bicapped square
antiprism, which is the fourfold analog of a centered icosa-

hedron. The same structure was found, by DFT, for
NiSn10.23 The center-to-surface interatomic distance in 1–
10.1 is 9% shorter than the shortest surface interatomic dis-
tance, compared with 5% for a centered icosahedron. Such a
short center-to-surface distance is favorable in CuSn10 (neu-
tral or charged) owing to the small atomic radius of Cu
(1.28 Å) compared with Sn (1.41 Å). The high symmetry
and compact nature of 1–10.1, coupled with the fact that
the next lowest isomer found is almost a full eV higher, sug-
gest that 1–10.1 is the only form of CuSnþ10 observed exper-
imentally and that it has special stability. Arguments in the
next section also suggest that 1–10.1 is particularly stable.

The GM of 1–11 resembles 1–10.1 but with a five-mem-
ber ring and one capping Sn atom. 1–11.2 (RE = 0.13 eV) is
1–10.1 plus a triangular capping Sn atom. There is one Sn
atom far away from the Cu atom in both 1–11.1 and 1–
11.2. Isomer 1–11.3 is a C5v Cu-centered icosahedron with
a missing Sn atom: it is unstable (RE = 0.54 eV) even
though all Sn atoms are near the central Cu atom. In that
sense, we can say that, for p = 1, the CSS is complete at 10
Sn atoms.

The low-energy structures of CuSnþ15 all have a Cu atoms

Table 1. Number of isomers of CupSnþq found and their calculated relative energies (eV).

No. of isomers with RE < 1 eV Relative energies (eV)
1–09 = CuSnþ9 6 0.00, 0.07, 0.28, 0.29, 0.42, 0.97
1–10 = CuSnþ10 2 0.00, 0.89
1–11 = CuSnþ11 4 0.00, 0.13, 0.54, 0.93
1–15 = CuSnþ15 13 0.00, 0.14, 0.23, 0.35, 0.39, 0.39, 0.55, 0.69, 0.70, 0.72, 0.78, 0.82, 0.89
2–11 = CuSnþ11 7 0.00, 0.05, 0.05, 0.11, 0.18, 0.33, 0.39
2–12 = CuSnþ12 12 0.00, 0.06, 0.19, 0.23, 0.24, 0.31, 0.39, 0.41, 0.42, 0.44, 0.50, 0.93
2–13 = CuSnþ13 3 0.00, 0.18, 0.53
2–18 = Cu2Snþ18 12 0.00, 0.05, 0.07, 0.41, 0.46, 0.48, 0.52, 0.53, 0.43, 0.75, 0.93, 0.99
3–14 = Cu3Snþ14 14 0.00, 0.10, 0.42, 0.44, 0.44, 0.45, 0.54, 0.60, 0.63, 0.64, 0.70, 0.71, 0.77, 0.80
3–15 = Cu3Snþ15 8 0.00, 0.3, 0.38, 0.46, 0.51, 0.65, 0.67, 0.77
3–16 = Cu3Snþ16 7 0.00, 0.22, 0.26, 0.27, 037, 0.54, 0.69
4–17 = Cu4Snþ17 10 0.00, 0.09, 0.25, 0.32, 0.38, 0.38, 0.41, 0.66, 0.76, 0.82
4–19 = Cu4Snþ19 5 0.00, 0.15, 0.28, 0.34, 0.46

Fig. 1. The eight computed global minima of CupSnþq cluster ca-
tions, p = 1, 2.

Fig. 2. The five computer global minima of CupSnþq cluster cations,
p = 3, 4.
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with high coordination (between 8 and 11). The presence of
Sn atoms not bonded to Cu leads to multiple low-energy
structures that generally look amorphous, except for the
GM and 1–15.2, which have a plane of symmetry. 1–15.1
has the highest Cu coordination (10) and there generally is
a correlation among isomers between higher Cu coordina-
tion and lower energy.

In Cu2Snþ11, it is not possible to have a geometric struc-
ture where both Cu atoms achieve full coordination (10 or
higher), but many structures with two relatively high-coordi-
nation Cu atoms compete and are close in energy. The RE
(in eV) and coordinations of the two Cu atoms in the best
isomers are as follows: 2–11.1, 0.00, 10, and 7; 2–11.2 (a
C5v Cu-centered icosahedron analog), 0.05, 12, and 6; 2–
11.3, 0.05, 8, and 8; 2–11.4, 0.11, 10, and 7; 2–11.5, 0.18,
10, and 6. The GM has a plane of symmetry that contains
the two Cu atoms. The Sn-centered icosahedron analog is
1.93 eV above the GM.

The GM of Cu2Snþ12 has a plane of symmetry that con-

tains the two Cu atoms. The Cu atoms are more or less
evenly surrounded by Sn atoms but are not fully coordinated
(the coordinations are 10 and 8). 2–12.1 lacks symmetry
and, as was the case for Cu2Snþ11, there are many other im-
perfect ways of surrounding Cu. This gives six isomers in a
0.3 eV range. Many of these isomers contain a Cu-centered
square antiprism motif. 2–12.11 (RE = 0.50 eV) is the low-
est-energy isomer containing a Cu-centered Sn8 cubic frag-
ment.

Curiously, the GM of Cu2Snþ13 has one Cu atom sur-
rounded by a distorted cube of Sn atoms and the other one
at the center of a Sn8 antiprism. The next lowest-energy iso-
mer (RE = 0.18 eV) has both Cu atoms in square antiprism
environments. Isomers 2–13.1 and 2–13.2 both have approx-
imate C4v symmetry and Cu atom coordinations of 10 and 9.
The next isomer, 2–13.3, also has Cu atom coordinations of
10 and 9, but it lacks symmetry and is found at a signifi-
cantly higher energy (RE = 0.53 eV).

Isomer 2–18.1, like 1–15.1, has more Sn atoms than
needed to fully surround the Cu atoms. Two of its Sn atoms
have no contact with Cu. One Cu atom is in a distorted ico-
sahedral environment (and 12-coordinated), the other is 11-
coordinated.

The basic shape of 3–14.1 is a Cu-centered icosahedron
with four capping Sn atoms on one side. The Cu atoms are
bonded to each other and have coordinations equal to 12,
10, and 7. Isomer 3–14.3 has a prolate structure resembling
a double icosahedron, with four atoms (Sn, Cu, Cu, and Sn)
aligned along z alternating with three layers (perpendicular
to z) of 5, 4, and 4 atoms. The Cu atoms have coordinations
of 11, 10, and 5 in 3–14.3.

Isomer 3–15.1 resembles 3–14.3, with Sn–Cu–Cu–Sn
down the z axis, but with layers of 5, 4, and 5 atoms. The
two axial Cu atoms are 10-coordinated. The third Cu atom
is in the central four-atom layer and has a coordination of 8
(atoms in the other two layers are six-coordinated). This
structure was discovered many times by TSDS, and the next
isomer, 3–15.2, has an RE of 0.36 eV. This suggests that no

Fig. 3. The fifteen isomers found within 0.2 eV of the global minima.

Table 2. Atomization energies of the GM clusters (AE, eV),
cohesive energy divided by the bulk value (3, dimensionless),
and excess energy (Eexcess, eV).

Cluster AE 3 Eexcess

1–09.1 27.82 0.876 +0.45
1–10.1 31.91 0.915 –0.77
1–11.1 34.41 0.905 –0.40
1–15.1 45.25 0.894 +0.30
2–11.1 37.09 0.893 +0.52
2–12.1 40.18 0.900 +0.31
2–13.1 43.69 0.914 –0.32
2–18.1 57.10 0.899 +0.74
3–14.1 49.96 0.918 –0.10
3–15.1 53.08 0.922 –0.33
3–16.1 56.12 0.924 –0.48
4–17.1 62.30 0.925 –0.16
4–19.1 67.70 0.920 +0.24
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isomer would be seen experimentally. Isomer 3–15.5 is like
the GM but with layers of 5, 5, and 4 atoms instead of 5, 4,
and 5. Isomer 3–15.2 is quite different from the GM and 3–
15.5: it has a central triangle of Cu atoms, with coordination
10, 9, and 9, fully surrounded by Sn atoms and has an oblate
shape.

Isomer 3–16.1 is oblate and has efficient packing of Sn
atoms around a central triangle of Cu atoms that have coor-
dinations 11, 10, and 10. It is very regular, with a 1–4-1–4-
1–4-1 centered square antiprism motif running in the vertical
direction in Fig. 2. An additional capping atom next to the
11-coordinated Cu atom would complete its shell to some-
thing resembling a distorted fcc environment and would
give overall C2v symmetry, so we speculate that this is the
GM of 3–17. The next isomer of Cu3Snþ16 is relatively high
in energy (0.22 eV). The double icosahedron is the most
compact 19-atom structure and is a minor shell closing in
the Lennard–Jones clusters sequence, but it (3–16.3) lies
0.26 eV above the GM of Cu3Snþ16. Note that the Cu atoms
coordinations in 3–16.3, 12, 12, and 8, add up to 32, com-
pared to 31 in 3–16.1. This is just one of many examples
among CupSnþq isomers where it seems energetically favor-
able to not only maximize atomic coordinations, but also
equalize them. This tendency has been noted in other types
of clusters.24–26

Isomer 4–17.1 is a distorted double icosahedron with two
capping atoms on its side. The four Cu atoms occupy the
highest possible coordination sites and form a tetrahedron.
Isomer 4–17.2 differs from 4–17.1 by the position of one
Sn atom. The following isomers in energy, up to 4–17.7
(RE = 0.41 eV), are all variations of the double icosahedron
with highly coordinated Cu4 tetrahedral fragments. The Cu
atoms coordinations are 11, 11, 10, and 8 in both 4–17.1
and 4–17.2.

Isomer 4–19.1 is an incomplete multiple icosahedron
where the four Cu atoms form a tetrahedron and have coor-
dinations equal to 12, 11, 11, and 11. Three more Sn atoms
would be needed to complete the icosahedral shell around
each Cu atom, so it seems that Cu4Snþ22 might have special
stability and properties. Isomer 4–19.2 is another multiple
icosahedron that would also require three more Sn atoms to
fully coordinate the Cu atoms.

Cohesive energies
The calculated ionization energies of Sn and Cu are

7.458 eV and 7.838 eV, respectively, in very good agree-
ment with the experimental values of Brown et al.
(7.3439 eV)27 (Sn) and Loock et al. (7.7264 eV)28 (Cu). We
calculated the atomization energy (AE) of CupSnþq as

½4� AEðp; qÞ ¼ pEðCuÞ þ ðq� 1ÞEðSnÞ þ EðSnþÞ
� EðCupSnþq Þ

To compare the energy of different (p,q) species, we fitted
a function of p and q to the set of thirteen AEs:

½5� f ðp; qÞ ¼ pEcðCuÞ þ qEcðSnÞ � q2=3EsðSnÞ
� q1=3ErðSnÞ

The four parameters have the following physical interpre-
tation: Ec(Cu) and Ec(Sn) are effective cohesive energies
(eV/atom), Es(Sn) relates to the surface energy of tin, and
Er(Sn) comes from the fact that the clusters’ surfaces have a
finite radius of curvature. This function form implicitly as-
sumes that Cu atoms make no contribution to the surface en-
ergy of the cluster. The best fit is obtained with Ec(Cu) =
3.601, Ec(Sn) = 2.994, Es(Sn) = 0.092, and Er(Sn) = 0.174.
It reproduces PBE atomization energies with a mean error
of 1.1%. The most interesting quantities derived from this
fit are the energy differences Eexcess(p,q) = f(p,q) – AE(p,q).
A negative value of Eexcess means that the cluster is stable
relative to the 12 other clusters, a positive value means that
it is unstable. By the criterion of Eexcess(p,q) (Table 2), 1–
10.1 is the most stable and 2–18.1 is the least stable. It is
easy to see why: 2–18.1 has two extra Sn atoms not bonded
to Cu, whereas 1–10.1 has a full shell of Sn atoms around
Cu but no extra Sn. Further, 1–10.1 has 40 valence elec-
trons, which matches a closed electronic shell of the jellium
model. The other relatively stable clusters (1–11.1, 2–13.1,
3–16.1) are all at, or slightly above, the lower q limit for
completing a CSS. The least stable clusters do not have a
CSS: they either have too few or too many Sn atoms to
form a monolayer around the Cup core. On the whole, the
calculated Eexcess indicate that for Cu–Sn clusters: (i) there
is a stabilization associated with completing a Sn shell and

Table 3. Descriptors Ni, F90, and h (see text) for the GM structures, and HOMO–
LUMO gaps (eV) and average atomic charge on Cu, QCu.

Ni F90 h Egap QCu

1–09.1 1.0 1.4 0.16 1.27 +0.11
1–10.1 1.0 0.3 0.01 1.26 +0.08
1–11.1 1.0 0.4 0.19 1.06 +0.12
1–15.1 1.0 0.6 0.24 1.27 +0.16
2–11.1 1.6 1.1 0.15 0.67 +0.18
2–12.1 2.0 0.9 0.33 0.83 +0.16
2–13.1 2.0 0.9 0.35 0.84 +0.21
2–18.1 2.0 0.4 0.49 0.58 +0.31
3–14.1 2.0 1.2 0.27 0.89 +0.30
3–15.1 2.0 0.9 0.40 1.10 +0.31
3–16.1 3.0 0.8 –0.16 0.99 +0.24
4–17.1 3.3 1.0 –0.02 0.61 +0.27
4–19.1 3.9 0.5 0.08 0.30 +0.33
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forming a CSS; and (ii) the energies associated with this
geometric effect are on the order of ±0.5 eV.

Trends in geometry and electronic structure
Table 3 shows three geometric descriptors (Ni, F90, and h)

and two electronic descriptors (HOMO–LUMO gap, and
average of Cu atomic charges). The Nis indicate that the
smallest numbers of Sn atoms required to achieve a
Cup@Snþq CSS structure, q*, are 9 (for p = 1), 12 (p = 2),
16 (p = 3), and roughly 18 (p = 4). The Eexcess numbers,
however, suggest that q* = 10, 13, 16, and 18 may be more
appropriate: CupSnþq are stable if all their Cu atoms are inte-
rior atoms, no Sn atom is without a Cu neighbour, and all
Cu atoms have a sufficiently high coordination.

The F90 values are small compared with other metal clus-
ters26 except in 1–09.1 and, to a lesser degree, 2–11.1 and
3–14.1. The small F90 reflect the fact that square antiprisms
are generaly favored over cubes.

The h parameters are relevant for interpreting cluster ion
mobility experiments because mobility is a function of shape
and gets higher as h approaches zero. Not too surprisingly,
CSS have shapes consistent with that of the Cu inner core:
roughly spherical for p = 1, 4 (h = 0.16, 0.01, 0.19, and
0.08), prolate for p = 2 (h = 0.33, 0.35), and oblate for p =
3 (h = –0.16). The non-CSS clusters, on the other hand,
often have h that deviate from those shapes, or extreme val-
ues of h (for example, 0:49 for 2–18.1). If the Cu inner core
of bigger CupSnþq CSS follows the polytetrahedral (icosahe-
dral) packing sequence,29,30 as expected, the CSS CupSnþq
clusters should be prolate at p = 5, spherical or prolate at p =
6, oblate at p = 7, prolate from p = 8 to p = 11 (strongly
prolate at p = 10), and quasi-spherical at p = 12, 13.

The HOMO–LUMO gaps of odd electron species were
calculated by taking the smaller of the a spin value and the
b spin value. The gaps in Table 3 are unremarkable: fairly
large for metal clusters, but this is expected of GM, and
largest for even electron species. One somewhat surprising
finding is that the gap of 1–10.1 is not particularly large,
compared with other p = 1 species, despite its large negative
Eexcess and the fact that 1–10.1 has 40 valence electrons (the
only jellium closed electronic shell number among the thir-
teen species).

Atomic charges calculated by Mulliken population analy-
sis are not meaningful for metal clusters: the central atoms
always have a very large unphysical negative charge, even
in cluster cations. Atomic charges calculated by natural
bond orbitals (NBO)31 analysis are much more meaningful.
The NBO charges on individual Cu atoms vary between
+0.1 and +0.4, and the average of Cu atomic charges is
given in Table 3 for each cluster. One can see that the net
+1 charge is delocalized in Cu@Snþq , but that it is localized
on the Cu atoms of Cup@Snþq (p = 3, 4), and that Cu2@Snþq
clusters represent an intermediate case. The electron popula-
tion for Cu Rydberg states is appreciable: it generally varies
between 0.30 and 0.50, and reaches a maximum (0.57) for
the Cu atom of Cu@Snþ10. By comparison, the Rydberg pop-
ulations on Sn atoms are always around 0.02. The Cu
atomic charges could be more positive than shown in Table 3
if one used a different basis set or a different way of analyz-

ing the electron density associated with the NBO Cu Ryd-
berg population.

Stability criteria
The most stable clusters within a sequence often have a

closed atomic shell30,32 or a closed electronic shell.33,34 The
former usually have a compact geometry and high symme-
try. The latter have an electron count that corresponds to
having filled shells in some simple model of electronic
structure, for instance, the jellium model for metal clusters,
which predicts favorable electron counts of 2, 8, 18, 20, 34,
40, and so forth. Clusters that simultaneously satisfy geo-
metric and electronic criteria, the so-called ‘‘doubly magic
clusters’’ (DMC), are expected to be extra stable. An exam-
ple of a DMC is Al�13,35 with its closed quasi-spherical
atomic structure and 40 valence electrons. A number of sta-
ble metal cluster compounds have been synthesized, which
can be viewed as DMCs to which are attached an outer layer
of ligands that lowers their surface energy.36–38 In this sec-
tion, we try to identify possible CupSnþmq DMC cations be-
cause they might give stable compounds after passivation
with ligands such as CO39 or chloride ions. The geometric
structures and Eexcess we obtained suggest that stability is as-
sociated with CSS formation at certain values of q (q* = 10,
13, 16, and 18 for p = 1 to 4, respectively). We now de-
scribe a simple model that reproduces these q* values.

Experimentally, the nearest-neighbor distance for bulk Cu
is RCu = 2.56 Å and the atomic volume is VCu = 11.86 Å3.
For Sn, we have RSn = 2.81 Å and VSn = 27.1 Å3. First, we
calculate the radius Ri of a hypothetical spherical inner core
of p Cu atoms: Ri = (3pVCu/4p)1/3. The outer radius Ro of a
spherical Cup@Snq cluster can then be approximated by Ro =
Ri + c � RSn where c is an adjustable parameter. As it turns
out, c = 1.00 gives q* values that agree reasonably well with
the most stable compositions in Table 2, so we simply set c =
1. We estimate the number q* of Sn atoms needed to form a
quasi-spherical monolayer around a Cup core like this:
q� ¼ ð4pR3

o=R� pVCuÞ=VSn. With this, the predicted compo-
sitions (p,q*) of CupSnq CSS clusters are (1,11), (2,14),
(3,16), (4,18), (5,20), (6,21), (7,23), (8,24), and (p,p + 17)
for 8 < p < 22. These (p,q*), and nearby combinations, are
where we expect to find extra stability on account of atomic
shell closing (CSS formation). This could be combined with
the closed-shell electron counts of the jellium model (Ne =
2, 8, 18, 20, 34, 40, 58, 92, 138, . . .) to estimate the compo-
sition and charge state of stable Cup@Snþmq DMC cations.
For instance, some of the species that look promising as
central units for stable DMC compounds would include
(CuSn11)5+, (CuSn11)11+, (Cu3Sn16)9+, (Cu4Sn18)18+, and so
forth. Note that high formal positive charges on the DMC
part of ligand-passivated cluster compounds have been pro-
posed before,36–38 and are entirely possible if ligands are
very electronegative or bind covalently to the outer layer
atoms of the DMC.

We believe that the tendency of some binary clusters
MpBq (M is a metal) to adopt structures where the Mp unit
is encapsulated by a shell of B atoms can be rationalized
most simply from surface-energy considerations. The param-
eter Ec=R

2
NN, where Ec is the cohesive energy of an element

and RNN is its atomic radius, is particularly helpful. Gener-
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ally, atoms of M are encapsulated by clusters of B if B has a
smaller Ec=R

2
NN than M. For instance, some values of Ec=R

2
NN

(in eV/Å2) are 0.84 (Si), 0.40 (Sn), 0.53 (Cu), 0.35 (Ag),
0.58 (Mn), and 0.66 (Cr): experiments and calculations indi-
cate that Si clusters do not encapsulate atoms of Cu and
Ag,40 Sn clusters encapsulate Cu (this work and ref. 15) and
Mn,11,14 and that Si clusters may be able to encapsulate Cr.40

The SiCr case (and SiMo also)40 suggest that ðEc þ PÞ=R2
NN,

where P is the promotion energy from the atom’s ground
state to the effective electronic state of an atom in a solid,
could be a more appropriate parameter than Ec=R

2
NN. For in-

stance, the ground states of Cr (septet d5s1) and Mn (d5s2)
are usually not appropriate references for assessing the
strengths of interatomic interactions, and ðEc þ PÞ=R2

NN (P >
0) would indicate a stronger tendency for Cr and Mn to be
encapsulated in Si cages.

Conclusion
Here is what we can conclude from our DFT and global

optimization study of CupSnþq . First, CupSnþq do form CSS.
Second, the stabilization associated with completion of a
monolayer outer-shell of Sn atoms is 0.5 to 1.0 eV. Third,
most of the CupSnþq species (even those with good core-
shell structures) have many low-lying isomers, within a few
tenths of eV from the GM and from each other. Fourth,
CuSnþ10 has a large negative Eexcess and no low-lying isomer:
it stands out as particularly stable among the species investi-
gated here. A similar conclusion was reached by Breaux et
al.15 based on their observed fragmentation patterns. We as-
cribe the stability of CuSnþ10 to its doubly magic nature;
atomic shell closing (10 Sn atoms in a square antiprism ge-
ometry) and electronic shell closing (40 electrons). Fifth, the
moments of inertia of Cup@Snþq mirror those of the inner
Cu core when q is close to an atomic shell closing value,
q*. This, together with the observation that the Cup cores
appear to favor the same polytetrahedral structures as Len-
nard–Jones clusters, could facilitate the interpretation of
cluster ion mobility experiments.

We fitted a simple atomic-shells model to our DFT results
and used it to predict the likely values of p, q, and m of
CupSnmþq species that would satisfy two stability criteria
and might, with adequate ligand passivation, make stable
metal cluster compounds. We think that ðEc þ PÞ=R2

NN

(where (Ec + P) is an element’s cohesive energy calculated
relative to a relevant dissociated atoms state) can be a useful
parameter for predicting which binary cluster systems could
lead to CSS formation.

Supplementary data
Supplementary data for this article are available on the

journal Web site (canjchem.nrc.ca).

Acknowledgements
RF thanks the Natural Sciences and Engineering Research

Council (NSERC) of Canada for funding.

References
(1) Ferrando, R.; Jellinek, J.; Johnston, R. L. Chem. Rev. 2008,

108 (3), 845. doi:10.1021/cr040090g. PMID:18335972.
(2) Goia, D. V.; Matijevic, E. N. J. Chem. 1998, 22 (11), 1203.

doi:10.1039/a709236i.
(3) Park, J. I.; Kim, M. G.; Jun, Y. W.; Lee, J. S.; Lee, W. R.;

Cheon, J. J. Am. Chem. Soc. 2004, 126 (29), 9072. doi:10.
1021/ja049649k. PMID:15264840.

(4) Benten, W.; Nilius, N.; Ernst, N.; Freund, H.-J. Phys. Rev. B
2005, 72 (4),o. 045403. doi:10.1103/PhysRevB.72.045403.

(5) Doudna, C. M.; Bertino, M. F.; Blum, F. D.; Tokuhiro, A.
T.; Lahiri-Dey, D.; Chattopadhyay, S.; Terry, J. J. Phys.
Chem. B 2003, 107 (13), 2966. doi:10.1021/jp0273124.

(6) Mizukoshi, Y.; Fujimoto, T.; Nagata, Y.; Oshima, R.;
Maeda, Y. J. Phys. Chem. B 2000, 104 (25), 6028. doi:10.
1021/jp994255e.

(7) Kumar, V. Comput. Mater. Sci. 2006, 36 (1-2), 1. doi:10.
1016/j.commatsci.2005.06.004.

(8) Sinfelt, J. H. Catal. Today 1999, 53 (3), 305. doi:10.1016/
S0920-5861(99)00124-8.

(9) Tournus, F.; Tamion, A.; Blanc, N.; Hannour, A.; Bardotti,
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On the nature of homo- and hetero-dinuclear
metal–metal quadruple bonds — Analysis of the
bonding situation and benchmarking DFT against
wave function methods

Nozomi Takagi, Andreas Krapp, and Gernot Frenking

Abstract: Homo- and hetero-dimetallic (d–d)8 analogues of the formally quadruply bonded [Re2Cl8]2– system with the
general formula [MM’Cl8]x (M, M’ = Tc, Re, Ru, Os, Rh, Ir and x = –2, –1, 0, +1, +2) have been calculated with the den-
sity functional theory (DFT) functionals SVWN, BLYP, BP86, PBE, OLYP, OPBE, HCTH, B3LYP, O3LYP, X3LYP,
BH&HLYP, TPSS, VSXC, TPPSh, and ab initio methods (CASPT2, CCSD(T)) using basis sets of triple-z quality. The
performance of the functionals for the description of the metal–metal bond distance and the bond dissociation energy as
well as the singlet–triplet gap was evaluated with respect to ab initio data at the CASPT2 level. Generally, the generalized
gradient approximation (GGA) functionals, BLYP, BP86, and PBE, show good performance in the description of the
metal–metal bond distance and for the dissociation energy. Hybrid functionals are not to be used for compounds of the
type discussed here as they lead to increasingly too short and too weak bonds with the amount of exact exchange included.
All functionals underestimate the singlet–triplet gap, with the GGA functionals BLYP, BP86, PBE being the closest to the
CASPT2 values. The bonding situations of the [MM’Cl8]x compounds were analyzed at the DFT level (BP86) using the
natural bond orbital (NBO) method and the energy decomposition analysis. The M–M bond in homodimetallic compounds,
[MMCl8]x, becomes weaker from group 7 to group 8 to group 9 metals and the bond is weaker for 4d metal systems than
for 5d transition metal compounds. The M–M bonds have approximately 50% covalent and 50% electrostatic character
and the covalent contribution is dominated by the p orbitals, whereas the d orbitals do not contribute significantly to the
covalent bonding. Heterodimetallic systems, [MM’Cl8]x, have significantly stronger metal–metal bonds than the homodime-
tallic compounds. This comes from weaker Pauli repulsion and stronger electrostatic attraction. The most stable heterodi-
metallic bonds are observed for 5d–5d metal pairs.

Key words: metal–metal bond, metal–metal quadruple bond, heterodimetallic compounds, homodimetallic compounds, dis-
sociation energy, bonding analysis.

Résumé : On a effectué des calculs théoriques sur des analogues homo- et hétéro-dimétalliques (d–d)8 du système
[Re2Cl8]2– formellement à quadruple liaison et de formule générale [MM’Cl8]x (M, M’ = Tc, Re, Ru, Os, Rh et Ir et x =
–2, –1, 0, 1 et +2) en faisant appel à la théorie de la fonctionnelle de la densité (« DFT »), des fonctionnelles SVWN,
BLYP, BP86, PBE, OLYP, OPBE, HCTH, B3LYP, O3LYL, BH&HLYP, TPSS, VSXC, TPPSh et des méthodes ab initio
[CASPT2 et CCSD(T)] à base d’ensembles de qualité triple z. On a évalué la performance des fonctionnelles pour la de-
scription de la longueur de la liaison métal-métal et de l’énergie de dissociation de la liaison ainsi que l’intervalle singu-
let-triplet par rapport aux données ab initio au niveau CASPT2. En général, les fonctionnelles GGA BLYP, BP86 et PBE
donnent une bonne performance dans la description de la longueur de la liaison métal-métal et pour l’énergie de dissocia-
tion. Il ne faut pas utiliser les fonctionnelles hybrides pour le type de composés discutés ici parce qu’elles conduisent à
des longueurs de liaison qui sont de plus en plus trop courtes et des énergies de liaison trop faibles pour les quantités
exactes d’échange incluses. Toutes les fonctionnelles sous estiment l’intervalle singulet-triplet avec les fonctionnelles GGA
BLYP, BP86 et PBE conduisant aux valeurs les plus près de valeurs CASPT2. On a examiné les situations de liaison des
composés [MM’Cl8]x à l’aide de la « DFT » au niveau BP86, en utilisant la méthode NBO et l’analyse de la décomposi-
tion de l’énergie. La liaison M–M des composés homodimétalliques [MMCl8]x devient de plus en plus faible lorsqu’on
passe des éléments du groupe 7, à ceux des groupes 8 et 9 et la liaison est plus faible pour les systèmes métalliques 4d
que pour les composés métalliques de transition 5d. Les liaisons M–M comportent des quantités approximativement égales
50/50, de caractère covalent et électrostatique; la contribution covalente est dominée par les orbitales p alors que les orbi-
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tales d ne contribuent pas d’une façon significative à la liaison covalente. Les systèmes hétérodimétalliques [MM’Cl8]x

comportent des liaisons métal-métal qui sont beaucoup plus fortes que celles des composés homodimétalliques. Cette situa-
tion résulte de la répulsion de Pauli et d’une attraction électrostatique plus forte. Les liaisons hétérodimétalliques les plus
stables sont observées pour les paires métalliques 5d–5d.

Mots-clés : liaison métal–métal, liaison quadruple métal–métal, composés hétérodimétalliques, composés homodimétalli-
ques, énergie de dissociation, analyse des liaisons.

[Traduit par la Rédaction]

_______________________________________________________________________________________

Introduction
The exploration of the chemistry of metal–metal multiple

bonds started in 1965 when Cotton and Harris1 isolated the
anion [Re2Cl8]2– in the complex K2[Re2Cl8]�2H2O. This
compound with a formal Re–Re quadruple bond has since
become the prototype of a metal–metal multiple bonded spe-
cies. Its electronic structure is known in detail and a gas-
phase photoelectron spectrum has been collected.2 Following
this initial discovery, the field expanded considerably and a
wealth of knowledge has been gained as reflected in the
prominent book by Cotton, Murillo, and Walton,3 which
covers the literature up to 2004. In recent years, the field
came into general focus again, as exemplified by the isola-
tion of the formally quintuply bonded compound RCr–CrR
(R = C6H3-2,6(-C6H3-2,6-i-Pr3)2) by the group of Power4

and by a number of recent quantum chemical studies about
molecules with high bond orders between metal atoms.5–7

In the last 20 years, heterodinuclear compounds between
different metal atoms M–M’ were studied experimentally
due to their potential as catalysts in metal-mediated reac-
tions, as exemplified by the ‘‘early–late’’ complexes, which
mainly contain metal–metal single bonds.8–11 Much less is
known about polar metal–metal bonds of higher bond multi-
plicity.3,12 Collmann and Boulatov12 reported in a series of
studies about the structures and intriguing spectral properties
of systems with polar metal–metal multiple bonds with the
general formula PorM–M’Por (Por = substituted porphyrins).

Little is known about the bonding situation and the stabil-
ity of these polar metal–metal multiple bonds from a theo-
retical point of view. As a first step towards the description
of the experimentally known systems and the systematic ex-
ploration of the bonding possibilities in polar metal–metal
multiple bonding, we set out a systematic study of heterodi-
metallic analogues of [Re2Cl8]2–. The results of the work are
reported in this paper. We focused on the formally quadru-
ply bonded (d–d)8 systems with the general formula
[Cl4MM’Cl4]x (M, M’ = Tc, Re, Ru, Os, Rh, Ir; x = –2, –1,
0, +1, +2). We did not include the analogues of the first row
transition metals (Mn, Fe, Co) in our study, since explora-
tive calculations on the systems [M2Cl8]x showed that they
are unbound and because of the highly multideterminental
character inherent in these species, demand far too large ac-
tive spaces to be tractable. Since our intention was to shed
light onto the metal–metal quadruple bond, we restricted
ourselves to geometrical arrangements, which enable two
MCl4x fragments to form a metal–metal quadruple bond.
This is the D4h (C4v for heterodimetallic systems) symmetric
structure (see Scheme 1), which might not be the global
minimum for all species studied.

Metal–metal bonded systems are typical examples of mul-

tideterminant problems. We therefore tested the performance
of a variety of density functional theory (DFT) functionals
in comparison to theoretical results at the CASPT2 and
CCSD(T) levels of theory. The bonding situation of the for-
mally metal–metal bonded systems was studied in detail,
making use of the energy decomposition analysis (EDA)
and the natural bond orbital method (NBO).

Computational methods
For benchmarking the performance of DFT we tested the

following functionals: (i) local density approximation (LDA):
SVWN;13,14 (ii) generalized gradient approximation (GGA):
BP86,15,16 BLYP,15,17 OLYP,17,18 OPBE,18,19 PBE (also called
PBEPBE),19 and HCTH (also called HCTH407);20 (iii) hybrid
GGA: B3LYP,15,17,21 BH&HLYP,15,17,22 O3LYP,15,17,23 and
X3LYP;17,24 (iv) meta-GGA: TPSS (also called TPSSTPSS)25

and VSXC;26 and (v) hybrid meta-GGA: TPSSh.25

We used split-valence basis sets of doubly polarized
triple-z quality developed by Weigend27 and Ahlrichs,28

which are denoted as def2-TZVPP. For the metal atoms we
used valence basis sets in conjunction with small-core quasi-
relativistic effective core potentials.29 The DFT calculations
were performed with the Gaussian03 program package22 us-
ing standard settings for the DFT integration (fine grids) and
for the convergence criteria. Care has been taken to obtain
the correct electronic states, e.g., 1A1g states for the D4h
symmetry [M2Cl8]x molecules and 1A1 states for the C4v
symmetric [MM’Cl8]x systems.

Single point energy calculations using coupled cluster
theory30 at the CCSD(T) level31–35 in conjunction with the
def2-TZVPP basis set were performed on BP86/TZ2P geo-
metries (the TZ2P basis set will be specified below) with
the program MolPro2006.36 To account for static and dy-
namic correlation effects by wave function methodology,
we performed complete active space (CAS) SCF37 calcula-
tions with the dynamic correlation added by multiconfigura-
tional second-order perturbation theory (CASPT2).38–40

Scalar relativistic effects were included via a Douglas–Kroll
Hamiltonian.41,42 Large ANO-RCC basis sets of Roos and

Scheme 1.
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co-workers,43 as implemented in the program package
MOLCAS, were used in the following contractions:
(17s12p5d4f2g) ? [5s4p3d1f] for Cl, (24s21p15d11f4g2h) ?
[8s7p5d3f1g] for Re, Os, Ir, and (21s18p13d6f4g2h) ?
[7s6p4d2f1g] for Tc, Ru, Rh. These calculations were per-
formed with the program MOLCAS6.43 The CASPT2 calcu-
lations were performed on BP86/TZ2P geometries except for
the data presented in Table 1, which are results of geometry
optimizations at the CASPT2 level.

In the CASSCF calculations of the [MM’Cl8]x systems,
we chose active spaces consisting of either eight electrons
in eight orbitals, CAS(8,8), or 12 electrons in 12 orbitals,
CAS(12,12). The smaller active space formally comprises
the nds, two ndp, and one ndd metal–metal bonding
and antibonding orbitals, whereas the larger active space
also includes a metal–ligand s bonding and antibonding or-
bital pair. These active spaces can cover static electron cor-
relation effects connected to the metal–metal bond.

To give a balanced description of correlation effects in
the calculation of the dissociation of [MM’Cl8]x into the D4h
symmetric MCl4y fragments, the MCl4y systems in their 5A1g
state were calculated using (4/4) and (6/6) active spaces in
the CASSCF. It is, however, important to notice that for sys-
tems in which the metal and ligand orbitals interact strongly,
e.g., in the case of the cationic system [Ir2Cl8]2+, the active
space has to be considerably larger than (12/12) if one is to
calculate dissociation energies, since it is necessary to in-
clude the chlorine lone pair orbitals in the active space. As
will be discussed later, some of the calculated dissociation
energies must therefore be considered with care.

The electronic structure of the [MM’Cl8]x molecules was
analyzed with various methods. For the charge analysis, we
used the natural bond orbital method (NBO) of Weinhold
and co-workers44 as implemented in the Gaussian program.22

The energy decomposition analysis (EDA)45–49 calculations
have been performed at the BP86 level using uncontracted
Slater-type orbitals (STOs), which have TZ2P quality, on
geometries optimized at the BP86/TZ2P level.50 Scalar rela-
tivistic effects have been considered using the zero-order
regular approximation (ZORA).51–55 The latter calculations
were carried out with the program package ADF.56,57

The focus of the EDA47 is the instantaneous interaction
energy, DEint, which is the energy difference between the
molecule and the fragments with the frozen geometry of the
complex. The interaction energy is divided into three main
components:

DEint ¼ DEelstat þDEPauli þDEorb

The term DEelstat gives the electrostatic interaction energy
between the fragments, which are calculated with a frozen
density distribution in the geometry of the complex. The
Pauli repulsion (DEPauli) arises as the energy change associ-
ated with the transformation from the superposition of the
unperturbed electron densities of fragments rA + rB to the
wave function J0 = NÂ{JA � JB}, which properly obeys
the Pauli principle through explicit antisymmetrization (Â)
and renormalization (N) of the product wave function. It
comprises the destabilizing interactions between electrons
on either fragment with the same spin. The stabilizing orbi-
tal interaction term, DEorb, is calculated in the final step ofT
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the analysis when the orbitals relax to their final form. The
latter can be decomposed into contributions from each irre-
ducible representation of the point group of the interacting
system. This is very helpful because it directly gives the sta-
bilization, which comes from orbitals having different sym-
metry. To obtain the bond dissociation energy, De, one has
to consider the preparation energy, DEprep, which is the en-
ergy difference of the fragments between their equilibrium
geometry and the geometry that they have in the molecule:

DE ð¼ �DeÞ ¼ DEint þDEprep

Performance of DFT functionals
To estimate the performance of the DFT functionals in the

description of M–M’ formal quadruple bonds, the species
[Cl4MM’Cl4]x (M, M’ = Tc, Re, Ru, Os, Rh, Ir; x = –2, 0, +2)
were completely optimized under D4h (C4v in the case of
M = M’) symmetry constraint in the 1A1g (1A1) state at the
DFT level using the def2-TZVPP basis set. The optimized
metal–metal bond lengths are listed in Table 1.

For the parent compound, [Re2Cl8]2–, the optimized Re–
Re bond length varies considerably between 2.153 Å
(BH&HLYP) and 2.244 Å (BLYP), with the experimental
value being 2.237(2) Å3, which is in good agreement with
the CASPT2(12,12) result of 2.252 Å and comparable to re-
cently reported DFT values58 of 2.29, 2.27, and 2.24 Å at
the BLYP, PBE, and OPBE level of theory, respectively. In
comparison to experiment, the BLYP functional performs
best (2.244 Å), followed by BP86 (2.226 Å), PBE
(2.224 Å), and TPSS (2.222 Å). This observation also holds
for [Tc2Cl8]2–, where the BLYP value of 2.152 Å is in ex-
cellent agreement with the experimental values of
2.147(4)Å59 and 2.17(1)Å.60 The BP86 (2.132 Å), PBE
(2.131 Å), and TPSS (2.128 Å) results are again very close.

For the other test systems, the M–M’ bond length varia-
tion lies between 0.071 and 0.155 Å. BH&HLYP always re-
sults in the shortest M–M contacts except for [Rh2Cl8]2+ and
[ReTcCl8]2–, whereas BLYP in all cases gives the longest
bonds.

Among the five different types of functionals (LDA,
GGA, hybrid-GGA, meta-GGA, hybrid-meta-GGA) there is
no clear trend of the accuracy of the calculated bond length.
LDA delivers, in all cases, shorter bonds than all GGA func-
tionals, except for OPBE. The GGA functionals are best
grouped into two classes: the first one giving longer bonds
with the trend PBE < BP86 < BLYP and the second one re-
sulting in shorter bonds with the trend OPBE < HTCH &
OLYP. The latter class gives only slightly longer bonds
than the hybrid-GGA functionals with a mixing of exact ex-
change (B3LYP, X3LYP, O3LYP). The general observation
that higher amounts of exact exchange lead to shorter bonds
also holds in the case of metal–metal bonds as exemplified
in the series BLYP > B3LYP > BH&HLYP. The two meta-
GGA functionals, TPSS and VSXC, lead to longer bonds
than hybrid-GGA functionals, with TPSS being close to the
GGA functionals of the first class. Mixing of exact exchange
admixture to TPSS, which gives the hybrid-meta-GGA
TPSSh, leads to a shortening of the M–M bonds, with the
consequence that the performance of TPSSh is comparable
to SVWN.

Overall, we conclude that the GGA functionals, BLYP,
BP86, PBE, and the meta-GGA functional TPSS deliver ac-
ceptable metal–metal bond lengths for the systems under
study, irrespective of the metal–metal bond being polar or
unpolar, or whether 4d or 5d transition metal atoms are in-
volved. This observation adds to the increasing evidence
that GGA functionals perform especially well in the study
of transition metal species, as, for example, is summarized
in the recent review by Cramer and Truhlar.61 Also, Cavi-
gliasso and Kaltsoyannis58 observed that GGAs perform
well in the description of structural features of [M2Cl8]2–

systems. In general, hybrid functionals with more than 5%–
15% Hartree–Fock exchange are not capable to describe sys-
tems with significant multireference character, as, e.g., is
shown by Zhao et al.,62 and are therefore not suited in the
study of systems like the [MM’Cl8]x species we are dealing
with in this study.

Our main concern, however, is not so much the bond
length but the bond dissociation energy (BDE) of the
metal–metal formal quadruple bonds. We therefore com-
pared the dissociation energies of the [MM’Cl8]x species
(M, M’ = Tc, Re, Ru, Os, Rh, Ir; x = –2, 0, +2) for the dis-
sociation in two square planar D4h symmetric MCl4x/2 spe-
cies in the (5A1g) quintet state. To reduce the influence of
structural effects, we based all calculations for a given spe-
cies on the same geometries, which were optimized at the
BP86/TZ2P level. Table 2 gives the results and the follow-
ing discussion will be based on this. For completeness, Ta-
ble S1 in the Supplementary data gives the dissociation
energies for completely optimized structures at the respec-
tive level whose inspection reveals that the geometrical re-
laxation has no impact on the conclusion presented in the
following.

For the parent compound, [Re2Cl8]2–, we calculate a dis-
sociation energy of De = 15.6 kcal/mol at the
CASPT2(12,12) level of theory. The comparison with the
CASPT2(8,8) result of 17.2 kcal/mol demonstrates that the
result can be considered stable with respect to the active
space and should thus be a reliable ab initio estimate of the
dissociation energy. To the best of our knowledge, there are
no reliable experimental values to compare with. The exper-
imental estimate of 152.7 ± 19 kcal/mol is considered ‘‘very
unreliable’’.63 The ab initio, single reference CCSD(T)
method underestimates the stability of the Re–Re bond, giv-
ing a value of 5.5 kcal/mol. The calculated value at CCSD
is De = –36.4 kcal/mol (Table 2). The very large contribu-
tion from the quasi-perturbative treatment of the connected
triple excitations when going from CCSD to CCSD(T)
shows that a single configuration wave function method is
not appropriate for calculating the bond energy of
[Re2Cl8]2–. Single configuration DFT methods could per-
form better because of fortuitous error cancellation. How-
ever, the DFT results clearly show that the functionals
assign stabilities in the wide range from 17.6 kcal/mol
(VSXC) to –77.4 kcal/mol (BH&HLYP). There are eight
functionals that give negative values for the BDE of
[Re2Cl8]2–. Thus, a careful choice of functional is important
for even a qualitatively correct description. Concerning the
different types of functionals (LDA, GGA, meta-GGA,
meta-hybrid-GGA), one can observe clear trends. The LDA
functional SVWN overestimates the stability of the Re–Re
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Table 2. Dissociation energy, De, in kcal/mol for the dissociation of [MM’Cl8]x in the lowest totally symmetric closed-shell singlet state (for M = M’: D4h symmetry, 1A1g state; for M
= M’: C4v symmetry, 1A1 state) in two square planar quintet states of D4h symmetry (5A1g). All DFT and coupled cluster results were obtained using the def2-TZVPP basis set. For the
CASPT2 calculations, a large ANO-RCC basis was employed (see Computational methods). All geometries were optimized at the BP86/TZ2P level.

Functional [Re2Cl8]2– [Tc2Cl8]2– [Os2Cl8]0 [Ru2Cl8]0 [Ir2Cl8]2+ [Rh2Cl8]2+ [ReTcCl8]2– [ReOsCl8]1– [ReIrCl8]0 [OsIrCl8]1+ DEa

SVWN 63.6 38.1 116.2 89.1 3.4 23.5 51.2 147.9 272.7 130.0 45.8
BP86 10.2 –14.3 64.9 39.2 –46.1 –25.7 –1.9 94.7 218.6 78.4 8.4
BLYP 8.9 –17.4 55.7 29.9 –54.7 –38.6 –4.2 90.0 211.3 69.5 12.4
HCTH –14.0 –38.1 43.9 13.9 –71.0 –60.0 –25.9 72.7 196.9 56.2 29.6
OLYP –6.7 –34.0 46.1 14.9 –71.0 –60.3 –20.3 77.3 200.1 57.2 26.0
OPBE –7.4 –34.6 50.3 20.3 –66.9 –55.1 –20.3 79.7 204.8 62.5 23.4
PBE 15.7 –9.2 69.6 43.3 –42.7 –21.9 3.5 99.1 223.9 82.9 6.1
B3LYP –20.4 –56.9 25.7 –11.1 –69.4 –69.1 –38.3 61.4 190.7 39.7 44.0
BH&HLYP –77.4 –132.4 –38.4 –92.2 –102.9 –132.6 –105.1 13.7 150.8 –12.6 104.5
O3LYP –21.4 –54.0 29.2 –5.3 –76.6 –68.2 –37.5 62.7 189.8 41.8 42.2
X3LYP –21.9 –59.4 23.9 –13.9 –69.3 –69.7 –40.3 60.6 190.3 38.4 45.6
TPSS 6.7 –20.1 59.9 32.4 –49.9 –30.5 –6.4 91.1 215.3 73.4 12.3
VSXC 17.6 –6.7 66.4 41.7 –43.9 –23.3 5.9 95.7 224.5 79.6 8.5
TPPSh –9.5 –41.6 42.3 10.1 –59.3 –48.3 –25.2 75.8 203.5 56.6 28.8
CCSD –36.4 –218.6 0.7 –87.9 –74.1 –84.4 –97.7 —b —b —b 117.6
CCSD(T) 5.5 –165.3 56.0 —b –3.6 –7.0 –69.3 —b —b —b 64.0
CASPT2(8,8) 17.2 –10.0 83.7 75.7 —c —c 4.1 102.7 220.1 96.0 5.9
CASPT2(12,12) 15.6 –13.7 77.9 65.4 —c —c 3.0 99.6 211.4 83.5

aAverage deviation with respect to the CASPT2(12,12) value.
bNo convergence.
cActive space not large enough for the calculation of dissociation energies.
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bond considerably (De = 63.6 kcal/mol), whereas GGA func-
tionals of the first class (PBE, BP86, BLYP) assign values of
15.7, 10.2, and 8.9 kcal/mol, respectively, which are close to
the CASPT2(12,12) value. The second class of GGA func-
tionals (HCTH, OLYP, OPBE) underestimates the Re–Re
bond stability and leads to even qualitative incorrect De val-
ues of –14.0, –7.4, and –6.7 kcal/mol, respectively. All hy-
brid-GGA functionals underestimate the stability considerably
with De values of –20.4, –21.4, –21.9, and –77.4 kcal/mol for
B3LYP, O3LYP, X3LYP, and BH&HLYP, respectively.
The meta-GGA functionals, TPPS and VSXC, are compa-
rable to the first class of GGA functionals in their descrip-
tion of the stability of the Re–Re bond, leading to De
values of 6.7 and 17.6 kcal/mol, respectively. The admix-
ture of exact exchange leads to a decreasing bond stability
as exemplified in the series BLYP > B3LYP > BH&HLYP.
The same holds for the comparison of the meta-GGA func-
tional TPSS (De = 6.7 kcal/mol) with its hybrid congener
TPPSh (De = –9.5 kcal/mol).

The resulting overall picture for the Re–Re BDE of
[Re2Cl8]2– is that the first class of GGA functionals (PBE,
BP86, BLYP) and the meta-GGA functionals (TPSS and
VSXC) give values that are in a reasonably good agreement
with the CASPT2(12,12) value, while the other functionals
give very poor results.

This conclusion also holds when the remaining [MM’Cl8]x

systems in our study are considered. For [Tc2Cl8]2–, e.g., the
CASPT2(12,12) De value of –13.7 kcal/mol is matched
by the GGA functionals BP86 (–14.3 kcal/mol), BLYP
(–17.4 kcal/mol), and PBE (–9.2 kcal/mol). The meta-GGA
functionals, VSCX and TPSS, are still in reasonable agree-
ment with –6.7 and –20.1 kcal/mol, respectively, whereas
all hybrid-GGA functionals, the hybrid-meta-GGA func-
tional, and the second class of GGA functionals underesti-
mate and the LDA overestimates the metal–metal BDE
considerably. The CCSD and CCSD(T) values for the BDE
of [Tc2Cl8]2– are dramatically wrong.

In [Os2Cl8]0, we notice a larger difference between the
CASPT2(8,8) and the CASPT2(12,12) results, underlining
that the metal centered orbitals interact more heavily with

the chlorine lone pair orbitals, as discussed above, which
leads to a slight imbalance in the correlation energy, which
is covered by the active spaces in [M2Cl8]x and the MCl4x/2

fragments. The same holds for [Ru2Cl8]0, [ReIrCl8]0, and
[OsIrCl8]1+. We therefore have to assign a larger error bar
to the CASPT2(12,12) values of these compounds. For
[Ir2Cl8]2+ and [Rh2Cl8]2+, it was not possible to design an
active space large enough to include all the orbital pairs de-
scribing the metal–metal and metal–ligand interactions, so
as to obtain a reliable and balanced dissociation energy.
This is due to the fact that in these positively charged sys-
tems, the metal orbitals contract and lie much deeper than
the chlorine lone pair orbitals.

The conclusion is that GGA functionals are able to de-
scribe the BDE of metal–metal quadruple bonds with an es-
timated uncertainty of ±5 kcal/mol, whereas hybrid
functionals are not even reliable for qualitative discussions.
This observation is in line with the conclusions of numerous
DFT validation studies on transition metal compounds as
summarized recently by Cramer and Truhlar.61 The perform-
ance of DFT functionals in the studies of M–M bond disso-
ciation energies is normally tested on transition metal
dimers, as for these systems experimental data are available.
It is therefore interesting to see that the conclusion put for-
ward for such systems, e.g., in refs. 64 and 65, can be car-
ried over to larger systems in which direct, unbridged
metal–metal multiple bonds are present. Ab initio calcula-
tions must be carried out using multideterminantal methods,
as single reference methods, even at CCSD(T), give large
errors for De.

The natural orbital occupation numbers of the CASSCF
wave function for the d/d* orbital pair are a measure for the
biradical character of the metal–metal bond. The occupation
numbers are 1.56/0.44, 1.48/0.52, 1.47/0.53, 1.30/0.70, 1.51/
0.49, 1.61/0.39, 1.97/0.03, and 1.95/0.05 in [Re2Cl8]2–,
[Tc2Cl8]2–, [Os2Cl8]0, [Ru2Cl8]0, [ReTcCl8]2–, [ReOsCl8]1–,
[ReIrCl8]0, and [OsIrCl8]1–, respectively. This indicates that,
except for [Ru2Cl8]0, the biradical character of the metal–
metal bond is moderate and, thus, closed-shell DFT calcula-
tions of singlet species should allow for a qualitative correct

Table 3. Energy lowering of the closed-shell singlet 1A1g (1A1 for M = M’) state in D4h (C4v for M
= M’) symmetry of [MM’Cl8]x due to the symmetry breaking unpairing of two electrons leading to
open-shell 1A1 biradicals in C4v symmetry. All energies are in kcal/mol and geometries are opti-
mized at BP86/TZ2P.

Functional [Re2Cl8]2– [Tc2Cl8]2– [Os2Cl8]0 [Ru2Cl8]0 [Rh2Cl8]2+ [ReTcCl8]2–

SVWN +2.0 +2.3 +2.1 0.0 +2.4 0.0
BP86 –1.4 –2.4 –2.0 –3.3 –0.9 –2.4
BLYP –1.9 –2.6 –4.2 –4.0 –3.2 –1.7
HCTH –1.7 –2.3 –2.3 –5.5 –9.1 –3.0
OLYP –1.1 –2.0 –1.8 –3.9 –8.4 –2.4
OPBE –1.3 –2.6 –1.2 –1.4 –8.9 –2.7
PBE –1.1 –2.1 –1.7 –3.1 –0.7 –1.9
B3LYP –10.5 –13.4 –11.2 –14.5 –10.7 –12.2
BH&HLYP –29.6 –35.5 –38.7 –39.4 –35.3 –24.6
O3LYP –6.4 –8.3 –6.7 –9.6 –6.1 –8.3
X3LYP –11.4 –14.6 –12.6 –17.2 –11.8 –13.4
TPSS –3.3 –4.7 –3.2 –5.2 –1.9 –4.2
VSXC –6.9 –7.7 –5.8 –7.4 –3.7 –7.1
TPPSh –7.7 –10.3 –7.6 –10.9 –6.6 –9.5
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Table 4. Singlet–triplet gap (3A2u / 1A1g for M = M’ and 3A1 / 1A1 for M = M’) in kcal/mol for [MM’Cl8]x in the D4h (C4v for M = M’) symmetric geometry. All DFT results were
obtained using the def2-TZVPP basis set. For the CASPT2 calculations, a large ANO-RCC basis was employed (see Computational methods). All geometries were optimized at BP86/
TZ2P.

Functional [Re2Cl8]2– [Tc2Cl8]2– [Os2Cl8]0 [Ru2Cl8]0 [Ir2Cl8]2+ [Rh2Cl8]2+ [ReTcCl8]2– [ReOsCl8]1– [ReIrCl8]0 [OsIrCl8]1– DEa

SVWN 8.8 7.8 5.2 3.5 –11.0 6.3 8.4 9.9 16.2 7.6 2.1
BP86 2.8 1.9 0.8 –1.1 –18.8 1.7 2.4 4.6 10.7 2.8 5.9
BLYP 2.9 1.7 0.5 –1.5 –20.5 0.8 2.3 4.4 9.9 2.2 6.0
HCTH 2.9 2.8 1.0 –0.7 –24.1 5.7 2.8 4.8 10.1 2.4 5.6
OLYP 3.5 2.5 1.2 –0.9 –21.7 8.0 3.0 5.2 10.5 2.5 5.6
OPBE 3.8 3.1 1.7 –0.4 –18.1 13.8 3.5 5.7 11.4 3.3 5.2
PBE 3.2 2.3 1.1 –0.8 –18.7 1.9 2.8 5.0 11.0 3.1 5.7
B3LYP –6.6 –9.0 –8.6 –12.2 –6.9 –9.6 –7.7 –3.6 4.7 –5.2 14.8
BH&HLYP –23.3 –28.1 –25.3 –32.1 15.1 –39.0 –24.8 –13.8 –3.6 –12.1 29.2
O3LYP –1.9 –3.5 –3.9 –6.9 –13.1 –4.2 –2.7 0.5 7.3 –1.8 10.4
X3LYP –7.5 –10.0 –9.5 –13.3 –5.5 –10.7 –8.7 –4.1 4.3 –5.8 15.6
TPSS 1.1 –0.5 –0.8 –3.1 –17.6 0.1 0.3 3.1 9.8 1.6 7.4
VSXC –2.1 –1.7 –2.7 –3.9 –23.0 –0.9 –1.9 0.7 8.2 0.2 9.2
TPPSh –3.6 –5.8 –5.4 –8.5 –11.4 –5.1 –4.7 –1.0 7.0 –2.4 11.8
CASPT2(8,8) 9.5 9.1 6.6 6.4 —b —b 9.3 9.0 9.5 9.1 0.2
CASPT2(12,12) 9.6 9.1 6.8 6.7 —b —b 9.9 9.3 9.6 9.1

aAverage deviation with respect to the CASPT2(12,12) value.
bActive space is not large enough for the correct description of M–M orbital manifold.
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description. However, as near degeneracy problems may be
better modeled by broken-symmetry DFT approaches, we
tested the stability of the closed-shell singlet states towards
unpairing of the electron pair in the M–M d-bonding orbital
leading to singlet biradicals with localized, singly occupied
dxy metal orbitals. We observed broken-symmetry states for
[Re2Cl8]2–, [Tc2Cl8]2–, [Os2Cl8]0, [Ru2Cl8]0, [Rh2Cl8]2+, and
[ReTcCl8]2–, whereas the other systems collapsed to the
closed-shell singlet solution. The energy lowering due to
the symmetry breaking is given in Table 3. It becomes ob-
vious that, except for SVWN, all functionals predict the bir-
adical state to be energetically favorable. GGA functionals
point to a modest stabilization of the biradical state, whereas
hybrid functionals give a clear preference for the open-shell
singlet states reflecting the general trend that hybrid func-
tionals tend to be favored toward open-shell states. Meta-
GGA functionals are between GGA and hybrid functionals.

Related to the stability of the closed singlet state towards
the broken-symmetry singlet solution is the question of
whether the triplet state, with both the metal–metal d bond-
ing and antibonding orbitals being singly occupied (3A2u
state in D4h symmetry and 3A1 state in C4v symmetry), is en-
ergetically favored over the closed-shell singlet state. In Ta-
ble 4, we give the 3A2u / 1A1g adiabatic excitation energy
(3A1 / 1A1 in C4v symmetry) for the selected DFT function-
als and the CASPT2 model chemistry. The reported splitting
for [Re2Cl8]2– of 9.6 kcal/mol at the CASPT2 level is in
good agreement with former ab initio results, e.g., at the
CASPT2 level (9.9 kcal/mol)66 and at the MRMP2 level
(12.0 kcal/mol).67 For all systems, the singlet–triplet gap is
underestimated compared to CASPT2(12,12) by all DFT
functionals but SVWN. An exception is [ReIrCl8]0, where
the GGA functionals are in good agreement with the corre-
lated ab initio results. In general, only GGA and LDA func-
tionals give a qualitative correct ordering of states, the
singlet state being the ground state. [ReIrCl8]0 is again an
exception. For a quantitative assessment of the electronic

states in question, it is clear that no DFT functional provides
sufficient reliability.

The above results suggest that (i) the conclusion about the
performance of the DFT functionals to describe the BDE of
metal–metal formal quadruple bonds remains essentially un-
changed when considering broken-symmetry states, (ii) the
natural orbital occupation numbers in the CASSCF point to-
wards small biradical character, and (iii) the singlet state is
qualitatively correctly assigned to be lower than the triplet
state for a chosen subset of functionals. Therefore, it is jus-
tified to discuss the bonding situation in the later section on
closed-shell singlet calculations with GGA functionals. Fur-
thermore, as both geometries and stabilities of the [M2Cl8]x

model systems are reasonably well-described by the GGA
functionals, BLYP, PBE, and BP86, these functionals are
appropriate for an analysis of the bonding situation.

Comments on the ground state of the MCl4
fragments

For the d4-MCl4x fragments (M = Tc, Re, Ru, Os, Rh, Ir;
x = –1, 0, +1), two states must be considered in the quest for
the ground state: the square planar quintet state (5A1g in D4h
symmetry) and the tetrahedral singlet state (1A1 in Td sym-
metry). In Table 5, we give the excitation energy 1A1 / 5A1g
at DFT for a number of functionals and at the CCSD(T)
level of theory. The latter is an adequate ab initio method,
since the MCl4x systems do not exhibit multideterminental
character. Qualitatively, all functionals give the correct
ground state compared to CCSD(T) except for VSXC, which
wrongly predicts that the quintet state is the ground state for
[OsCl4]0. In general, VSXC gives too positive excitation en-
ergies, which is probably the consequence of a destabiliza-
tion of the singlet state. On the other hand, SVWN always
gives too negative values, which can be traced back to
SVWN underestimating the stability of the quintet state.
BH&HLYP, as a third extreme, overestimates the singlet–

Table 5. Excitation energy from the square planar D4h quintet (5A1g) to the tetrahedral Td

singlet (1A1) for [MCl4]x in kcal/mol. All results were obtained using the def2-TZVPP basis
set. All DFT geometries were optimized at the respective level; for the coupled cluster cal-
culations, BP86/TZ2P geometries were used.

Functional [ReCl4]– [TcCl4]– [OsCl4]0 [RuCl4]0 [IrCl4]+ [RhCl4]+ DEa

SVWN 15.9 9.9 –13.9 –19.8 –37.8 –40.9 7.9
BP86 25.3 18.3 –6.0 –12.5 –29.9 –32.9 5.3
BLYP 19.2 13.1 –9.2 –14.7 –30.8 –32.6 7.3
HCTH 29.7 22.9 –4.2 –10.2 –29.1 –30.8 4.8
OLYP 22.8 16.5 –8.0 –13.5 –30.8 –32.4 6.1
OPBE 27.4 20.4 –5.8 –12.2 –30.3 –32.9 4.5
PBE 24.3 17.5 –6.7 –12.9 –30.4 –33.1 5.5
B3LYP 23.7 18.2 –6.6 –12.5 –30.7 –33.1 5.5
BH&HLYP 31.2 27.2 –0.4 –6.4 –29.0 –31.4 5.8
O3LYP 25.2 19.3 –6.6 –12.4 –30.7 –32.8 5.1
X3LYP 23.9 18.9 –6.1 –12.0 –30.4 –32.9 5.4
TPSS 24.7 17.3 –5.2 –12.0 –28.3 –31.3 6.1
VSXC 36.4 30.4 5.2 –1.0 –20.3 –23.0 11.9
TPPSh 27.2 20.2 –3.6 –10.5 –27.8 –31.0 5.9
CCSD 34.0 29.4 –2.2 –10.8 –38.7 –45.6 3.2
CCSD(T) 30.5 25.5 –5.5 –14.4 –36.7 –42.9

aAverage deviation with respect to the CCSD(T)/def2-TZVPP value.
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triplet gap, probably due to an overstabilization of the quin-
tet state.

Conceptually, two [MCl4]x fragments have to be in a
quintet state to form a metal–metal quadruple bond. It thus
comes as no surprise that the [ReCl4]– fragment building
the prominent metal–metal quadruple bound [Re2Cl8]2– has
the largest quintet ? singlet gap (30.5 kcal/mol) and is thus
ideally suited for the quadruple metal–metal bond. Except
for the Re and Tc species, all MCl4x fragments have singlet
ground states and rather large singlet ? quintet gaps. Only
if the metal–metal bond strength overcomes this excitation
energy, stable compounds with metal–metal quadruple
bonds may be expected.

Analysis of the metal–metal bonding
situation

To obtain a thorough understanding of the metal–metal
quadruple bond in the (d–d)8 systems [MM’Cl8]x, we start
with a qualitative discussion of the orbitals involved in this
bonding. Figure 1 serves as an illustration for this purpose.

For each M–M’ bond in question one must, in principle,
consider four orbitals of different character. Depending on
whether it is metal–metal bonding or antibonding and
whether it is metal–ligand bonding or antibonding, one ob-
tains (a) one metal–ligand bonding/metal–metal bonding or-
bital, (b) one metal–ligand bonding/metal–metal antibonding
orbital, (c) one metal–ligand antibonding/metal–metal bond-
ing orbital, and (d) one metal–ligand antibonding/metal–
metal antibonding orbital.

In the case of the metal–metal d bond in [MM’Cl8]x, these
four orbitals are (Fig. 1) the 1b2g orbital as component (a),
the 1b1u orbital as component (b), the 2b2g orbital as compo-
nent (c), and the 2b1u orbital as component (d).

The discussion of the metal–metal bond usually considers
only the pair of the metal–ligand antibonding orbitals (c)
and (d). This is reasonable in cases where the metal orbitals
lie considerably higher in energy than the ligand orbitals or
where the metal–ligand overlap is poor. For the metal–metal
d bond in the [Re2Cl8]2– system, the orbitals of type (c) and
(d) are basically metal orbitals (65% metal character)68 with
small contributions from the chlorine atoms, whereas the
fully occupied and energetically much lower lying orbitals
of type (a) and (b) are mainly ligand orbitals with only 33%
and 24% contribution of the Re atomic orbitals, respectively.
If, however, the size of the metal atom decreases and the
metal orbitals are energetically more stabilized as in
[Os2Cl8]0 and [Ir2Cl8]2+, the metal atom contribution of the
completely occupied orbitals (a) and (b) increases; for the
metal–metal d bond in [Os2Cl8]0 to 50% and 44%, for (a)
and (b), respectively, and for [Ir2Cl8]2+ to 59% and 58% for
(a) and (b), respectively. The metal contribution to the occu-
pied metal–metal bonding orbital of type (c) decreases once
the metal orbitals contract and become energetically stabi-
lized. Since orbitals (a) and (c) are metal–metal bonding
and orbital (b) is metal–metal antibonding, the net metal–
metal bond order is thus smaller if the metal orbitals con-
tract and become energetically stabilized, as is the case for
[Os2Cl8]0 and [Ir2Cl8]2+. This qualitative insight is corrobo-
rated by numerical results. The Wiberg bond order at BP86/
def2-TZVPP//BP86/TZ2P for the metal–metal bond de-

creases in the order of 2.41, 1.55, and 0.77 for [Re2Cl8]2–,
[Os2Cl8]0, and [Ir2Cl8]2+, respectively. Likewise, the occupa-
tion of the metal-dxy orbital, as given by the natural popula-
tion analysis at BP86/def2-TZVPP//BP86/TZ2P, increases in
the order of 1.30, 1.51, and 1.65 e for [Re2Cl8]2–, [Os2Cl8]0,
and [Ir2Cl8]2+, respectively, reflecting the higher metal char-
acter of the two low lying, occupied metal–metal bonding
and antibonding orbitals of type (a) and (b), respectively.

Tables 6–9 give the results of the energy decomposition
analysis (EDA) and the population analysis data (partial
charges, q, orbital occupation numbers, n, and Wiberg bond
indices, P) for [MM’Cl8]x (M, M’ = Tc, Re, Ru, Os, Rh, Ir;
x = –2, –1, 0, +1, +2). For the EDA, we chose C4v symmet-
ric MCl4y species in the 5A1 state as interacting fragments,
which corresponds to a formal d-electron distribution of
dz2

1, dxz
1, dyz

1, dxy
1, and dx2�y2

0 at the metal atoms.

Fig. 1. Schematic molecular orbital interaction diagram for two d4-
MCl4x/2 fragments building a D4h symmetric [M2Cl8]x complex.
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Table 6 shows that, in the parent compound [Re2Cl8]2–,
the major stabilizing contribution to the total interaction en-
ergy, DEint = –54.2 kcal/mol, is due to the classical electro-
static contribution (53.2% of the stabilizing terms), whereas
the orbital (covalent) interaction contributes 46.8%.69 This
observation is somewhat surprising, given the fact that two
negatively charged moieties, ReCl4

–, interact. One would in-
tuitively assume to observe a net electrostatic repulsion.
Such an assumption is not justified because the charge dis-
tribution in the atomic basins is highly anisotropic. The rhe-
nium atoms carry a positive charge of +0.55 e but the
attraction of the singly occupied metal dz2 orbital of one Re
atom by the nucleus of the other Re atom yields a strong
electrostatic attraction.70 Note that even nonpolar bonds are,
in most cases, stabilized by classical electrostatic contribu-
tions.71,72 The very large Pauli repulsion between the two
fragments of 404.9 kcal/mol compensates to a large extent
for the stabilizing electrostatic and orbital contributions.
The attractive orbital contributions result mainly from orbi-
tals of e (p) symmetry (59.8% of the total orbital interac-
tion), followed by orbitals of a1(s) symmetry with 39.3%.
Interestingly, the d bonding orbitals in b2 symmetry do not
seem to be of importance for the covalent stabilization, as
they contribute only 0.2% to the total DEorb.

Comparing the former results with the 4d transition metal
congener [Tc2Cl8]2–, one notices some similarities but also a
significant difference. A steep decrease in the electrostatic
attraction is responsible for the overall instability of
[Tc2Cl8]2–. The drop in the DEelstat contribution can be ex-
plained by two factors. On the one hand, the Tc orbitals are
more compact than the Re orbitals, leading to a reduced net
attraction of the electrons in this orbital by the opposing
metal nucleus. On the other hand, the Tc atom has a lower
positive charge (+0.45 e) than the Re atom (+0.55 e), mean-

ing that the positive charge of the nucleus is screened more
effectively in the Tc compound. The increased electron den-
sity on Tc can be rationalized based on the qualitative bond-
ing picture developed above and noticing that the Tc atomic
orbitals are more compact and lie energetically below the Re
atomic orbitals (see, e.g., the discussion in ref. 73). The de-
tails of the covalent contributions to the bond energy remain
unchanged compared to the Re compound, with the e (p)
term (60.3%) exceeding the a1(s) contribution (39.8%). The
similarity in the covalent bonding contribution is also re-
flected in the comparable Wiberg bond indices of 2.41 and
2.30 for the Re and the Tc complexes, respectively. It is
interesting to notice that the intrinsic bond strength, as
measured by the interaction energy, DEint, is still stabilizing
(–22.2 kcal/mol). This, however, is not sufficient to overcom-
pensate the preparation energy of DEprep = 38.7 kcal/mol,
which is needed for the deformation of the [TcCl4]– frag-
ments from their relaxed geometry to the structure that they
adopt to interact.

The M–M bond in [Os2Cl8]0 is considerably stronger than in
its group 7 isoelectronic congener, [Re2Cl8]2–. This is indicated
by the interaction energy, which amounts to –92.8 kcal/mol
in the former compared to –54.2 kcal/mol in the latter. The
absolute values of the individual contributions to DEint,
however, are smaller. The main reason for the higher stabil-
ity of [Os2Cl8]0 is the steep decrease of the Pauli repulsion,
an effect that is clearly related to the reduced net charge of
the complex. A similar behavior was observed and discussed
in ref. 69 for [Re2Cl8]2– and [Re2Cl8]0. Interestingly, the ab-
solute values of the electrostatic and the orbital contributions
are very similar for the [Os2Cl8]0 and the [Tc2Cl8]2– com-
plexes, suggesting a very similar bonding picture. This is
misleading though, since the p orbital contributions are re-
duced to 49.6% and the s orbital contributions are enhanced

Table 6. Energy decomposition analysis for the D4h symmetric M2Cl8
x (M = Tc, Re, Ru, Os, Rh, Ir; x = –2, 0, +2) under C4v sym-

metry at BP86/TZ2P. MCl4y (y = –1, 0, +1) in the quintet 5A1 state were used as fragments. Optimized metal–metal distances (R, in
Å), NBO partial charge of the metal atom and of the MCl4x/2 fragment (q), occupation of the dxy orbital of the metal atom (n), as well
as the Wiberg bond index of the M–M pair (P) are also given. The latter population analysis data are given at BP86/def2-TZVPP//
BP86/TZ2P.

[Re2Cl8]2– [Tc2Cl8]2– [Os2Cl8]0 [Ru2Cl8]0 [Ir2Cl8]2+ [Rh2Cl8]2+

DEint –54.2 –22.2 –92.8 –56.2 3.5 19.0
DEPauli 404.9 338.3 256.7 187.6 162.4 161.3
DEelstat

a –244.1 (53.2%) –162.9 (45.2%) –151.7 (43.4%) –88.7 (36.4%) 30.5 (<0.0%) 41.3 (<0.0%)
DEorb

a –214.9 (46.8%) –197.6 (54.8%) –197.8 (56.6%) –155.1 (63.6%) –189.5 (100.0%) –183.6 (100.0%)
Da1 (s,d)b –84.4 (39.3%) –78.6 (39.8%) –97.6 (49.3%) –81.6 (52.6%) –102.6 (54.1%) –88.1 (48.0%)
Da2

b –0.1 (0.1%) –0.1 (0.1%) –0.1 (<0.1%) –0.1 (0.1%) –0.6 (0.3%) –0.8 (0.5%)
Db1

b –1.4 (0.7%) –2.1 (1.0%) –2.9 (1.5%) –2.8 (1.8%) –4.1 (2.1%) –4.1 (2.2%)
Db2 (d)b –0.5 (0.2%) 2.4 (<0.0%) 0.9 (<0.0%) 4.1 (<0.0%) –0.6 (0.3%) –1.2 (0.6%)
De (p)b –128.5 (59.8%) –119.2 (60.3%) –98.2 (49.6%) –74.6 (48.1%) –81.7 (43.1%) –89.4 (48.7%)
DEprep

c 36.7 38.7 33.0 33.1 37.7 40.2
De 17.5 –16.5 59.8 23.1 –41.2 –59.2
n(M[dxy]) 1.30 1.33 1.51 1.53 1.65 1.66
q(M) 0.55 0.45 0.56 0.39 0.59 0.45
q(MCl4) –1.0 –1.0 0.00 0.00 1.00 1.00
P(M–M) 2.41 2.30 1.55 1.30 0.77 0.58
R(M–M) 2.231 2.152 2.273 2.263 2.438 2.464

aValues in parentheses give the percentage contribution to the total attractive interactions, DEelstat + DEorb.
bValues in parentheses give the percentage contribution to the total orbital interactions, DEorb.
cFragments relax into a tetrahedrally distorted square planar quintet of D2d symmetry.
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to 49.3% of the total DEorb in the Os compound. The re-
duced p contribution can be explained by the reduced over-
lap between the fragment p orbitals with overlap integrals
of 0.21, 0.18, and 0.14 in the Re, Tc, and Os compounds,
respectively. This is a consequence of the decreasing size of

the metal orbitals with decreasing negative charge and (or)
decreasing row in the periodic system.

The nonclassical interaction between the fragments build-
ing the group 8 compound [Ir2Cl8]2+ is not strong enough to
compensate for their electrostatic repulsion of 30.5 kcal/mol

Table 7. Energy decomposition analysis for the C4v symmetric [MM’Cl8]
x (M, M’ = Tc, Re, Ru, Os, Rh, Ir; x = –1, 0, +1) at

BP86/TZ2P. MCl4
y (y = –1, 0, +1) in the quintet 5A1 state were used as fragments. Optimized metal–metal distances (R) in Å,

the Wiberg bond index of the M–M’ pair (P), the change in the orbital occupation (Dn), and the change in partial charge (Dq)
relative to the homodimetallic systems are also given. The population analysis data are given at BP86/def2-TZVPP//BP86/
TZ2P.

[ReOsCl8]
1– [ReIrCl8]

0 [OsIrCl8]
1+ [TcRuCl8]

–1 [TcRhCl8]
0 [RuRhCl8]

1+

DEint –132.0 –247.4 –95.3 –95.4 –207.9 –66.8
DEPauli 335.8 270.8 196.5 261.2 196.3 159.8
DEElstat

a –239.6 (51.2%) –255.1 (49.2%) –93.4 (32.0%) –162.7 (45.6%) –188.7 (46.7%) –58.7 (25.9%)
DEorb

a –228.2 (48.8%) –263.1 (50.8%) –198.4 (67.8%) –193.9 (54.4%) –215.5 (53.3%) –167.9 (74.1%)
Da1 (s,d)b –92.4 (40.5%) –98.6 (37.5%) –100.4 (50.6%) –80.7 (41.7%) –82.0 (38.0%) –82.3 (49.0%)
Da2

b –0.1 (<0.1%) –0.3 (0.1%) –0.3 (0.1%) –0.1 (0.1%) –0.3 (0.1%) –0.4 (0.2%)
Db1

b –2.5 (1.1%) –4.1 (1.6%) –3.7 (1.9%) –2.9 (1.5%) –4.1 (1.9%) –3.4 (2.1%)
Db2 (d)b –10.4 (4.6%) –41.1 (15.6%) –10.1 (5.1%) –6.8 (3.5%) –37.5 (17.4%) –8.1 (4.9%)
De (p)b –122.8 (53.8%) –119.1 (45.3%) –83.9 (42.3%) –103.3 (53.3%) –91.7 (42.6%) –73.7 (43.9%)
DEprep

c 37.3 41.9 33.7 38.7 39.9 33.9
De 94.7 205.5 61.6 56.7 168.0 32.9
M Re Os Re Ir Os Ir Tc Ru Tc Rh Ru Rh
Dn(dxy) –0.09 0.08 –0.19 0.20 –0.11 0.11 –0.09 0.10 –0.19 0.20 –0.13 0.11
Dq(M) 0.02 0.01 0.02 0.02 –0.04 0.04 –0.02 0.03 –0.11 0.06 –0.08 0.03
Dq(MCl4) 0.61 –0.61 1.30 –1.30 0.64 –0.64 0.65 –0.65 1.25 –1.25 0.61 –0.61
P(M–M’) 1.94 1.36 1.08 1.74 1.11 0.82
R(M–M’) 2.245 2.300 2.352 2.195 2.299 2.395

aValues in parentheses give the percentage contribution to the total attractive interactions, DEelstat + DEorb.
bValues in parentheses give the percentage contribution to the total orbital interactions, DEorb.
cFragments relax into a tetrahedrally distorted square planar quintet of D2d symmetry.

Table 8. Energy decomposition analysis for the C4v symmetric [MM’Cl8]x (M, M’ = Tc, Re, Ru, Os, Rh, Ir; x = –1, 0, +1) at
BP86/TZ2P. MCl4

y (y = –1, 0, +1) in the quintet 5A1 state were used as fragments. Optimized metal–metal distances (R) in Å,
the Wiberg bond index of the M–M’ pair (P), the change in the orbital occupation (Dn), and the change in partial charge (Dq)
relative to the homodimetallic systems are also given. The population analysis data are given at BP86/def2-TZVPP//BP86/
TZ2P.

[ReRuCl8]
1– [ReRhCl8]

0 [OsRhCl8]
1+ [TcOsCl8]

–1 [TcIrCl8]
0 [RuIrCl8]

1+

DEint –119.9 –238.0 –84.3 –106.9 –216.2 –75.0
DEPauli 290.9 221.3 168.0 299.1 236.5 172.7
DEelstat

a –194.2 (47.3%) –213.0 (46.4%) –69.0 (27.3%) –199.9 (49.2%) –221.5 (48.9%) –70.8 (28.6%)
DEorb

a –216.6 (52.7%) –246.4 (53.6%) –183.3 (72.7%) –206.0 (50.8%) –231.2 (51.1%) –176.8 (71.4%)
Da1 (s,d)b –85.4 (39.4%) –86.0 (34.9%) –88.0 (48.0%) –87.6 (42.5%) –93.9 (40.6%) –93.2 (52.7%)
Da2

b –0.1 (0.1%) –0.3 (0.1%) –0.3 (0.2%) –0.1 (0.0%) –0.3 (0.1%) –0.3 (0.2%)
Db1

b –2.6 (1.2%) –3.9 (1.6%) –3.4 (1.9%) –2.8 (1.4%) –4.3 (1.9%) –3.6 (2.0%)
Db2 (d)b –13.2 (6.1%) –48.6 (19.7%) –15.6 (8.5%) –4.6 (2.2%) –30.2 (13.1%) –3.5 (2.0%)
De (p)b –115.3 (53.2%) –107.6 (43.7%) –75.9 (41.4%) –111.0 (53.9%) –102.6 (44.4%) –76.2 (43.1%)
DEprep

c 38.8 41.5 33.1 36.9 40.4 33.8
De 81.1 196.5 51.2 70.0 175.8 41.2
M Re Ru Re Rh Os Rh Tc Os Tc Ir Ru Ir
Dn(dxy) –0.13 0.13 –0.21 0.22 –0.17 0.15 –0.07 0.07 –0.15 0.17 –0.07 0.06
Dq(M) 0.12 –0.06 0.03 0.02 –0.04 0.01 –0.08 0.06 –0.13 0.08 –0.09 0.06
Dq(MCl4) 0.86 –0.86 1.43 –1.43 0.77 –0.77 0.46 –0.46 1.11 –1.11 0.46 –0.46
P(M–M) 1.79 1.18 0.91 1.86 1.29 0.97
R(M–M) 2.219 2.297 2.275 2.222 2.296 2.371

aValues in parentheses give the percentage contribution to the total attractive interactions, DEelstat + DEorb.
bValues in parentheses give the percentage contribution to the total orbital interactions, DEorb.
cFragments relax into a tetrahedrally distorted square planar quintet of D2d symmetry.
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and the Pauli repulsion of 162.4 kcal/mol. The resulting to-
tal interaction energy of 3.5 kcal/mol is destabilizing. The
size of the orbital interaction term should be regarded with
some care, as the singly occupied fragment orbitals, whose
coupling is mainly responsible for this energy lowering,
have some ligand character in the case of [Ir2Cl8]2+, as was
discussed in the beginning of the section in connection with
Fig. 1. The DEorb term should thus not be identified with the
pure M–M interaction, but contains a mixture of metal–
metal, metal–ligand, and eventually also ligand–ligand inter-
actions. This argument is supported by the considerably
smaller Wiberg bond index of 0.77 for [Ir2Cl8]2+ compared
to 1.55 for [Os2Cl8]0, whereas the difference between the
DEorb values of the Os compound (–197.8 kcal/mol) and
the Ir species (–189.5 kcal/mol) is relatively low and blurs,
to a certain degree, the difference in the bonding pattern.

The difference between [Os2Cl8]0 and its lighter analogue
[Ru2Cl8]0 is comparable to the difference between [Re2Cl8]2–

and [Tc2Cl8]2–. The change from a 5d to a 4d metal weakens
the metal–metal interaction considerably, due to the reduc-
tion in size of the metal orbitals. This reduction leads to a
decreased overlap between the metal orbitals, to which the
system can answer by a decrease in the central metal–metal
bond length, but only to a limited degree, since an increased
ligand–ligand repulsion counterbalances this process. The
strong decrease in the electrostatic contribution in the 4d

systems can also be attributed to the more compact orbitals
of the 4d metal atoms.

Comparing the analysis results for [M2Cl8]2– with the
ones for [M2Cl8]0 and for [M2Cl8]2+ shows that the un-
charged species are the most stable, followed by the nega-
tively charged ones, with the positively charged systems
being unstable. The lower bond strength of [M2Cl8]2– is due
to a very high Pauli repulsion, whereas the positively
charged species are destabilized by classical electrostatic re-
pulsion. In all cases, the d bonding orbitals are of no impor-
tance for the bond strength, whereas the p orbitals dominate
the covalent contribution for the negatively charged species
and the s contribution is more important for the remaining
compounds.

The EDA results for some heteronuclear compounds,
[MM’Cl8]x (M = Tc, Re, Ru, Os, Rh, Ir; x = –2, 0, +2), are
given in Table 9. These compounds are species in which
two metal atoms of the same group, but of different rows in
the periodic table, interact with each other. The comparison
with the corresponding homodinuclear systems reveals that
all bond energy contributions are halfway between the ho-
monuclear values. The bonding situation does thus not
change from the homo- to the hetero-dinuclear systems and
thus, the polarity of the metal–metal bond appears to be low.
The partial charges support this finding as the charge trans-
fer between the two different MCl4x units is small
(|Dq(MCl4x)| between 0.13–0.20 e) with the charge of the
metal atoms being essentially unchanged. The picture does
change for the heterodimetallic systems with metal atoms of
the same row but of different groups in the periodic table
(Table 7). In this case, the intrinsic bond strength is consid-
erably enhanced compared to the corresponding nonpolar
compounds. For example, [ReOsCl8]1– has an intrinsic bond
strength of –132.0 kcal/mol, while for [Re2Cl8]2– DEint amounts
to –54.2 kcal/mol and for [Os2Cl8]0 to –92.8 kcal/mol. The
main reason for this observation is that the Pauli repulsion
is considerably weaker compared to the dianionic Re sys-
tem, while the classical electrostatic interaction in the mono-
anionic system is increased compared to the neutral Os
system. The covalent bonding does not dramatically change;
the p bonding remains the dominating contribution to DEorb
(53.8%). There is, however, an increase in the contribution
due to the b2 (d) orbitals of 4.6%. We attribute a part of
this energy gain to a charge transfer from the d orbitals of
ReCl4

– to the d orbitals of the OsCl40 fragment, since the
dxy orbital of Re looses 0.1 e to the Os dxy orbital (Table 7).
The overall charge transfer from the ReCl4

– onto the OsCl40

moiety is considerable with 0.61 e, but the partial charge of
the metal atoms remains virtually constant. A similar inter-
pretation can be given to the [ReIrCl8]0 system, where the
two oppositely charged fragments, ReCl4

– and IrCl4
+, inter-

act, which leads to an exceptionally large electrostatic con-
tribution of –255.1 kcal/mol. The charge transfer in this
system is large with 1.30 e, while the metal atom partial
charge changes very little. As in the former case, charge
transfer between the dxy orbitals of the two metal atoms of
0.2 e leads to a large energy contribution in the Db2 term.
The combination of the group 8 metal Os with the group 9
metal Ir leads to the cationic [OsIrCl8]+ system, which also
has an increased stability compared to both homodimetallic
analogues, which is interesting as [Ir2Cl8]2+ is unstable. The

Table 9. Energy decomposition analysis for the C4v symmetric
[MM’Cl8]

x (M, M’ = Tc, Re, Ru, Os, Rh, Ir; x = –2, 0, +2) at
BP86/TZ2P. MCl4

y (y = –1, 0, +1) in the quintet 5A1 state were
used as fragments. Optimized metal–metal distances (R) in Å, the
Wiberg bond index of the M–M’ pair (P), the change in the orbi-
tal occupation (Dn), and the change in partial charge (Dq) rela-
tive to the homodimetallic systems are also given. The population
analysis data are given at BP86/def2-TZVPP//BP86/TZ2P.

[ReTcCl8]
2– [OsRuCl8]

0 [IrRhCl8]
2+

DEint –37.9 –73.9 12.0
DEPauli 367.8 217.3 156.7
DEelstat

a –199.3 (49.1%) –115.2 (39.6%) 40.0 (0.0%)
DEorb

a –206.4 (50.9%) –176.0 (60.4%) –184.7
(100.0%)

Da1 (s,d)b –81.4 (39.5%) –89.4 (50.1%) –94.5 (51.2%)
Da2

b –0.1 (0.1%) –0.1 (0.1%) –0.7 (0.4%)
Db1

b –1.7 (0.8%) –2.9 (1.6%) –4.0 (2.2%)
Db2 (d)b 0.7 (<0.0%) 2.0 (<0.0%) –1.5 (0.1%)
De (p)b –123.9 (60.0%) –85.7 (48.7%) –84.0 (45.5%)
DEprep

c 38.7 33.0 39.0
De 0.4 40.9 –51.0
M Re Tc Os Ru Ir Rh
Dn(dxy) –0.03 0.03 –0.04 0.03 –0.06 0.05
Dq(M) 0.12 –0.10 0.04 –0.04 0.00 –0.02
Dq(MCl4) 0.20 –0.20 0.17 –0.17 0.13 –0.13
P(M–M) 2.35 1.42 0.66
R(M–M) 2.193 2.265 2.454

aValues in parentheses give the percentage contribution to the total
attractive interactions, DEelstat + DEorb.

bValues in parentheses give the percentage contribution to the total orbital
interactions, DEorb.

cFragments relax into a tetrahedrally distorted square planar quintet of D2d

symmetry.
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much more favorable electrostatic interaction between a
neutral and a cationic system compared to the one between
two cations is the main reason for this observation.

For the combination of two 4d metals of different rows in
the periodic table (Table 7), the same bonding picture
emerges as for the 5d metals. The polar metal–metal bonds
show an increased stability compared to the homodinuclear
counterparts, mainly due to a reduced Pauli repulsion, more
favorable electrostatic interactions, and charge transfer.

Table 8 shows the analysis results for heterodinuclear
compounds with metal atoms of different groups and differ-
ent rows in the periodic table. Also in this case, the stability
of the metal–metal bond increases compared to the unpolar
situation, but the bonding situation of the two systems is
very similar. However, the charge transfer contribution as
measured by |Dq(MCl4)| increases whenever the 5d moiety
is more negatively charged than the 4d moiety, compared to
the 5d–5d analogues. On the other hand, a 4d MCl4x frag-
ment that is more negatively charged than the 5d fragment
interacts and loses fewer electrons than it would when com-
bined with a 4d fragment. This is exemplified by the sys-
tems [TcOsCl8]1– with |Dq(MCl4)| = 0.47 and [TcRuCl8]1–

with |Dq(MCl4)| = 0.65. This means that there is a better
‘‘match’’ if the M–M bond is built between a 4d metal of a
lower group number than the 5d metal (‘‘early 4d–late 5d’’).
We note that the charge transfer trends are reflected in the
trends of the Db2 (d) contributions to the orbital interaction
energy in the EDA. Furthermore, the size of the bond order
as measured by the Wiberg bond index also follows this
matching rule.

Summary
The study of the bonding situation in the formally quadru-

ply bonded (d–d)8 [MM’Cl8]x compounds and the test of the
performance of DFT functionals can be summarized as fol-
lows: (i) The GGA functionals BLYP, BP86, and PBE,
show the best performance when it comes to structure pre-
diction and in the description of the dissociation energies.
We estimate these functionals to deliver dissociation ener-
gies within ±5 kcal/mol from the CASPT2 results. (ii) Hy-
brid functionals are not to be used for compounds of the
type discussed here as they lead to increasingly too short
and too weak bonds with the amount of exact exchange in-
cluded. (iii) The ground state of the MCl4y fragments can ei-
ther be a D4h symmetric quintet or a Td symmetric singlet
state. Most of the studied fragments have a singlet ground
state with the exception of ReCl4

– and TcCl4
–. Since the

quintet state is the valence state for building a metal–metal
quadruple bond, this finding can serve as an explanation for
the difficulties to isolate more metal–metal multiply bonded
systems. (iv) The strength of unpolar metal–metal bonds is
reduced in going from group 7 metals to group 8 metals
and to group 9 metals. 4d transition metal atoms form
weaker metal–metal bonds than 5d species. (v) The instrin-
sic bond strength in the unpolar systems is in approximately
equal parts due to orbital interactions and classical electro-
static contributions. The p orbitals dominate the orbital in-
teraction, while d orbitals are of minor importance. (vi)
Polar metal–metal bonds show enhanced bond strength com-
pared to unpolar bonds due to a reduced Pauli repulsion,

more favorable classical electrostatics interactions, and
charge transfer. 5d–5d metal atom pairs form the most stable
polar metal–metal bonds. The charge transfer is small in a
heterodimetallic system with two metal atoms of the same
group and it is large if the two metal atoms have consider-
ably different size as, e.g., in a system in which a more neg-
atively charged 5d metal fragment interacts with a more
positively charged 4d metal fragment.

The knowledge on the performance of the DFT function-
als will be useful in the study of more complex systems,
e.g., the Por–M–M’–Por systems of Collmann, which will
be the subject of further studies. The insight into the bond-
ing situation of metal–metal bonded systems should be help-
ful in the design of new polar metal–metal bonded systems.

Supplementary data

Supplementary data for this article are available on the
journal Web site (canjchem.nrc.ca).
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Ring-chain equilibria of R-but-3-enoate esters —
A quantum mechanical study of direct and
indirect ring-closing reactions

Michael B. Burt, Angela K. Crane, Ning Su, Nicole Rice, and Raymond A. Poirier

Abstract: Macrocyclic structures can be synthesized through two simultaneous olefin metathesis reactions: either directly
through ring-closing metathesis (RCM) or indirectly through an intermediate formed by acyclic diene metathesis
(ADMET). The proclivity of a homologous series of 16 R-but-3-enoate esters to form lactones through one of these two
processes is studied at the HF/6–31G(d), B3LYP/6–31G(d), and MP2(full)/6–31G(d) levels of theory. Computed Gibbs
free energies are used to determine DGRCM, DGADMET, and DDG (DGRCM – DGADMET). DDG is evaluated to compare
the relative favourability of the RCM and ADMET reactions for the various R-but-3-enoate esters, where each system is
differentiated by the number of methylene groups (n) added to the ester chain. When n = 0, 1, 10, or 13, cyclic lactone
formation by direct RCM is predicted to be thermodynamically favoured, and the indirect synthesis is preferred for all
other heterocyclic structures. The same trend holds between 298.15 and 333.15 K, therefore, the gas-phase model is a rea-
sonable approximation of the experimental reaction conditions. The theoretical model is sufficient for smaller systems, but
molecules larger than the n = 6 case do not follow experimental results for similar saturated structures. Hence, the assump-
tions pertaining to straight-chain and cis-ring conformations need to be re-evaluated. In particular, chain flexibility should
be further examined.

Key words: olefin metathesis, ring-chain equilibria, ring-closing metathesis, acyclic diene metathesis.

Résumé : On a réalisé des synthèses de structures macrocycliques par le biais de réactions de métathèse simultanées d’olé-
fines, soit directement par une métathèse avec fermeture de cycle (MFC) ou indirectement par un intermédiaire formé par
une métathèse de diène acyclique (METDA). On a étudié d’un point de vue théorique la proclivité d’une série homologue
de seize esters de l’acide R-but-3-énoı̈que à former des lactones par un de ces deux processus aux niveaux HF/6–31G(d),
B3LYP/6–31G(d) et MP2(complet)/6–31G(d) de la théorie. On a utilisé les énergies libres de Gibbs calculées pour déter-
miner les valeurs de DGMFC, DGMETDA et DDG (DGMFC – DGMETDA). La valeur de DDG a été évaluée afin de comparer
le caractère favorable relatif des réactions de MFC et de METDA des divers esters de l’acide R-but-3-énoı̈que dans les-
quels chaque système se distingue par le nombre de groupes méthylènes (n) ajouté à la chaı̂ne de l’ester. Quand n = 0, 1,
10 ou 13, il est prédit que la formation de la lactone cyclique par une MFC est thermodynamiquement favorisée alors que
la synthèse indirecte est la réaction préférée pour toutes les autres structures hétérocycliques. La même tendance est obser-
vée pour 298,15 et 333,15 K; le modèle en phase gazeuse est donc une approximation raisonnable des conditions réaction-
nelles expérimentales. Le modèle théorique est suffisant pour les systèmes les plus petits, toutefois les molécules dans
lesquelles est supérieure à 6 ne reproduisent pas les résultats expérimentaux pour des structures saturées similaires. Il est
donc impératif de réévaluer les hypothèses concernant les chaı̂nes droites et les conformations cis du cycle. On devrait ré-
examiner en particulier la question de la flexibilité de la chaı̂ne.

Mots-clés : métathèse d’oléfine, équilibre cycle-chaı̂ne, métathèse avec fermeture de cycle.

Introduction

The development of olefin metathesis, a transalkylidena-
tion reaction involving the redistribution of alkene bonds,
has opened a variety of novel pathways to challenging or pre-
viously impossible syntheses.1–16 In particular, ring-closing
metathesis (RCM) has been used for decades to create func-
tionalized macrocycles because of its excellent functional
group tolerance and neutral reaction conditions. Since these

cyclic products are found in many synthetic targets, it is not
surprising that RCM has become a popular methodology
among synthetic chemists. Furthermore, the advent of
Grubbs’ highly reactive ruthenium catalyst has made RCM
reactions quick and easily accessible; especially when the
catalyst is modified by N-heterocyclic carbene derivatives.17

Unfortunately, RCM is still impractical at the commercial
level owing to the high dilution conditions (1 � 10–3 mol/L)
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required.11–13 This restriction comes from a well-known
equilibrium between the RCM pathway and a step growth
polymerization reaction known as acyclic diene metathesis
(ADMET). Hence, the distribution of products will be de-
pendent on the relative rates of these two reactions. When
the reactant monomer is present in high concentrations, the
polymer is favoured. Conversely, the cyclic products domi-
nate under dilute conditions. Scheme 1 illustrates the simul-
taneous RCM and ADMET reactions and demonstrates that
the polymer product can further undergo a cyclodepolymer-
isation (CDP) reaction to ring close and form the cyclic
product.5,7 Therefore, in addition to the competition between
RCM and ADMET, the yield of the cyclic product also de-
pends on the equilibrium between the ‘‘backbiting’’ CDP re-
action and the macrocycles proclivity towards ring-opening
metathesis polymerization (ROMP).12–14

ADMET has previously been considered to impede RCM,
however, Fogg and co-workers5,7 recently used a series of
typical a,u-unsaturated dienes to demonstrate that oligo-
meric products were being quantitatively converted to mac-
rocycles despite the volatization of ethylene during
ADMET. Because the loss of ethylene makes the RCM and
ADMET pathways irreversible, the conversion of polymers
to cyclic products implies that the ADMET polymers are ac-
tually key intermediates for the RCM of conformationally
flexible dienes. Macrocyclic products can therefore be pro-
duced either through the direct RCM pathway or by a two-
step indirect pathway, which involves ADMET followed by
CDP, implying that ADMET is actually intrinsic to macro-
cycle production rather than an impediment.

Because the formation of cyclic products from diene
monomers follows two separate pathways, it would be use-
ful to have some way of quickly predicting the product dis-
tribution for different systems. If the direct RCM pathway
was uniquely followed, the product mixture would contain
only the macrocycle and any unreacted diene; however, if
the indirect pathway were contributing, then the intermedi-

ary oligomers produced through ADMET would also be
present; although, this would be dependent on the rate of
CDP. The preference for a homologous series of R-but-3-
enoate ester substrates to follow the direct or indirect path-
ways will be examined by observing the inclination of these
a,u-diene monomers to form either cyclic or acyclic prod-
ucts. These substrates were chosen because they are similar
to experimental products reported previously by Mandolini
and co-workers,18–20 and because they were already known
to yield cyclic products through both direct and indirect
ring-closing methods.5 The ring-chain equilibrium between
the RCM and ADMET reactions will be evaluated using a
computational approach to determine the relative stabilities
of the direct RCM lactone product and the oligomer pro-
duced through ADMET. Density functional theory (DFT)
and ab initio approaches have already been successfully
used to examine the mechanism of the RCM reaction with
different catalysts,21–26 and similar approaches to the one
used here have been reported for the ring-chain product dis-
tribution for the ROMP of cycloolefins;27 the equilibrium
distribution for the metathesis of linear olefins;28 and for
the ring-chain equilibria in the cross-metathesis of cyclohex-
anone and cis,cis-cycloocta-1,5-diene.29

The competition between polymerization and ring-closing
pathways has already been well-characterized:10,17 the bi-
functional nature of the a,u-diene substrate leads to the two
pathways, and further complications arise from head-to-head
condensation reactions as opposed to head-to-tail. Mandolini
and co-workers18–20 used kinetic data to express the favour-
ability of the two reactions by constructing reactivity pro-
files of ring size against the effective molarity or the rate of
the intramolecular pathway. Our computational approach
will investigate the thermochemistry involved in the ring-chain
equilibrium instead of the kinetics. Thermochemical data will
be used to determine DGRCM, the free energy change associ-
ated with the direct RCM reaction, and DGADMET, the free
energy change associated with the first step (ADMET) of
the indirect ring-closing reaction. The difference between
these two values, DDG (DGRCM – DGADMET), will then be
examined as a function of ring size to assess the behaviour
of the ring-chain equilibria for the R-but-3-enoate esters. A
negative DDG means direct RCM is thermodynamically
favoured, and a positive DDG implies lactone formation
will occur through the indirect route. Hence, by comparing
the DDG to ring size, the preference of a substrate to follow
the direct or indirect RCM pathways can be determined. The
theoretical predictions will be compared with Mandolini and
co-workers’18–20 experimentally determined trends to see
whether or not the thermochemical approach can adequately
approximate reactions, which are known to display a kinetic
bias.

Methods
The R-but-3-enoate esters were chosen for their versatility

in forming unsaturated lactones of various sizes (Scheme 2).
This system is experimentally relevant, and has been well-
documented with respect to RCM.4,5,30–32

In analyzing the reactions, several assumptions were made
for computational convenience: it was assumed that poly-
merization did not produce any structures larger than the

Scheme 1. An a,u-unsaturated diene can form either a polymer or
a macrocycle by following the ADMET or RCM pathways, respec-
tively (m is the number of substrates used). Each reaction is irre-
versible because of the loss of ethylene. The polymer product can
further undergo a CDP reaction to form the macrocycle. Hence,
there are two routes to the cyclic product: the direct RCM approach
and the indirect two-step approach where the polymer produced
through ADMET ring-closes to form the product through CDP.

Burt et al. 1095

Published by NRC Research Press

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

U
ni

ve
rs

ity
 o

f 
E

le
ct

ro
ni

c 
an

d 
Sc

ie
nc

e 
T

ec
ho

no
lo

gy
 o

f 
C

hi
na

 o
n 

09
/1

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



dimer, that head-to-tail monomer linkages were ubiquitous,
and that each dimer was expected to be a straight chain
since straight-chain monomers were used to produce them.
The second assumption is likely valid, but the first and third
assumptions are less realistic and could lead to deviation
from experimental data. Furthermore, calculations were
made for the gas-phase reaction at 298.15 K, whereas the re-
action itself is carried out in solution (e.g., dichloromethane)
with various concentrations and at elevated tempera-

tures.4,5,10 The temperature dependence of the ring-chain
equilibrium will therefore also be examined for the reactions
standard conditions (333.15 K).

Calculations were performed at the HF/6–31G(d),
B3LYP/6–31G(d), and MP2(full)/6–31G(d) levels of theory
as implemented in the Gaussian 03 suite of programs.33 Six-
teen R-but-3-enoate esters were considered (Scheme 2), with
each system containing between 0 and 15 methylene units
(n) added to the ester chain of the a,u-unsaturated ethyl bu-
tyrate. In each system, optimized geometries and vibrational
frequencies were determined for the monomer, the dimer,
and the cyclic lactone. Geometry optimizations were ini-
tially performed using HF/STO-3G. Optimized conformer
structures with the lowest energies were then further refined
using the methods described above. For all optimized struc-
tures, no imaginary frequencies were found.

The 16 systems were split into two groups. For the first
group, consisting of the n = 0–7 systems, many conformers
were considered for each molecule. In general, the straight-
chain conformers of the monomer and dimers appeared to be
favoured. For the lactones, the cis configuration emerged as
the preferred conformation. In the second group, which con-
sisted of the n = 8–15 systems, the structures became very
large, so an assumption was made that the structures would
follow the trend previously observed for the smaller n = 0–7
systems; thus, only one to two conformers were considered
for each straight-chained monomer and dimer, and only the
cis rings were considered.

The determination of the lowest energy conformers for
the monomer, dimer, and ring forms of each system allowed
the reaction thermochemistry to be determined from the DH,
DS, and DG values extracted from the ab initio and DFT
data. It should also be noted that since the ADMET reaction

Scheme 2. The R-but-3-enoate reaction system, where ‘‘n’’ is the number of additional methylene groups added to a substrate. For example,
the largest monomer considered (n = 15) has 22 constituent atoms in its chain.

Fig. 1. The numbering system for dihedral angle assignments. The values of n, which describe the monomers, dimers, and lactones seen in
Scheme 2, are given in Table 1. The broken line represents any methylene units ignored in the diagram. For example, in the n = 3 case, the
broken line includes C5 and C6. In the n = 0 case, Cn+4 and C2n+8 must both be ignored to avoid numbering duplication.

Table 1. The legend for the monomer and dimer systems studied,
including the number of constituent atoms in each monomer or
dimer chain, as well as the ring size for each lactone.

System
(n)

Monomer length
(no. of atoms in
chain)

Dimer length
(no. of atoms
in chain)

Ring size (no.
of atoms in
ring)

0 7 12 5
1 8 14 6
2 9 16 7
3 10 18 8
4 11 20 9
5 12 22 10
6 13 24 11
7 14 26 12
8 15 28 13
9 16 30 14
10 17 32 15
11 18 34 16
12 19 36 17
13 20 38 18
14 21 40 19
15 22 42 20
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is irreversible due to the volatization of ethylene, the CDP
reaction was not examined in great detail since the forma-
tion of the dimer is sufficient to show that the indirect ring-
closure pathway is preferred in the cases where DDG

(DGRCM – DGADMET) is positive. A plot of DDG against
ring size was then used to determine the predicted prefer-
ence of lactone (negative DDG) or dimer (positive DDG)
formation.

Fig. 2. The B3LYP/6–31G(d) optimized structures for the n = 0 system: the monomer (M0A), the dimer (D0A), and the five-membered
lactone (R0). The structures for other systems can be found in the Supplementary data.

Table 2. Thermochemical data calculated at HF/6–31G(d) for the lowest energy structures defined in the Supplementary data. DDG =
DGRCM – DGADMET; DDH and DDS are similarly defined.

Ring
size

DHRCM

(kJ/mol)
DHADMET

(kJ/mol)
DSRCM

(J/(mol K))
DSADMET

(J/(mol K))
DGRCM

(kJ/mol)
DGADMET

(kJ/mol)
DDH
(kJ/mol)

DDS
(J/(mol K))

DDG
(kJ/mol)

5 27.8 3.6 128.7 –18.8 –10.6 9.2 24.2 147.5 –19.8
6 28.0 –4.2 142.9 –15.7 –14.6 0.5 32.2 158.6 –15.1
7 43.6 0.5 112.9 –18.6 10.0 6.1 43.1 131.5 3.9
8 65.7 0.5 103.1 –18.6 34.9 6.1 65.2 121.7 28.8
9 52.2 0.7 92.5 –18.3 24.6 6.2 51.5 110.8 18.4
10 50.3 9.6 82.6 –21.6 25.7 16.0 40.7 104.2 9.7
11 51.1 –2.3 83.0 –18.6 26.3 3.3 53.4 101.6 23.0
12 35.5 0.8 74.3 –18.3 13.3 6.3 34.7 92.6 7.0
13 65.1 0.8 68.8 –18.0 44.6 6.2 64.3 86.8 38.4
14 87.9 0.8 71.2 –18.1 66.6 6.2 87.1 89.3 60.4
15 56.8 51.5 66.9 –21.6 36.9 57.9 5.3 88.5 –21.0
16 121.3 0.6 54.7 –18.4 105.0 6.1 120.7 73.1 98.9
17 56.5 0.8 67.0 –17.8 36.6 6.1 55.7 84.8 30.5
18 54.6 51.2 57.0 –31.0 37.6 60.5 3.4 88.0 –22.9
19 59.9 0.8 59.6 –18.1 42.1 6.2 59.1 77.7 35.9
20 82.2 0.6 32.4 –18.4 72.5 6.1 81.6 50.8 66.4

Table 3. Thermochemical data calculated at B3LYP/6–31G(d) for the lowest energy structures defined in the Supplementary data.
DDG = DGRCM – DGADMET; DDH and DDS are similarly defined.

Ring
size

DHRCM

(kJ/mol)
DHADMET

(kJ/mol)
DSRCM

(J/(mol K))
DSADMET

(J/(mol K))
DGRCM

(kJ/mol)
DGADMET

(kJ/mol)
DDH
(kJ/mol)

DDS
(J/(mol K))

DDG
(kJ/mol)

5 27.7 3.9 123.9 –25.7 –9.3 11.6 23.8 149.6 –20.9
6 26.8 –3.1 135.3 –20.4 –13.5 3.0 29.9 155.7 –16.5
7 38.8 0.6 106.0 –15.2 7.2 5.1 38.2 121.2 2.1
8 56.6 0.8 96.7 –10.8 27.7 4.0 55.8 107.5 23.7
9 46.6 1.0 85.4 –19.1 21.1 6.7 45.6 104.5 14.4
10 43.3 7.0 78.6 –30.0 19.9 16.0 36.3 108.6 3.9
11 43.3 –2.0 79.1 –26.6 19.7 5.9 45.3 105.7 13.8
12 27.6 0.9 73.5 –20.6 5.7 7.0 26.7 94.1 –1.3
13 52.5 1.1 66.8 –41.0 32.5 13.3 51.4 107.8 19.2
14 71.7 0.7 68.1 –23.5 51.4 7.7 71.0 91.6 43.7
15 45.9 42.4 57.4 –55.7 28.8 59.0 3.5 113.1 –30.2
16 97.1 0.8 55.5 –6.8 80.5 2.8 96.3 62.3 77.7
17 46.5 0.9 62.6 –46.4 27.8 14.7 45.6 109.0 13.1
18 45.8 38.8 65.2 –38.8 26.3 50.4 7.0 104.0 –24.1
19 45.8 1.1 50.8 –61.9 30.7 19.6 44.7 112.7 11.1
20 65.4 1.3 40.0 –40.5 53.5 13.4 64.1 80.5 40.1
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Results

Conformer geometries
The lowest energy geometries of the monomer, dimer,

and lactone compounds for the 16 R-but-3-enoate ester sys-
tems were initially determined at the HF/STO–3G level of
theory. The method used to distinguish each structure is
given in Fig. 1, and a legend summarizing the systems of
interest is given in Table 1. The geometries (defined by di-
hedral angles) and relative energies of each conformer can
be found in the Supplementary data. The lowest energy HF/
STO-3G structures were then further refined at the B3LYP/
6–31G(d) and MP2(full)/6–31G(d) levels of theory. The
B3LYP/6–31G(d) theoretical structures for the n = 0 case
are shown in Fig. 2, whereas the remaining B3LYP/6–
31G(d) lowest energy geometries are also available in the
Supplementary data.

The computational data appears to agree with the assump-

tion that the smaller monomers and dimers (n = 0 – 7) will
prefer straight-chain conformations; and this behaviour is
consistent across all levels of theory. In the larger substrates
(n = 8–15), all monomers were also linear, however the low-
est energy dimer geometries for the n = 8, 9, 12, and 14
cases exhibited a small bend around the ester moiety at the
center of the dimer. The increased availability of conforma-
tional space in these larger dimers likely allows for more
flexibility, hence the straight-chain assumption becomes less
realistic as the substrate chain length increases. For each lac-
tone, the cis-ring conformer was determined to be the most
stable. This trend carried through all the systems considered
except the 12-membered ring in the n = 7 case, where the
trans conformer appeared to be far more stable. This result
is not entirely unexpected, as it has been shown experimen-
tally that macrocyclic ring closures prefer to form the trans-
conformer.4

Table 4. Thermochemical data calculated at MP2(full)/6–31G(d) for the lowest energy structures defined in the Supplementary data.
DDG = DGRCM – DGADMET; DDH and DDS are similarly defined.

Ring
size

DHRCM

(kJ/mol)
DHADMET

(kJ/mol)
DSRCM

(J/(mol K))
DSADMET

(J/(mol K))
DGRCM

(kJ/mol)
DGADMET

(kJ/mol)
DDH
(kJ/mol)

DDS
(J/(mol K))

DDG
(kJ/mol)

5 29.0 2.0 126.4 –19.8 –8.6 7.9 27.0 146.2 –16.5
6 37.2 –1.6 124.0 –7.8 0.2 0.7 38.8 131.8 –0.5
7 42.2 –1.9 106.2 –18.1 10.5 3.5 44.1 124.3 7.0
8 56.4 –2.0 95.9 –17.3 27.8 3.2 58.4 113.2 24.6
9 37.5 –1.8 85.1 –17.8 12.1 3.5 39.3 102.9 8.6
10 30.4 — 73.8 — 8.4 — — — —
11 29.6 — 74.0 — 7.5 — — — —
12 12.3 — 66.9 — –7.7 — — — —

Fig. 3. DHRCM vs ring size for the HF/6–31G(d) (blue), B3LYP/6–31G(d) (red), and MP2(full)/6–31G(d) (green) levels of theory. The 5- to
11-membered (n = 0–6) ring cases agree very well with the DH 6¼RCM values (black) determined experimentally by Illuminati and Mandolini18

for the saturated analogues of the R-but-3-enoate esters considered here. The gap between DH 6¼RCM and DHRCM remains roughly consistent
for the smaller systems, hence, thermodynamics can be used to model the kinetically controlled reaction. However, for systems larger than
the 11-membered ring (n > 6), the agreement becomes much poorer, implying that the reaction has a stronger kinetic bias and that the
predictive ability of thermodynamic data becomes very limited.
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Thermochemistry
The results for the RCM and ADMET reaction enthalpies,

entropies, and free energies for the HF/6–31G(d), B3LYP/6–
31G(d), and MP2(full)/6–31G(d) levels of theory are given
in Tables 2–4, respectively. There are no significant devia-
tions between the HF, B3LYP, and MP2 results; each theory
predicts the same trend. In general, MP2 predicts the lowest
values for DHRCM and DSRCM, while B3LYP and HF return
slightly higher energy differences. The data in Tables 2–4 is

best seen as a function of lactone size (Figs. 3 and 4). It can
be seen that the formation of 5- and 6-membered rings (n =
0 and 1, respectively) is more enthalpically favourable than
the formation of larger lactones, whereas the 8-, 14-, and 16-
membered rings (n = 3, 9, and 11, respectively) are particu-
larly unfavourable. The 8-membered lactone was predicted
to be more stable than the 14- and 16-membered rings; how-
ever, it should be noted that to the best of the authors’
knowledge, this cyclic product has never been experimen-

Fig. 4. DSRCM vs ring size for the HF/6–31G(d) (blue), B3LYP/6–31G(d) (red), and MP2(full)/6–31G(d) (green) levels of theory. The over-
all trend is for DSRCM to decrease as ring size increases. See Fig. 3 for colour legend.

Fig. 5. DDG (DGRCM – DGADMET) (kJ/mol) vs ring size at the HF/6–31G(d) (blue), B3LYP/6–31G(d) (red), and MP2(full)/6–31G(d)
(green) levels of theory. DDG data can be found in Tables 2–4. The indirect pathway is followed for the majority of systems, however,
direct RCM predominates in the formation of the 5-, 6-, 15-, and 18-membered lactones (n = 0, 1, 10, and 13, respectively). See Fig. 3 for
colour legend.
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tally produced, whereas larger macrocycles are known to be
accessible.1–3,18 As was mentioned in the discussion of the
conformer geometries, the discrepancy in the n = 9 and 11
cases likely arises from the assumption that the larger mono-
mer substrates prefer linear orientations. Hence, conformer
flexibility should be more extensively examined to further
refine the predictive power of this methodology.

The predicted dependence of DHRCM (Fig. 3) and DSRCM
(Fig. 4) on ring size resembles trends characterized by Illu-
minati and Mandolini18 for a saturated analogue of the sys-
tem reported here. The formation of lactones is computed to
be endothermic in all cases; lactone formation for the 5-, 6-,
and 12-membered systems (n = 0, 1, and 7, respectively) re-

quires the lowest enthalpy cost, whereas the 8-membered
lactone (n = 3) and systems greater than n = 8 are the least
enthalpically favoured out of all the ring structures. Interest-
ingly, computed DHRCM values have a comparable trend to
the DH 6¼RCM behaviour reported by Illuminati and Mando-
lini18 for a homologous series of saturated R-but-3-enoate
esters. The agreement is only noticeable for small systems
(n = 0–6), implying that in these reactions experimental
products were likely thermodynamic rather than kinetic.
The consistent energy gap between the predicted DHRCM
and experimental DH 6¼RCM values for the 5- to 11-membered
rings further suggests that thermochemistry can adequately
be used to approximate the kinetically controlled RCM reac-

Fig. 6. The temperature dependence of the RCM and ADMET equilibria determined by HF/6–31G(d).

Fig. 7. The temperature dependence of the RCM and ADMET equilibria determined by B3LYP/6–31G(d).

1100 Can. J. Chem. Vol. 88, 2010

Published by NRC Research Press

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

U
ni

ve
rs

ity
 o

f 
E

le
ct

ro
ni

c 
an

d 
Sc

ie
nc

e 
T

ec
ho

no
lo

gy
 o

f 
C

hi
na

 o
n 

09
/1

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



tion for smaller substrates However, at larger ring sizes, ex-
perimental agreement is much poorer, reflecting both that
large systems have a strong kinetic bias and that the as-
sumption of the conformers existing as straight chains is in-
valid for longer chains, which have more available
conformational degrees of freedom. Encouragingly, despite
the discrepancies at larger ring sizes, the positions of rela-
tive maxima (the 8- and 16-membered ring systems) and
minima (the 5-membered ring system) in the DHRCM profile
correspond reasonably well with the experimental results.

In analyzing the entropy results (Fig. 4), we can see that
except for small increases in the 6- and 11-membered lac-
tones (n = 1 and 6, respectively), entropy change generally
decreases as ring size increases. The maximum DSRCM oc-
curs in the 6-membered lactone, and then steadily decreases
with increasing ring size. This makes sense considering 5-
membered lactones are subject to more ring strain and be-
cause it would be more difficult for longer chains to orient
themselves in an appropriate way for ring closure to occur.
In every case, the largest contribution to the reported entro-
pies is vibrational. The DSRCM trend is very similar to the
DS 6¼RCM behaviour reported by Illuminati and Mandolini;18

both data series generally decrease as ring size increases,
and the energy gap between the two sets of data is consis-
tently about 0.3 kJ/(mol K).

For smaller substrates, the predictive ability of thermo-
chemical data is clear. However, for larger systems (n > 6),
deviations from experimental kinetic data become more no-
ticeable, implying that our assumptions need to be further
refined; particularly the one pertaining to chain flexibility.

Thermodynamic evaluation of the ADMET and RCM
competition
DGRCM and DGADMET were determined from computed

data and used to construct a thermodynamic profile of
DDG against ring size (Fig. 5). This data indicates that ring
formation by direct RCM only predominates in the 5-, 6-,
15-, and 18-membered lactones (n = 0, 1, 10, and 13, re-

spectively). In all other cases, indirect ring closure is the
preferred pathway; although in the n = 7 case, the HF and
B3LYP theories disagree as to which pathway is preferred.
HF/6–31G(d) predicts that the dimer will form preferentially
while B3LYP/6–31G(d) suggests the opposite (+7.0 kJ/mol
compared with –1.3 kJ/mol, respectively). The predictions
taken from the thermodynamic profile correspond to similar
experimental kinetic results,18 although there are significant
deviations for systems larger than n = 6, in particular for the
n = 10, 11, and 13 cases. This implies that the predictive
ability of computed thermodynamic data towards competing
metathesis reactions is limited to at best small systems. We
have not directly considered the CDP step, yet have found
evidence that this pathway should be commonly involved in
macrocycle formation because of the strong preference seen
by these ester substrates to polymerize instead of ring close
by RCM.

Temperature dependence
The thermodynamic properties of the monomer, dimer,

and ring structures were further explored by altering their
temperature. The ab initio results accounted for a tempera-
ture of 298.15 K, but Illuminati and Mandolini’s18 experi-
mental results were carried out at 323.15 K and
contemporary RCM reactions are normally promoted at
333.15 K.6 Therefore, the temperatures of these latter cases
were considered at the different levels of theory used to see
if agreement between experiment and computation improved
(Figs. 6–8). Clearly, over the experimental temperature
ranges considered, the ring-chain equilibrium should only
be marginally affected. However, this conflicts with recent
work by Danishefsky and co-workers,8 which noted that in-
creasing the reaction temperature yields more macrocycles.
This discrepancy with the thermodynamic approach is not
surprising, since the olefin metathesis pathways display a
strong kinetic bias. Hence, although this thermodynamic ap-
proach is sufficient to determine the proclivity of a R-but-3-
enoate ester to follow the direct or indirect ring-closure

Fig. 8. The temperature dependence of the RCM and ADMET equilibria determined by MP2(full)/6–31G(d).
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pathways, it does not adequately predict the temperature de-
pendence of the product distribution.

Conclusions
Thermochemical data for the simultaneous RCM and

ADMET processes were determined using electronic struc-
tural calculations and used to assess the relative product for-
mation by analyzing DDG. In the homologous series of R-
but-3-enoate esters, direct RCM is only preferential for the
5-, 6-, 15-, and 18-membered cases (n = 0, 1, 10, and 13,
respectively); in every other system, indirect ring closure
was favoured. Polymerization was especially dominant in
the cases where n = 3, 6, 9, 11, or 15. Our methodology as-
sumed the following: that the polymer formation never ex-
tended to trimers or oligomers and that the lowest energy
structures were always cis-conformer rings or straight-chain
monomers and dimers. Whereas the first assumption makes
sense from a computational perspective, clearly our predic-
tions will not correspond totally with reality, since we are
entirely ignoring oligomer formations. Furthermore, as a
consequence of assuming linearity in the monomers and
dimers, substantial deviation from reported behaviour was
noted for the larger systems;18 bent conformers may be
lower in energy, especially structures where the olefinic
bond is capable of interacting with the chain. In ring sys-
tems containing more than 11 members (n > 6), the data ap-
pears to vary markedly in its preference for direct or indirect
ring closure. However, it is also possible that the metathesis
reactions involving large substrates are kinetically con-
trolled, and hence the predictive power of thermodynamics
will be limited to the smaller substrates. Therefore, if our
model were improved to account for greater chain flexibility
in the larger oligomer systems, there appears to be no great
obstacle in using thermodynamic data derived from lowest
energy geometries as a predictive tool for predicting whether
or not ring closure will occur by the direct RCM or indirect
ADMET routes, so long as the reaction system considered is
governed primarily by thermodynamic considerations rather
than kinetics. However, it should be stressed that predicting
the temperature dependence of this ring-chain product distri-
bution is unfeasible. The temperature dependence of the
competing metathesis reactions was shown to be thermody-
namically negligible over the range of temperatures suitable
for laboratory work with RCM and ADMET processes;
however, this conflicts with experimental reports due to the
kinetic bias of this system.8 Therefore, the overall predictive
power of this approach is limited to reactions where the
product distribution is not strictly controlled by kinetic ef-
fects.

Supplementary data
Supplementary data for this article are available on the

journal Web site (canjchem.nrc.ca).
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A water potential based on multipole moments
trained by machine learning — Reducing maximum
energy errors

Glenn I. Hawe and Paul L.A. Popelier

Abstract: A potential that strives to represent the Coulomb interaction realistically must include polarization. In our ap-
proach, three decisions were made to accomplish this: (i) define an atom according to quantum chemical topology (QCT),
(ii) express the interaction between atoms via their multipole moments, and (iii) use machine learning to capture the re-
sponse of an atomic multipole moment to a change in this atom’s environment. This approach avoids explicit (distributed)
polarizabilities and eliminates the problem of polarization catastrophe. Previously, we showed (Phys. Chem. Chem. Phys.
2009, 11, 6365) that a machine learning method called kriging predicted atomic multipole moments more accurately than
competing machine learning methods. This was established for the atoms of a central water molecule in water clusters,
from the dimer to the hexamer. The prediction errors in all multipole moments were collectively assessed by errors in total
interaction energy, for thousands of clusters configurations. Here, we target the maximum errors, with an eye on reducing
the worst predictions that the potential may return. We demonstrate proof-of-principle for the water dimer using local krig-
ing.

Key words: quantum chemical topology (QCT), atoms in molecules, kriging, water dimer, polarization, machine learning,
force field.

Résumé : Un potentiel qui tend à représenter d’une façon réaliste l’interaction de Coulomb doit inclure une polarisation.
Dans l’approche présentée ici, on prend trois décisions pour y arriver : (i) on définit un atome suivant la topologie de la
chimie quantique (TCQ), (ii) on exprime l’interaction entre les atomes par le biais de leurs moments multipoles et (iii) et
on utilise une machine qui apprend à capturer la réponse d’un moment multipole atomique à un changement dans l’envi-
ronnement de cet atome. Cette approche évite les polarisabilités distribuées d’une façon explicite et élimine le problème
de la catastrophe de polarisation. On a démontré antérieurement (Phys. Chem. Chem. Phys. 2009, 11, 6365) qu’une mé-
thode à base d’une machine qui apprend à capturer une réponse, appelée kriging, permet de prédire les moments multipo-
les atomiques d’une façon plus précise que les méthodes faisant appel à d’autres machines qui apprennent à capturer une
réponse. Cette conclusion a été établie pour les atomes d’une molécule d’eau centrale d’agrégats d’eau allant du dimère à
l’hexamère. Les erreurs de prédictions dans tous les moments multipoles ont été évalués collectivement par les erreurs
dans l’énergie d’interaction totale pour des milliers de configurations d’agrégats. Dans le présent travail, on s’adresse aux
erreurs maximales dans le but de réduire les plus mauvaises prédictions qui peuvent être faites pour le potentiel. On établit
le principe de preuve pour le dimère de l’eau à l’aide de la machine kriging locale.

Mots-clés : topologie de chimie quantique (TCQ), atomes dans les molécules, kriging, dimère de l’eau, polarisation, ma-
chine à apprendre, champ de force.

[Traduit par la Rédaction]

Introduction

Unless computing power surges by a dramatic and unex-
pected technological leap, using force fields will be the
only option to run long simulations of sizeable molecular
systems for many years to come. Many systems, even non-
biological ones, involve water and therefore water force
fields are very important. Several popular water force fields
have been developed over the decades, such as the transfer-

able interaction potential (TIPnP; n = 3, 4, 5) series1–3 or the
simple point charge (SPC) series of models.4 The simplest
water models represent the electron density of water via
atomic point charges, one charge per nuclear site. A more
realistic description warrants extra point charges, this time
not centered on the nuclear position. This is why potentials
with as many as three off-nuclear charges on oxygen have
been constructed. Such potential was shown5 to be much
more suitable than the TIP4P and TIP5P models for the sim-
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ulations of ice and water near melting point. An alternative
path to represent electron density more realistically is
through multipole moments.6 Dipole, quadrupole, and
higher-rank moments, while all centered on the nucleus,
capture important nonspherical features of the electron den-
sity. The formulae7,8 expressing interactions between atomic
multipole moments are more complicated than the formula
for interaction between atomic point charges. This complex-
ity leads to an increase in floating point operations that a
computer must carry out to evaluate the electrostatic energy
between two atoms. However, this increase is more pro-
nounced the shorter the range of atomic interaction. High-
rank multipolar interaction is known to decrease quickly
with interatomic distance, R, because it obeys a high in-
verse-power law. For example, interaction energy between
two quadrupole moments drops off as R–5. Hence, the in-
crease in computational cost due to multipole moments is
only local. In contrast, the cost of evaluating interaction en-
ergies between point charges perpetuates as the system
grows in size. This is because charge–charge interactions
are long-range. The proliferation of point charges introduced
by more accurate point charge models therefore causes a
substantial increase in computational cost.

There are various ways in which atomic multipole mo-
ments can be defined and used.9–11 A popular and influential
method is called distributed multipole analysis (DMA).7 The
Anisotropic site potential or Anthony Stone potential (ASP)
water potential,12 the atomic multipole optimized energetics
for biomolecular applications (AMOEBA)13 water model,
and the effective fragment potential (EFP) method,14 for ex-
ample, all use DMA. However, the sum of interactions be-
tween fragments ab initio (SIBFA)15,16 potential has its
multipole moments determined by the partitioning method
of Vigné-Maeder and Claverie.17

A further enhancement of realism in potential design
comes from the inclusion of polarization. There is a vast lit-
erature on this topic and water has received probably more
attention that any other molecule. As recently as 2007, a
whole issue18 of the Journal of Chemical Theory and Com-
putation was dedicated to polarization. A simple way to ac-
count for the polarization of a water molecule in liquid
water is to artificially enhance its dipole moment beyond its
gas phase value of 1.85 D. The exact value to which the en-
hanced dipole moment should be fixed remains a topic of
debate19–22 and can vary between 2.3 and 3.1 D. This debate
is fuelled by the uncertainty surrounding an answer to the
question of how to define a water molecule inside the con-
densed phase that is a liquid. If one allows quantum chemi-
cal topology (QCT)23,24 to answer this question then one
obtains25 about 2.3 D. This is actually a dipole moment
averaged over the order of a hundred water clusters. The ac-
tual value depends on the level of theory at which the ab in-
itio electron densities were obtained and the number of
water molecules in the cluster. Water on surfaces, at inter-
faces or in very polar environments, however, needs a non-
averaged treatment. To account for the response of water in
such heterogeneous conditions, an anisotropic polarization
needs to be modelled. This makes nonpolarizable models
with implicit polarization, such as SPC/E and TIP4P, only
accurate for bulk water and unfit for water in heterogeneous
conditions. It is generally agreed that polarization needs to

be modelled explicitly for more accurate, transferable, poten-
tials. Polarization can also be modelled by polarizable point
dipoles but this method can suffer from the ‘‘polarization
catastrophe’’. In that case, the dipoles respond in such a
way that the interaction energy becomes infinite. Damping
functions, artificial corrections that limit the response of the
dipole moments,26,27 can prevent this catastrophe. A number
of force fields13,15,28–31 have adopted the popular point di-
pole method. A final method is the charge-on-spring
method.32–35 Here, polarization is modelled by a negative
point charge connected by a harmonic spring to another site
that bears a positive charge.

Within the context of multipole moments of arbitrarily
high rank, one could proceed with distributed polarizabil-
ities, either in the DMA framework36 or the QCT frame-
work,37 as applied to the water dimer before.38 In this
paper, however, we pursue a radically alternative route, and
focus directly on an atom’s response to its local environ-
ment. Machine learning is invoked to establish a link be-
tween the nuclear positions of the atoms surrounding a
given (central) atom and this atom’s multipole moments.
This approach does not yield polarizabilities; instead, polar-
ization is embedded in the mapping of nuclear positions
(input) and atomic multipole moments (output), delivered
by the machine learning solution. Preliminary work on the
hydrogen fluoride dimer39 led to a more refined methodol-
ogy able to construct a polarizable water potential.40 Intra-
molecular polarization was tackled along similar lines in
subsequent work,41 demonstrating proof-of-concept with gly-
cine and N-methylacetamide, the smallest molecule realisti-
cally representing a peptide bond. The water potential,
constructed using multilayer perceptrons, was then revis-
ited42 using a more accurate machine learning method called
kriging. Kriging43 (also known as Gaussian process regres-
sion44) models observations as realizations of an underlying
probabilistic model. A typical kriging model predicts an er-
ror in total interaction energy of less than 0.4 kJ/mol for
50% of about a thousand water dimer configurations.
Although 90% of the configurations are predicted with an
error of less than 1 kJ/mol, the maximum error encountered
can be as large as 4 kJ/mol, albeit for a handful of configu-
rations. This paper tackles the latter problem by introducing
local kriging.45

Backgound

Quantum chemical topology and electrostatics
The molecular electron density, denoted by ñ, is parti-

tioned according to its gradient vector field, as prescribed
by the quantum chemical topology (QCT) approach.23,24,46

A justification for the relatively new name QCT was first
given in ref. 47 and amplified in a book chapter,48 the Ap-
pendix of ref. 49, and the Introduction of ref. 50. QCT de-
fines topological atoms as 3D volumes, whose shape is
determined by the gradient paths in ñ. A gradient path fol-
lows the direction of steepest ascent in ñ, typically terminat-
ing at a nuclear position, where ñ is a maximum. A 2D
bundle of gradient paths form an interatomic surface that
marks the boundary between two atoms. An important char-
acteristic of topological atoms is that they collectively take
up all space, without leaving gaps between them. Integration
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of property densities over an atomic volume yields the
atomic properties. An atomic multipole moment is obtained
from a volume integral over ñ multiplied by a regular spher-
ical harmonic. Note that we do not use Cartesian tensors be-
cause they lead to an excess of redundant components.

Equation [1] expresses the electrostatic interaction energy
between two topological atoms:51

½1� EAB ¼
X1
lA¼0

X1
lB¼0

XlA

mA¼�lA

XlB

mB¼�lB

TlAmAlBmB
ðRÞQlAmA

ðUAÞ

� QlBmB
ðUBÞ

where the multipole moments of atom A, QlAmA
ðUAÞ, and

atom B, QlBmB
ðUBÞ, interact through the tensor T(R). R is

the vector from nucleus A to nucleus B, which are the ori-
gins of the local frames of atoms A and B. It is convenient
to collect the terms of eq. [1] by their power of R = |R|,
gathering terms of the same (overall) rank. This rank, de-
noted by L, is defined as ‘A + ‘B + 1, where ‘ is the rank of
the multipole moment. For example, multipolar interaction
of R–5 dependence consists of interactions between a mono-
pole moment (‘ = 0) and an hexadecupole moment (‘ = 4), a
dipole moment (‘ = 1) and an octupole moment (‘ = 3) and
two quadrupole moments (‘ = 2). The convergence of the
multipole expansion can be examined52 as a function of L.

Kriging
Here, we only summarize the salient features of the krig-

ing approach and more details can be found in ref. 42. In
our case, the observations that the kriging method models
are values of a particular multipole moment. A probability
density function (PDF) returns the probability of observing
a set of values of a particular multipole moment. The fol-
lowing general equation is used for making predictions:

½2� yðxÞ ¼
Xm

i¼1

bifiðxÞ þ zðxÞ

where the vector x = [x1, x2,. . .,xd]T and where T designates
the transpose and d the number of features. In this work, the
features are geometrical coordinates of the nuclei surround-
ing the central atom of interest, whose multipole moments
are being predicted. The right hand side of eq. [2] consists
of two parts. The first part is a ‘‘global term’’, which is a
sum of m basis functions, fi (i = 1,. . .m), which are typically
polynomials of the form x

g1

1 x
g2

2 . . . x
gd
d with g1 + g2 +. . .+ gd £

G (G being the order of the polynomial). The number of
features in the problem, d, determines the exact value of m.
The second part of eq. [2], z(x), can be regarded as an ‘‘error
term’’. This term compensates for the inadequacy of the glo-
bal term to model observed data exactly. This term is mod-
elled as a Gaussian process with a zero mean and some
unknown variance, s2. The error terms for two different mole-
cules are modelled as being correlated in a way that may be
expressed through the difference in the values of their fea-
tures. A familiar correlation function is given in eq. [3]

½3� Cor½zðxiÞ; zðxjÞ� ¼ expð�
Xd

h¼1

qhjxi
h � x

j
hjphÞ

where qh > 0 and 0 < ph £ 2. The indices i and j refer to

individuals of the training set, which are water dimer config-
urations. Both indices run from 1 to n, where n is the num-
ber of water dimers in the training set, typically of the order
of a thousand. It is convenient to introduce the (symmetric)
n � n matrix R whose ith–jth entry is given by eq. [3],
which gives the correlation between the ith and jth training
set examples. Note that the correlation is expressed at the
level of the atomic multipole moments (the dependent vari-
able) rather than the geometrical coordinates of the water di-
mers (the independent variable). The unknown parameters of
the kriging model are thus bj, s2, qi, and pi. The bj para-
meters are found by fitting to the data, using the generalized
least-squares method:

½4� b ¼ ðFTR�1FÞ�1FTR�1y

where y is a n � 1 vector containing the n observed data. F
is the n � m matrix whose ith–jth entry is fj (xi). The values
of s2, qi, and pi are found by maximizing the likelihood L of
the observations, as given by

½5� Lðq;p; s2jyi; i ¼ 1; 2; . . . ; nÞ

¼ 1

ð2pÞn=2 ðs
2Þn=2jRj1=2exp

�ðy� FbÞTR�1ðy� FbÞ
2s2

� �

It is actually the logarithm of the likelihood, log(L), that
is maximized. By setting the derivative of log(L) with re-
spect to s2 equal to zero and solving this new equation, the
optimal value of s2 can be written in terms of q and p.
Hence, L only needs to be optimized with respect to q and
p, which amounts to optimizing 2d parameters.

Two comments are in place. First, we extend the model in
eq. [2] to tackle noisy data, as in ref. 53 and 54:

½6� yðxÞ ¼
Xm

i¼1

bifiðxÞ þ zðxÞ þ 3ðxÞ

This leads to the addition of an extra parameter to the diag-
onal of the correlation matrix R, which has to be fitted dur-
ing the maximization of log(L). Note that noisy kriging53

does not necessarily reproduce the training data exactly but
has the flexibility to generate the best possible fit without
the constraint of reproducing these data. Secondly, we make
use of the fact that the kriging parameters, qh, may be exam-
ined to determine which features are most important for
making predictions.55 This procedure is called feature selec-
tion.

Feature representation and feature selection
The inputs for the machine learning methods are gener-

ated using a transformation from the Cartesian coordinates
of the cluster to a set of nonredundant coordinates following
the method laid out by Stone.7 For systems of rigid and non-
linear molecules, only 6(N – 1) coordinates are needed,
where N is the number of molecules. Hence, the water dimer
is described by only 6(2 – 1) = 6 coordinates. These six co-
ordinates consist of three polar coordinates and three Euler
angles. Imagine that the oxygen atom of the central mole-
cule lies at the origin. The position of the second oxygen in
the water dimer is then fully described by three polar coor-
dinates (ROO, q, and f). The polar coordinates are the dis-
tance, ROO, between the two oxygen atoms, the angle, q,
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spanning the vector ROO and the z axis, and the angle, f,
spanning the (positive) x axis and the projection of the vec-
tor ROO onto the xy plane. The three Euler angles, a, b, and
g, describe the water neighbouring the central water mole-
cule as follows: Position the neighbouring water in the axis
system of the central water such that the HOH plane lies in
the xz plane, with the hydrogen atoms in the negative z di-
rection. Then a succession of three rigid body rotations cor-
responding to the three Euler angles is applied. Finally, this
water is translated by ROO.

After defining the coordinates of each configuration (for a
given cluster size), the data are normalized, that is, trans-
formed to lie between 0 and 1, for subsequent exploitation
by kriging. Training operates on these transformed input
and output data. As explained above, training is an optimi-
zation problem with 2d variables. Therefore, constructing a
kriging model for a water dimer (N = 2) becomes an optimi-
zation problem with 2d � 6(N – 1) = 12d variables. The op-
timization consists of a hybrid in which a particle swarm56 is
followed by the algorithm of Nelder and Mead.57

Targeting maximum errors — Procedure and
results

A main point of concern about the performance of the
kriging water potential, as published before,42 are the high
maximum errors between the true and predicted intermole-
cular interaction energy. Table 1 shows the maximum errors
of the kriging models targeted in this work for the water
dimer, trimer, and tetramer.

In this work, we approach the problem of reducing the
maximum energy errors by implementing a feedback loop
in EREBUS. EREBUS is an in-house software package cen-
tral to the force field design implemented in our lab. It con-
tains all machine learning and optimization code, alongside
user-friendly interfaces to make atom type construction au-
tomatic. This loop, shown in Fig. 1, involves the following
fives stages:

(i) The ‘‘*.gjf generator’’ generates an initial set of
water dimer configurations sampled from a molecular
dynamics (MD) simulation of liquid water at ambient
conditions, using a high-rank multipolar potential with-
out polarization.58 The *.gjf files are Gaussian job
files, which contain the geometries of the water clus-
ters and the level of theory at which the ab initio elec-
tron density needs to be computed. Since the water
molecules are rigid bodies, only single point calcula-
tions were performed at the B3LYP/aug-cc-pVTZ le-
vel. This level of theory is an adequate compromise
between accuracy and CPU time25 given that an order
of a thousand configurations are required. This stage is
labelled stage 1 in Fig. 1.
(ii) The EREBUS pre-processor generates scripts for
constructing training data for the kriging models (stage
2a in Fig. 1). These scripts run the programs Gaus-
sian59 and MORPHY,60 generating multipole moments
for the central water molecule in each of the water di-
mer configurations, produced by the *.gjf generator
(stage 2b in Fig. 1). The geometric features describing
a water dimer configuration (input), along with the
multipole moments on the atoms of the central water

molecule (output), constitute one training example.
Several thousand examples are evaluated to make up
the training data for use by the EREBUS processor.
(iii) The EREBUS processor uses a subset of the train-
ing data to build kriging models for each of the multi-
pole moments, for each atom in the central water
molecule (stage 3 in Fig. 1). Each individual kriging
model predicts a particular multipole moment, on a
particular atom in the central water molecule. Rather
than use all the available training data, a method of se-
quential selection61 is used to construct a training set
for each model, as described in ref. 42. An upper limit
of 1000 is applied to the training set size. Conse-
quently, each moment has multiple models built for it,
one at each iteration of the sequential building of the
training sets. Each of these models is tested by making
predictions for the values of the multipole moments of
the configurations not used. The model that minimizes
the median error is the one selected for use. All 25
multipole moments, from monopole (‘ = 0) to hexade-
cupole (‘ = 4), were trained for.
(iv) The EREBUS post-processor uses the kriging
models to make energy predictions for an external set
of (~1000) water configurations. Extra configurations
(*.gjf files) are generated that are similar to those con-
figurations with an energy error above a certain thresh-
old. (stage 4 in Fig. 1). In this work, a threshold error
of 0.75 kJ/mol is used. Suppose a dimer configuration,
represented by the normalized features r*, q*, f*, a*,
b*, and g*, gives an energy error above this threshold.
Then extra configurations are generated at random in
the range (r* ± d, q* ± d, f* ± d, a* ± d, b* ± d, g* ±
d), where d is a small tolerance set to 0.1. If a particu-
lar feature value is generated to be <0, it is set to 0,
and if it is generated to be >1, then it is set to 1. The
total number of extra configurations generated is set to
1500. These are divided equally over the configura-
tions that gave energy errors above the error threshold
of 0.75 kJ/mol.
(v) (Feedback stage). The EREBUS pre-processor then
generates scripts that run the programs Gaussian and
MORPHY for each of the extra water configurations.
These extra training data are subsequently used along
with the original training data (from the *.gjf genera-
tor) in the EREBUS processor. The new ‘‘targeted’’
kriging models are then tested in the EREBUS post-
processor. This stage is really a repetition of stages 2
and 3 in Fig. 1, with extra training data.

The targeted kriging models use extra training data, fo-
cusing on water configurations that give high energy errors
(for the original kriging models use training data coming
from the MD simulation only). Hence, it is reasonable to ex-

Table 1. The maximum total interaction en-
ergy errors (in kJ/mol) for kriging models
used in previous work.42

Water cluster Maximum error
Dimer 3.6
Trimer 20.5
Tetramer 41.4
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pect that these models will produce lower maximum energy
errors than the original kriging models. However, improving
a single (global) kriging model to predict a multipole mo-
ment well for unusual configurations could come at the ex-
pense of predicting the moment less well for more ‘‘normal’’
configurations. To alleviate this potential problem, we split

Fig. 1. Feedback loop in EREBUS.

Fig. 2. Splitting of feature space: (a) Projection of feature space for the water dimer configurations (from simulation) onto the q–f plane. (b)
Dimer configurations considered as training data for the top left region.

Fig. 3. Two projections of the positioning of the noncentral oxygen
atom, relative to the central oxygen atom, for the regions in Fig. 2;
xy (left), yz (right).

Fig. 4. The energy error percentiles for the water dimer, using the
noisy global kriging model trained only on data sampled from a
MD simulation and using the interpolating global kriging model as
described in previous work.42
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up feature space into several subspaces based on the two
most significant features, q and f. Figure 2 shows how this
is achieved. Each dot in Fig. 2 represents a particular water
configuration. This is in fact a projection onto (q,f)-space
since the four remaining coordinates (ROO and the three Eu-
ler angles) remain unspecified. The clusters in Fig. 2a natu-
rally fall apart in easily perceptible clusters, or feature

subspaces. Using multiple local kriging models to predict
each multipole moment has the consequence that the unu-
sual structures are only used in the training set if they are
relevant to the prediction being made. A corollary of this is
that unusual configurations are not used in kriging models
for predictions they are not relevant for, and so should not
adversely affect the quality of predictions for normal config-
urations.

Figure 3 explicitly shows the two features of Fig. 2, in
terms of the molecular geometry of the water dimer. To see
how Fig. 3 helps interpreting the feature subspaces in Fig. 2,
we focus on the two vertical divisions of the lower half of
Fig. 2a; these divisions correspond to q = 0.3p (left) and q =
0.7p (right). The geometrical meaning of these divisions can
be seen in the right panel of Fig. 3. Similarly, there are two
vertical divisions in the upper half of Fig. 2a, which cor-
respond to q = 0.4p (left) and q = 0.6p (right), again marked
in Fig. 3.

A ‘‘local’’ kriging model is trained on each of these seven
distinct regions, for each multipole moment on each atom of
the central water molecule. For each region, configurations
slightly outside the region boundary are included as (poten-
tial) training set points. By including points outside the re-
gion that a model will be making predictions for, the risk of
needing to extrapolate to make predictions is reduced. For
example, Fig. 2b shows the points considered as training
data points for the top left region in the q–f plot.

In summary, by employing multiple local kriging models
for predicting each multipole moment, we should be able to
use unusual configurations in the training sets, thus targeting
maximum errors, with minimal impact on the quality of the
predictions for the more normal configurations. In the next
section, we test this hypothesis by comparing the trade-off
between maximum interaction energy error and median en-
ergy error for both global targeted kriging models and local
targeted kriging models.

One final point to note is that the global kriging models
used in this paper are not exactly the same as the global
kriging models used before.42 The models in this paper dif-
fer in that they have the flexibility to not interpolate the
data, but to find a best fit instead. In other words, the so-
called noisy kriging models generated here do not exactly
reproduce the training data, but the kriging models in the
previous paper42 did reproduce data. The original kriging
models, published in ref. 42, will be referred to as interpo-
lating kriging.

It is convenient to assess the accuracy of the kriging mod-
els through a statistical measure of the total interaction ener-
gies arising from predicted multipole moments. For
example, we define the 90th energy error percentile, E90, as
the error in energy that 90% of predictions are within, as de-
termined over a set of predictions of ~1000 configurations.
All such percentiles can be shown in one plot, which is typ-
ically S-shaped. E100, the energy error that all predictions
fall within, coincides with the maximum error. The differ-
ence in energy error percentiles between interpolating krig-
ing models used in previous work and the non-interpolating
(‘‘noisy’’) kriging models is given in Fig. 4 for the water
dimer. By using noisy kriging models, the median energy er-
ror (E50) is reduced from 0.38 to 0.21 kJ/mol, and the max-
imum energy error is reduced from 3.62 to 3.13 kJ/mol.

Fig. 5. The energy error percentiles using targeted global kriging
models for the water dimer.

Fig. 6. The energy error percentiles using targeted local kriging
models for the water dimer.

Fig. 7. The trade-off between median energy error (E50) and maxi-
mum energy error (E100) for global, targeted global, and targeted
local kriging models for the water dimer.
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Noisy kriging is also used for the targeted global and tar-
geted local kriging models. We call global kriging models
targeted global kriging if they have been trained with extra
configurations similar to those that gave high energy errors.
Local kriging models that have been trained with such con-
figurations are called targeted local kriging.

The energy error percentiles of targeted global kriging
models are shown in Fig. 5. Compared with the global krig-
ing model (trained using data sampled from simulation
only), a 24% reduction in maximum energy error is
achieved, that is, 2.37 kJ/mol compared with 3.13 kJ/mol.
However, this reduction comes at the expense of all energy
error percentiles below E98. For example, E50 rises by 52%,
from 0.21 to 0.32 kJ/mol. Clearly, adding unusual configura-
tions to the training set of a single global kriging model de-
teriorates the quality of the model as a whole, albeit with an
improvement in maximum errors. This trade-off does not
seem acceptable, which is why local kriging is invoked.

The energy error percentiles of targeted local kriging
models are shown in Fig. 6. Compared with the global krig-
ing model, a 39% reduction in maximum energy error is
achieved, from 3.13 to 1.92 kJ/mol. This time, however,
lower energy error percentiles are barely affected. For exam-
ple, the median energy error rises by <5%, from 0.21 to
0.22 kJ/mol. The trade-off using local targeted is much
more acceptable.

The trade-offs between E100 and E50 are summarized in
Fig. 7. The targeted local dominates the targeted global,
i.e., it is better in both median energy error and maximum
energy error. Comparing the targeted local and global re-
veals that neither is better than the other in both median en-
ergy error and maximum energy error. Nevertheless, the
targeted local is arguably more attractive as it offers a large
improvement in maximum energy error at a small cost to
median energy error.

Previous work42 showed that kriging is the most accurate
machine learning model compared with multilayer percep-
trons and radial basis function neural networks in terms of
average performance as well as maximum errors. This work
has delivered the proof-of-principle that the maximum errors
can be substantially reduced by cutting feature space into
subspaces and training for each subspace separately. Gener-
alizing this accomplishment to higher dimensional feature
spaces will require a (semi-)automatic procedure able to par-
tition features space.

Conclusions
By splitting feature space up into natural regions for the

water dimer, a 39% reduction in maximum energy error
was achieved at a small cost (4.5%) to the median energy.
Without splitting up feature space, a 24% reduction in max-
imum energy error is achieved, at the cost of a 52% increase
in the median energy error. Thus, splitting feature space up
is useful when targeting maximum errors, without causing a
loss in accuracy for normal configurations.
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A computational study of the threshold energies
of the 1,2-FCl interchange reaction of
chlorofluoroethanes

William C. Everett, Bert E. Holmes, and George L. Heard

Abstract: The 1,2-FCl rearrangement reaction of a series of haloethanes is investigated by comparisons of the optimized
ground- and transition-state geometries. Investigation of the effect of level of theory and basis set shows that the trends in
threshold energies for rearrangement are reproduced across all levels of theory and basis set, and hence that a moderate
level of theory and basis set is adequate for investigating the important trends in this reaction. Threshold barriers increase
when a large number of fluorine atoms are attached to the carbon atom bearing the interchanging fluorine, suggesting that
the C–F bonds prove difficult to distort to the transition geometry; the increase is smaller for fluorine substitution on the
carbon atom bearing the interchanging hydrogen atom. By considering sets of isomeric reactions, the barrier height is
shown to closely follow the thermodynamic stability of the alkane undergoing rearrangement; however there is a secondary
effect owing to the relative stability of the transition geometry. This relative stability can be related to the thermodynamic
stability of a series of isomeric alkenes that resemble the transition geometry without the rearranging atoms. This series of
molecules constitute an unusual set owing to the ability to consider these three contributions to the activation barrier sepa-
rately.

Key words: transition-state geometries, atmospheric chemistry, reaction kinetics, computational chemistry.

Résumé : Faisant appel à des calculs théoriques, on a étudié la réaction de réarrangement 1,2-FCl d’une série de haloétha-
nes en procédant à une comparaison de l’état fondamental et de géométries d’état de transition optimisés. Une étude de
l’effet du niveau de la théorie et des ensembles de base montre que les tendances dans les énergies de seuil des réarrange-
ments sont reproduites par tous les niveaux de la théorie et tous les ensembles de base et que, en conséquence, un niveau
modéré de la théorie et d’ensemble de base est adéquat pour étudier les tendances les plus importantes de cette réaction.
Les barrières de seuil augmentent quand un grand nombre d’atomes de fluor sont liés à l’atome de carbone portant l’atome
de fluor qui s’échange et ceci suggère que les liaisons C–F s’avèrent difficiles à déformer vers l’état de transition; l’aug-
mentation est moins grande pour une substitution par du fluor sur l’atome de carbone portant l’atome d’hydrogène qui
s’échange. Par considération d’ensembles de réactions isomères, on peut démontrer que la hauteur de la barrière suit assez
bien la stabilité thermodynamique de l’alcane qui subit le réarrangement; toutefois, on observe un effet secondaire dû à la
stabilité relative de l’état de transition. Cette stabilité relative peut être reliée à la stabilité thermodynamique d’une série
d’alcènes isomères qui ressemblent à l’état de transition sans les atomes qui donnent lieu au réarrangement. Cette série de
molécule constitue un ensemble inhabituel en raison de l’habilité à considérer ces trois contributions à la barrière d’acti-
vation séparément.

Mots-clés : géométries de l’état de transition, chimie de l’atmosphère, cinétique d’une réaction, chimie quantique.

Introduction
Our group first proposed a 1,2-FCl interchange reaction to

explain the loss of HCl from chemically activated
CF2ClCF2CH3. The mechanism involved the interchange of
CF2ClCF2CH3 to CF3CFClCH3, which subsequently under-
went a 2,3-ClH elimination giving CF3CF=CH2 as the ob-
served product. The same process was observed for
chemically activated CF2ClCF2CD3.1 Computed kinetic H–
D isotope effects for this reaction pathway closely matched
the experimental values. The threshold energy barrier height,

E0, for that reaction was calculated to be 62.5 kcal/mol
(1 cal = 4.184 J) using a B3PW91/6–31G(d’,p’) level of
theory. The 1,2-FCl interchange reaction has subsequently
been shown to explain the ratio of product yields in the ther-
mal decomposition of CF2HCH2Cl,2,3 CF2ClCHFCH3,4 and
CF2ClCHFCH2CH3.5 Calculations on these systems were
performed at the B3PW91/6–31G(d’,p’) and B3PW91/6–
311+G(2d,p) levels of theory based on the ability of the
B3PW91 functional to reproduce the kinetic parameters for
1,2-HF elimination from CH3CF3.6 Because this reaction ap-
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pears to be an important step in energized hydrofluorochlo-
rocarbon (HCFC) reactions, this paper seeks to address
whether these levels of theory are appropriate by providing
a rigorous theoretical treatment using a wide range of theo-
ries and basis sets, as well as to examine the effects of dif-
ferent substituents on the transition-state geometry and
energy. Understanding the best theoretical method for these
reactions and a knowledge of the factors that favor the rear-
rangement would allow for accurate prediction of which sys-
tems are likely to undergo a 1,2-FCl rearrangement and
which systems would likely allow detection of the rear-
ranged HCFC prior to subsequent HX (X = Cl or F) elimi-
nation.

The transition-state geometry for 1,2-FCl interchange in-
volves an exchanging fluorine and chlorine atom, each for-
mally bonded to separate carbons, as shown in Fig. 1. This
leaves four positions for substituents, which we have labeled
X1, X2, X3, and X4, where X1 and X2 are attached to the car-
bon with the migrating fluorine atom (hereafter referred to
as C1), and X3 and X4 are attached to the carbon with the
migrating chlorine atom (hereafter referred to as C2). All
possible combinations of H, F, and Cl in these positions
give a complete set of chlorofluoroethanes and hydrofluoro-
chloroethanes. This will lead to some redundancies in the re-
actant and product molecules because each transition
geometry can describe a forward and a reverse reaction that
are both 1,2-FCl interchanges. Since this leads to a large
number of rearrangements (45), we have selected three mol-
ecules to be test cases for the level of theory: CH2FCH2Cl,
the simplest molecule for which a 1,2-FCl interchange is
possible, and CHF2CH2Cl, and CH2FCHCl2, representing
the substitution of one chlorine atom and one fluorine atom
to the CH2FCH2Cl molecule. These test case molecules were
studied using a number of basis sets (using the B3PW91
level of theory) and levels of theory including ab initio, den-
sity functional theory, and model chemistries.

Computational methods

Standard ab initio and density functional theory calcula-
tions have been performed using the Gaussian 03 program.7

The following basis sets have been used: 6–31G(d’,p’),8 6–
311+G(2d,p),9 Dunning’s cc-PVTZ, aug-cc-PVTZ cc-
PVQZ,10 and the Truhlar-modified 6–311+G(2df,2p) and 6–
311++G(2df,2p).11 Density functional methods considered
were B3PW91,12,13 B3LYP,14,15 MPWB1K,15,16 and
MPWB95,15,17 and ab initio levels of theory were MP2,
CCSD, and QCISD, as well as the model chemistries
G2MP2, G2MP2B3,18 and CBS-QB3.19 All geometries were
characterized as local minima or transition states by vibra-
tional frequency calculations; unscaled frequencies were
used to determine the zero-point energy contribution to all
local minima and transition-state energies.

Results and discussion
Transition-state geometries were successfully character-

ized for 1,2-FCl interchanges of CH2FCH2Cl, CHF2CH2Cl,
and CH2FCHCl2 using a wide range of levels of theory.
There is very little variation in the bond lengths and angles
with level of theory. The carbon–carbon bond distances are
all between 1.40 and 1.42 Å, indicating a contraction from
the bond distance in the ground-state geometries. The car-
bon–fluorine distance for the interchanging fluorine atom
varies between 1.77 and 1.88 Å across the levels of theory,
and the carbon–chlorine distance varies from 2.24 to 2.31 Å.
The angle made between the carbon–carbon bond and the
interchanging chlorine atom is 718–728, and there is only
slightly more variation in the angle between the carbon–car-
bon bond and the interchanging fluorine bond of 678–708.
The four atoms involved in the transition are very close to
planar, with a maximum deviation of 68. The four atoms
not involved in the transition geometry are close to planar,
within 158 of planarity in all cases, and hence the transition
state resembles a substituted ethylene bonded to a fluorine
atom above the plane of the molecule and a chlorine atom
bonded below the plane of the molecule. We conclude from
this that the choice of level of theory is not important in ob-
taining an accurate geometry for this transition-state geome-
try.

Table 1 presents the threshold energy, E0, for the 1,2-FCl
interchange reaction of the three model systems chosen as a
function of level of theory and basis set. The level of theory
was changed while keeping the basis set the same, using the
6–31G(d’,p’) basis set previously used in studies of this reac-
tion. With the exception of the model chemistries (G2MP2,
G3MP2B3, and CBS-QB3, where the trends are relatively
greater in magnitude), the trends in energy are duplicated
across the three molecules — the threshold energies for rear-
rangement of CH2FCH2Cl and CH2FCHCl2 are very close
(though CH2FCH2Cl is consistently slightly higher in en-
ergy), and the barrier height for rearrangement of
CHF2CH2Cl is consistently slightly >5 kcal/mol higher in
energy than that of CH2FCH2Cl. There is a consistency in
the percent change in energy; in comparing CH2FCH2Cl
with CHF2CH2Cl, there is a 9%–10% increase in the barrier
height, and in comparing CH2FCH2Cl with CH2FCHCl2,
there is a 1%–2% increase in the barrier height with all
computational methods. MP2, CCSD, and QCISD consis-
tently give the greatest barrier heights, and the MPW levels
consistently give the lowest barrier heights. There is an in-
teresting question in comparing the effects of level of theory
on reaction barrier heights — the answer is an unbound num-
ber, and hence there is no guarantee that a lower energy
means a more appropriate level of theory. While the energy
of the initial geometry will behave variationally, there is no
lower bound to the energy of the transition-state geometry,
and a low barrier height may be an indication that a level

Fig. 1. 1,2-FCl interchange mechanism. X1–4 = H, F, or Cl.
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of theory is not correctly treating the stretched bonds of a
transition state. The model chemistries predict values within
the range of the other levels of theory used in this study,
likely by virtue of the geometry staying constant at varying
levels of theory, because the model chemistries use thermal
calculations of one level of theory applied to a geometry
calculated at a different level of theory.

In comparing the result of changing the basis set at the
B3PW91 level of theory, there is a consistently small effect
across each of the three molecules. Going from a doubly
split valence basis set to a triply split valence basis set in
all cases lowers the activation energy slightly; the only
quadruple-zeta basis set we used led to a lowering of the E0
by 0.1 kcal/mol for each interchange.

There is no experimental data on the true value of the en-
ergy of these interchanges. In two similar systems,
CF2ClCF2CH2Cl20 and CF3CFClCH2Cl,21 the barrier heights
have been estimated as 66 ± 2 and 67 ± 2 kcal/mol, respec-
tively, from matching the ratio of products formed to

RRKM calculations of rate constants as a function of en-
ergy. From these results, we conclude that of the DFT lev-
els, the one that provides the most reasonable energies is
B3PW91. The choice of basis set is a little more problem-
atic, as the 6–31G(d’,p’) gives the highest energy barrier
(and thus the closest correlation with the estimated experi-
mental energies); however, this basis set is generally consid-
ered small, and questions may be raised about the ability of
a basis set lacking diffuse functions in obtaining transition-
state geometries. Because the trends in energy are repro-
duced across the set of basis sets, we have chosen the 6–
311+G(2d,p) basis set as convenient and accurate enough to
use for calculations on a wide series of molecules.

There are 36 unique combinations of the form
X1X2FCCClX3X4, where X1–X4 are hydrogen, fluorine, or
chlorine atoms, which are capable of a 1,2-FCl interchange.
Of these, nine have two possible interchanges — we label
these E- and Z- in the transition geometry because of the
similarity of the transition state to a substituted ethene. A
scheme for these interchanges is given in Fig. 1, and an ex-
planation of the E- and Z- labels is given in Fig. 2. The E0
values for these 45 interchanges are presented in Table 2,
and from this table several general trends can be seen. The
replacement of a hydrogen atom with a fluorine atom on C1
increases the barrier height in all cases; this effect is similar
for a second fluorine substitution. The effect of fluorine sub-
stitution on the second carbon is less consistent than on the
first carbon — substitution of one fluorine in most cases
leads to a slight increase in threshold energy, but in some
cases (such as going from CH2FCH2Cl to CH2FCHFCl),
there is a small decrease in threshold energy. Overall, there
is a consistently upward trend in the barrier height with the
number of fluorine atoms; complete replacement of X = H
with X = F leads to an increase in the value of E0 from
56.4 kcal/mol in CH2FCH2Cl to 74.3 kcal/mol in CF3CF2Cl.

Substitution of a hydrogen by a chlorine on the first car-

Table 1. 1,2-FCl interchange barrier height (E0), in kcal/mol (1 cal = 4.184 J) for
CH2FCH2Cl, CHF2CH2Cl, and CH2FCHCl2, calculated using a range of basis sets
and levels of theory.

E0 (kcal/mol)

Theory/basis set CH2FCH2Cl CHF2CH2Cl CH2FCHCl2
B3PW91/6–31g(d’,p’) 60.0 65.6 60.9
B3LYP/6–31g(d’,p’) 57.5 63.2 58.7
MPWB1K/6–31g(d’,p’) 49.1 54.0 49.4
MPWB95/6–31g(d’,p’) 48.9 53.7 49.2
MP2/6–31g(d’,p’) 72.6 78.2 73.6
CCSD/6–31g(d’,p’) 73.8 80.5 75.4
QCISD/6–31g(d’,p’) 71.4 78.2 72.9
G2MP2 62.0 69.2 63.2
G3MP2B3 57.8 63.8 58.9
CBS-QB3 62.3 69.4 —a

B3PW91/6–311+g(2d,p) 56.4 61.8 56.8
B3PW91/6–311+g(2df,2p) 58.0 63.3 58.2
B3PW91/6–311++g(2d,p) 58.0 63.3 58.2
B3PW91/cc-pvtz 58.4 63.7 58.8
B3PW91/aug-cc-pvtz 57.4 62.7 57.9
B3PW91/cc-pvqz 58.3 63.6 58.7

aCBS-QB3 calculations on this molecule could not be performed owing to the size of the
molecule.

Fig. 2. (a) The Z isomer of CHFCHF and the corresponding Z-
transition geometry for 1,2-FCl interchange of CF2HCHFCl. (b)
The E isomer and corresponding E-transition geometry.
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bon leads to an increase in the E0 value; in general, the first
chlorine substitution has a greater effect than a second
chlorine substitution. Substitution of a hydrogen atom by a
chlorine atom on the second carbon produces a smaller in-
crease in energy than does substitution on the first carbon
atom, and a second chlorine substitution on the second car-
bon atom produces an inconsistent effect, sometimes raising
the energy barrier, sometimes lowering it, all to a slight ex-
tent. The effect of chlorine substitution is consistently
smaller than that of fluorine substitution, and in all compar-
isons, the chlorine-substituted molecules have a lower bar-
rier height than the fluorine-substituted molecules. In all
cases where there are the E and Z pathways, the Z pathway
is slightly lower (between 0.9 and 3.0 kcal/mol) in energy.

We can investigate the trends in barrier heights by sys-
tematically looking at a number of selected results. The
threshold energy for rearrangement depends on the relative
thermodynamic stabilities of the reactant geometry and the
transition geometry — a reactant geometry that is low in en-
ergy would lead to a large value of E0; however, a transition

geometry that is low in energy would lead to a small value
of E0. As these are all rearrangements, the relative energies
of the two alkanes have an effect on the barrier height, the
more thermodynamically stable leading to the higher barrier
height. Because five of these systems are self-exchanges, we
can identify the effects of the transition geometry energy
alone. In two of the molecules capable of self-exchange
there are two transition geometries — the E transition geom-
etry is the self-exchange, the Z transition geometry leads to
a molecule that resembles a rotated form of the opposite
stereoisomer. The barrier height for CH2FCH2Cl is
56.4 kcal/mol, for the E interchange of CHF2CHFCl it is
61.4 kcal/mol, for the E interchange of CHFClCHCl2 it is
60.7 kcal/mol, for CCl2FCCl3 it is 69.3 kcal/mol, and for
CF3CF2Cl it is 74.3 kcal/mol. These show a clear increase
in the barrier height with the replacement of hydrogen atoms
by chlorine and fluorine atoms. Because there is no appreci-
able change in the bond lengths and angles in the transition
geometries, this is attributed to the strengths of the C–F and
C–Cl bonds, and the difficulty in bending those to the near-

Table 2. 1,2-FCl interchange barrier heights (E0 values) in kcal/mol (1 cal = 4.184 J), calculated at
B3PW91/6–311+G(2d,p) for all possible combinations of X1X2CFCClX3X4, where X = H, F, or Cl.

E0 (kcal/mol)

Substituent –CH2Cl –CHCl2 –CCl3 –CHFCl –CFCl2 –CF2Cl
CH2F– 56.4 56.8 55.3 55.4 56 56.6
CHClF– 60.5 60.7/63.7a 62.1 59.5/61.8a 62.3/63.0a 63.2
CHF2– 61.8 63.9/63.0a 63.2 61.4/63.3a 63.9/64.4a 65.2
CCl2F– 62.1 65.4 66.8 63.4 67.1 67.3
CF2Cl– 65.1 67.8/68.5a 69.3 66.5/67.0a 69.9/70.1a 70.9
CF3– 67.9 70.8 71.6 70 72.9 74.3

aWhen there are two possible interchanges, the Z interchange is listed first, followed by the E interchange (see Fig. 2).

Table 3. E0 values (in kcal/mol; (1 cal = 4.184 J)) for 1,2-FCl rearrangements divided
into a series of isomers, and corresponding relative energies of alkanes and alkenes, all
calculated at the B3PW91/6–311+G(2d,p) level of theory.

Isomers and rearrangements E0 (kcal/mol)
Relative energy
of alkane

Relative energy
of alkene

C2F3H2Cl
CF2HCHFCl (Z) 61.4 13.7 10.3
CF2HCHFCl (E) 63.3 12.5 9.6
CF3CH2Cl 67.9 0 0

C2Cl2F2H2

CF2HCHCl2 (Z) 63.9 5.3 2.7
CF2HCHCl2 (E) 63.0 4.6 0.6
CF2ClCH2Cl 65.1 0 0

C2Cl3H2F
CHFClCHCl2 (Z) 63.7 2.0 1.1
CFHClCHCl2 (E) 60.7 1.5 0
CFCl2CH2Cl 62.1 0 1.2

C2F3Cl3
CF2ClCFCl2 (Z) 70.1 4.3 0
CF2ClCFCl2 (E) 69.9 4.2 2.4
CF3CCl3 74.3 0 2.6

C2F3Cl2H
CF2ClCHFCl (Z) 66.5 7.3 5.9
CF2ClCHFCl (E) 67.0 7.6 5.9
CF3CCl2H 70.8 0 0
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planar transition geometry. If we consider the carbon atoms
of the transition geometry to be five-coordinate, the large
chlorine atoms are going to have a significant steric effect.
These results seem to indicate that the strength of the car-
bon–fluorine bonds make it more difficult to bend them to a
more highly coordinated geometry, similar to findings of the
Lewis acidity of BF3 and BCl3.22 This could also explain the
larger increase in barrier height owing to fluorines on C1 as
there are more carbon–fluorine bonds on the one center that
need to distort to rearrange.

We can identify individual trends in the energies of the
starting geometries and the transition-state geometries by
considering the rearrangements in groups of isomeric reac-
tions, as detailed in Table 3, which lists the barrier heights
along with the relative energies of the alkanes that are
undergoing rearrangement, calculated at the B3PW91/6–
311+G(2d,p) level of theory. In all cases except for
C2Cl3H2F, the alkane with the lowest energy corresponds to
the rearrangement with the highest energy barrier. This ex-
plains why substitution of a fluorine on C1 leads to a larger
barrier height than substitution of a fluorine on C2, because
in all the haloethanes there is a significant increase in en-
ergy when there is both a chlorine and a fluorine on the
same carbon (the 2-carbon having the chlorine in the posi-
tion to rearrange). It is a general trend that the barrier height
decreases with the increasing energy of the alkanes; how-
ever, the decrease in energy of the threshold barrier is
smaller than the increase in energy of the alkanes. This is
an indication that the relative energy of the transition geome-
try is increasing as well as the relative energy of the alkanes;
moreover, it is generally a smaller increase in energy.

As pointed out earlier in the results, these transition-state
geometries resemble substituted ethylenes loosely coordi-
nated to a fluorine atom and a chlorine atom. This presents
an opportunity to divide the transition geometries into fami-
lies related by the isomers of the substituted ethylenes, al-
lowing us to make some comparisons of the transition
geometries alone. Optimizations of the three isomeric al-
kenes corresponding to the transition geometries have been
performed, and their relative energies are included in Ta-
ble 3. With the exception of C2F2Cl2 (the alkene correspond-
ing to isomers of C2F3Cl3), the lowest energy alkene
corresponds to the rearrangement with the largest barrier
height. It is satisfying to note that the trends in energy of
these alkenes can account for many of the variations in bar-
rier height. The increase in energy of the alkenes is not as
large in magnitude as the change in energy of the alkanes;
hence, the overall barrier height increases slightly. When
there is a large increase in the energy of the alkane, but
only a small increase in the barrier height (such as in
CF2HCCl2F), there is a substantial increase in the energy of
the alkene corresponding to the transition geometry. These
alkenes share some common factors — the Z isomer is al-
ways lower in energy than the E isomer, and in most cases
this is also seen in the rearrangement.

Conclusions
We have established that the transition-state geometry for

the 1,2-FCl rearrangement of halogenated ethanes is repro-
duced with a wide range of levels of theory. Despite there

being considerable variation in the value of the barrier
heights, a problem when there is no lower bound to the en-
ergy, the relative trends in barrier height for the reaction are
reproduced with almost any level of theory, so we propose
the B3PW91/6–311+G(2d,p) level of theory to be computa-
tionally adequate for our study of the factors affecting this
rearrangement.

Investigation of the barrier heights for all possible F- and
Cl-substituted ethanes show that there is a significant in-
crease in the barrier height if there are fluorines on the
same carbon as the fluorine that is undergoing rearrange-
ment, owing to the increased thermodyamic stability of the
alkane. There is a smaller, but consistent increase in barrier
height when chlorines are substituted, interpreted as a steric
effect of having to bring the chlorines into close proximity
in the quasi-pentavalent carbon involved in the transition ge-
ometry. There is also an effect on the interchange energy
dependent upon the transition geometry — a transition geom-
etry that resembles a low-energy alkene is likely to have a
large barrier height, and increased energy of the alkene leads
to a smaller barrier height. Rearrangement is most likely
when there are a number of hydrogen atoms on the alkane;
however, that can make the interchange less likely to be ob-
served, as it will be in competition with 1,2-HF and 1,2-HCl
eliminations.
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Geminal acylation of a-heterosubstituted
cyclohexanones and their ketals

Ian R. Pottie, Sheldon N. Crane, Anna Lee Gosse, David O. Miller, and
D. Jean Burnell

Abstract: Geminal acylation of derivatives of cyclohexanone with Br, Cl, F, and OCH3 in the a position, and of their cor-
responding dimethyl ketals, could not be accomplished to a significant extent following published procedures. The trans-
formation was accomplished in two steps. The initial BF3�Et2O-mediated reaction with 1,2-
bis(trimethylsilyloxy)cyclobutene gave a cyclobutanone product as a mixture of diastereomers. Only with 2-chlorocyclo-
hexanone did this occur with good diastereoselectivity. Then, pinacol rearrangement of the diastereomeric mixture medi-
ated by Amberlyst-15 in benzene provided the heterosubstituted spirocyclic diketone.

Key words: diastereoselectivity, Mukaiyama aldol, geminal acylation, spirocyclic diketone.

Résumé : L’acylation géminale de dérivés de la cyclohexanone portant des substituants Br, Cl, F et OCH3 en position a

ainsi que celle des diméthylcétals correspondants ne peut pas être réalisée avec des rendements significatifs par les métho-
des rapportées jusqu’à maintenant. On a réussi à effectuer cette transformation en deux étapes. La réaction initiale cataly-
sée par le BF3�Et2O avec le 1,2-bis(triméthylsilyloxy)cyclobutène conduit à un produit à base de cyclobutanone, sous la
forme de mélange de diastéréoisomères. Cette transformation ne s’est effectuée avec une bonne diastéréosélectivité qu’a-
vec la 2-chlorocyclohexanone. La transposition pinacolique du mélange diastéréoisomère catalysée par l’Amberlyst-15
dans le benzène conduit alors à une dicétone spirocyclique hétérosubstituée.

Mots-clés : diastéréosélectivité, aldol de Mukaiyama, acylation géminale, dicétone spirocyclique.

Introduction

The geminal acylation of ketones and their ketals with
1,2-bis(trimethylsilyloxy)cyclobutene (1) is a powerful
method for generating 2,2-disubstituted 1,3-cyclopentane-
dione systems in high yield. Kuwajima and co-workers1 in-
troduced this transformation as a two-step procedure
(Scheme 1). First, a BF3�Et2O-mediated Mukaiyama aldol
between a ketal and 12,3 affords a cyclobutanone, e.g., 2.
Then, pinacol rearrangement of 2 is effected by treatment
with trifluoroacetic acid (TFA), generating a 1,3-diketone
such as 3.

The process can be carried out, generally in excellent
yield, in one pot by the use of a large excess of BF3�Et2O.4–7

Geminal acylation of ketones is facilitated by the addition of
a small amount of water to the reaction medium after forma-
tion of the cyclobutanone intermediate.8 Methyl-substituted
versions of 1 can also be used for this reaction.9,10 Geminal
acylation has appeared as a key process in many synthetic
and methodological endeavors.11–13 Substitution by alkyl
groups a to the ketone, or ketal, reduces the yield of the
geminal acylation. For instance, the ethylene ketal of cyclo-

hexanone was geminally acylated in 96% yield using the
one-pot procedure,13 but the ketal of 2-methylcyclohexanone
gave only a 30% yield of the geminal acylation product.7 In
a similar way, yields with ketones were lower when the a

position was more substituted. The geminal acylation of cy-
clohexanone gave the diketone product in 94% yield, but

Scheme 1. Geminal acylation in two steps with the diethyl ketal of
cyclohexanone.1
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under very similar conditions 2-methylcyclohexanone pro-
vided the diketone in only 62% yield.8 Differing degrees of
a substitution has allowed selective geminal acylation to
take place.8,13 The reason for the attenuation of the yields
has been presumed to be steric hindrance.

It was thought that a substitution by a heteroatom might
be better tolerated than a substitution by an alkyl group be-
cause the former might have a smaller steric effect. The
products of geminal acylations with a-substituted ketones or
ketals would possess functionality that might be useful for
further synthetic manipulation. The results of our experi-
ments with a-substituted cyclohexanones and their corre-
sponding dimethyl ketals are presented here.

Results and discussion
The dimethyl ketals of 2-bromo-, 2-chloro-, 2-fluoro-, and

2-methoxycyclohexanone were subjected to the conditions
previously used by Kuwajima and co-workers1 for the two-
step geminal acylation of the ketal of cyclohexanone. Gemi-
nally acylated product was not detected from any of these
ketals. The same ketals were treated with an excess of 1
and a large excess of BF3�Et2O. These conditions would
have geminally acylated the ketal of cyclohexanone in high
yield,4,7 but, once again, no geminally acylated product was
obtained.

The procedure developed by Kuwajima and co-workers
was used with the four a-substituted ketones, but only two
gave geminally acylated products: 4 in 7% yield from the
2-bromocyclohexanone and 5 in 10% yield from the 2-
methoxycyclohexanone. Conditions had been developed spe-
cifically for the geminal acylation of ketones in one pot.8
When these conditions were applied to the four a-substituted
ketones, only two yielded a detectable amount of a
geminally acylated product: 4 in 24% yield from the 2-
bromocyclohexanone and 6 in 4% yield from the 2-chloro-
cyclohexanone.

TLC analysis of the reactions of the ketals and of the ke-
tones indicated that the starting compounds were consumed
fairly rapidly. 13C NMR spectra of the resulting material in-
cluded clusters of resonances between d 90 and 100 ppm.
Chemical shifts in this region have been seen for the carbi-
nolic carbon of a cyclobutane intermediate,1,8,9 and it was
surmised that as a result of these attempted geminal acyla-
tions, the Mukaiyama aldol reactions had taken place to
give cyclobutanone derivatives (7–14), but the pinacol rear-
rangements had failed. The products from the ketals 7–10
were mixtures with silylated alcohol functions, but product
ratios could not be determined owing to partial desilylation.
The products from the ketones 11–14 were obtained with al-
cohol functions only. NMR signals were discerned for at
least three of the four possible diastereomers of 11–14, and
the proportions of these diastereomers (Table 1) were esti-
mated by integration of the NMR spectra of the crude mix-
tures of diastereomers.

Only 2-chlorocyclohexanone showed good stereoselectiv-
ity (80% of one diastereomer by NMR), and a tiny amount
of the major diastereomer 12a was isolated by repeated flash
chromatography. 2-Bromocyclohexanone had reacted with
modest stereoselectivity (the ratio of diastereomers was
only 3:1:1:1), and a very small amount of the major diaste-

reomer 11a separated from the others during chromatogra-
phy. (The diastereomeric mixtures 9, 10, 13, and 14 could
not be separated by flash chromatography.) It was fortuitous
that both 11a and 12a provided crystals that allowed analy-
sis by X-ray crystallography. This analysis revealed that
these major diastereomers had the same basic structure
(Figs. 1 and 2).

Diastereoselective additions of nucleophiles, such as hy-
dride, organomagnesium reagents, and organolithium re-
agents, to a-heterosubstituted cyclohexanones have been
noted a number of times.14–16 The selectivity has been ra-
tionalized in terms of Felkin–Anh control15 and electrostatic
interactions.14,17 Previous studies involved products that
were predominantly the result of addition to the face of the
carbonyl anti to the heteroatom. However, in both 11a and
12a, the position of the cyclobutanone moiety relative to
the halogen was cis with respect to the cyclohexane ring,
which implied that the Mukaiyama aldol reaction preferen-
tially occurred on the face of the ketone syn to the halogen.
Previous work with conformationally locked cyclohexanones
indicated that addition of hydride was predominantly axial,
and the rate of anti addition to the carbonyl was faster
when the a-heteroatom was axial.14 In other words, the dia-
stereoselectivity of additions of smaller nucleophiles to a-
substituted cyclohexanones arises from axial addition to the
carbonyl when the a-substituent is axial and anti to the in-
coming nucleophile. NMR studies have shown that the cy-
clohexanone conformer with the a-halogen in an axial
position is either the major conformer or at least similar in
energy to the conformer with an equatorial halogen.15,18

In contrast with the reactions of hydride and many orga-
nometallics, the initial step of the geminal acylation of cy-
clohexanone or its ketal gives mainly the product of
equatorial addition.1,8 If that mode of addition is still the
case with the a-heterosubstituted cyclohexanones, what is
intriguing is that the relative stereochemistry observed with
11a and 12a must have arisen by addition of 1 syn to the a-
heteroatom, but with the conformation of the cyclohexanone
having the heteroatom in an axial position. It has been ac-
cepted for a long time that equatorial additions to cyclohex-
anones by larger nucleophiles are due to larger steric
interactions in the transition state for axial addition.19 On
the other hand, the axial disposition of the heteroatom is
likely due to stabilization of the intermediate carbocation
(e.g., 16). Thus, a plausible reason for the generally low
stereoselectivity of the addition reactions summarized in Ta-
ble 1, relative to additions of smaller nucleophiles,13–15

would be that the axial heteroatom would retard attack by
1, since this larger nucleophile would be adding equatori-
ally, which would be syn to the heteroatom, making other
modes of reaction competitive in rate.
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Table 1. Results of the two-step geminal acylation of a-heterosubstituted cyclohexanones and their ketals.
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When some cyclobutanone compounds were maintained
in warm TFA, very little, if any, rearrangement took place,
but the starting compound was steadily consumed, and
some material that was insoluble in common organic
solvents was produced. The formation of a spirocyclic 1,3-
diketone from the cyclobutanone might take place in a step-
wise fashion, by initial generation of an intermediate tertiary
carbocation followed by rearrangement, or by a concerted
mechanism in which carbon–carbon bond reorganization ac-
companies the loss of the oxygen. TFA, being a polar me-
dium, should stabilize a discreet carbocation. However,
calculations by Nakamura and Osamura20 suggested that as
a carbocation is stabilized, the energy required for carbon–
carbon bond reorganization increases. This would likely
make other reaction pathways (leading to decomposition)
more competitive. It was hypothesized that performing the
rearrangement in a nonpolar medium would create a more
favorable situation for a concerted process to occur instead
of other more destructive reaction pathways.

To this end, benzene was chosen as the solvent and

Amberlyst-15, which is a resin with sulfonic acid sites, was
chosen as the acid. Amberlyst-15 had proven to be an excel-
lent catalyst for the rearrangement of cyclobutanone inter-
mediates generated from aldehydes.21 It was gratifying that
the desired spirocyclic 1,3-diketone (6) was obtained in
95% yield. The use of p-TsOH in the place of Amberlyst-
15 gave no rearranged product, just intractable material.
This dramatic difference in the result was evidence that the
macroreticular structure of the resin, and not just its acidity,
plays an important role in promoting the rearrangement of
the cyclobutanone. This may be related to pinacol rearrange-
ments mediated by acidic agents in other porous structures,
e.g., iron(III)-substituted molecular sieves.22

The procedure using Amberlyst-15 was carried out with
all of the cyclobutanone derivatives in Table 1. The cyclo-
butanones derived from ketones (11–14) rearranged within
an hour in benzene under reflux. The halogenated com-
pounds 11–13 provided the 1,3-diketones 4, 6, and 15 in ex-
cellent yield. The methoxy derivative 5 was obtained in
modest yield from 14. Diketone 5 was accompanied by a
significant amount of by-product, which was difficult to sep-
arate. It appeared by 1H NMR spectroscopic analysis to be
17. (Its diagnostic NMR signals were a multiplet at
d 6.98 ppm, a singlet at d 3.71 ppm, and triplets at d 3.00
and 2.64 ppm.) It was likely that 17 was produced from 5
(Scheme 2). Acid-catalyzed elimination of methanol might
be accompanied by ring-opening and generation of the acy-
lium ion 18, which would then capture the evolved methanol
to provide 17.

The reactions of the cyclobutanones derived from the ke-
tals (7–10) were sluggish, requiring 48 h to consume the
starting materials in benzene under reflux. The 1,3-diketones
4, 6, and 15 were isolated in poorer yield than from 11–13,
and the methoxycyclobutanone 10 gave none of the 1,3-
diketone 5. The reason for the slower reaction was the pres-
ence of the TMS group, because desilylation of 8 with
TBAF followed immediately by treatment with Amberlyst-
15 in benzene gave 6 in 88% yield.

The success of the two-step process from ketones
prompted us to re-examine the reactions of two a-substituted
substrates that had given only modest yields of 1,3-diketones
previously. 2-Methylcyclohexanone and 3-methylbutanone
had given 19 and 20 in yields of 62% and 52%, respec-
tively, using the one-pot, two-step method using excess
BF3�Et2O to effect the rearrangement.8 In contrast, using the

Scheme 2.Fig. 1. X-ray crystal structure of 11a.

Fig. 2. X-ray crystal structure of 12a.
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same two-step procedure involving Amberlyst-15 that was
used to produce the spirocyclic 1,3-diketones in Table 1, 19
and 20 were prepared in 84% and 80% yield, respectively,
from the ketones.

In summary, a two-step procedure has been developed for
the geminal acylation of an a-heterosubstituted cyclohexa-
none. The first step is the BF3�Et2O-mediated addition of 1
to the ketone to give a cyclobutanone intermediate, and the
second is the rearrangement of the cyclobutanone in benzene
with Amberlyst-15. The process works less well with the
corresponding ketal. Following the same procedure, yields
of geminally acylated products from ketones substituted in
the a position with alkyl groups are improved over the older
one-pot, two-step procedure. It is expected that the proce-
dure will be widely applicable for the geminal acylation of
other cyclic and acyclic ketones with a substitution.

Experimental

General
All reactions were performed under N2. BF3�Et2O was dis-

tilled before use. CH2Cl2 and benzene were distilled from
calcium hydride before use. Flash chromatography used
230–400 mesh silica gel, starting with 20% ethyl
acetate – hexane mixtures with an increasing portion of ethyl
acetate as the eluting solvent. 1H NMR spectra were re-
corded in CDCl3. Chemical shifts are relative to internal
TMS. 13C NMR chemical shifts are relative to the CDCl3
solvent (d 77.0 ppm). Each 13C NMR chemical shift is fol-
lowed by a number in parentheses that represents the num-
ber of attached protons as determined by DEPT
experiments. Compound 1 was prepared by the method of
Bloomfield and Nelke.3 2-Chloro-, 2-methoxy-, and 2-
methyl-cyclohexanone and 3-methylbutanone were pur-
chased (Sigma-Aldrich). 2-Bromo- and 2-fluorocyclohexa-
none were prepared by oxidation of the corresponding
alcohols23 with pyridinium chlorochromate. Ketals24 were
formed by treatment of the ketones with methanol–trimethyl-
orthoformate (1:1) with some p-TsOH.

General procedure for geminal acylation
To a solution of the ketone or ketal (1.0 mmol) in CH2Cl2

(8 mL) at –78 8C was added BF3�Et2O (1.5 mmol) and then
1 (3.0 mmol) dropwise. The mixture was warmed slowly to
room temperature (rt) and then stirred until TLC indicated
that the starting ketone or ketal was consumed. The mixture
was concentrated under reduced pressure. Flash chromatog-
raphy was used to remove unreacted and decomposed 1
from the mixture of cyclobutanone products. The cyclobuta-
none mixture was dissolved in benzene (25 mL). Amberlyst-
15 (0.25 g) was added to this solution, and the resulting
mixture was heated under reflux. When TLC indicated that
the cyclobutanones had been consumed, the mixture was

cooled to rt, and the Amberlyst-15 was removed by gravity
filtration. The filtrate was concentrated under reduced pres-
sure, and flash chromatography afforded the 1,3-diketone.
Characterization data for the 1,3-diketones 4, 5, 6, and 15
and the cyclobutanone intermediates 11a and 12a are given
in the following. Data for 19 and 20 were consistent with
published data.7

6-Bromospiro[4.5]decane-1,4-dione (4)
Solid, mp 56–58 8C. IR (Nujol, cm–1): 1728, 1460, 1377,

1311, 1178, 986, 696. 1H NMR (500 MHz) d: 4.12 (dd, J =
12.7, 4.7 Hz, 1H), 2.81–2.73 (m, 4H), 2.54 (dq, J = 13.1,
4.1 Hz, 1H), 2.13 (m, 1H), 1.86 (m, 1H), 1.80–1.73 (m,
2H), 1.59 (m, 1H), 1.51 (m, 1H), 1.40 (m, 1H). 13C NMR
(125 MHz) d: 214.2 (0), 213.1 (0), 59.3 (0), 49.4 (1), 35.5
(2), 34.8 (2), 32.9 (2), 31.7 (2), 26.7 (2), 18.9 (2). GC–MS:
246 (M+2, 2), 244 (M+, 2), 166 (11), 165 (100), 164 (8), 147
(4), 123 (15), 109 (14), 95 (7). HRMS (EI) calcd. for
C10H13BrO2: 244.0099; found: 244.0098.

6-Methoxyspiro[4.5]decane-1,4-dione (5)
Yellow oil. 1H NMR (500 MHz) d: 3.44 (dd, J = 11.7,

4.5 Hz, 1H), 3.20 (s, 3H), 2.73–2.63 (m, 4H), 1.97 (m, 1H),
1.88 (m, 1H), 1.83–1.75 (m, 2H), 1.59 (m, 1H), 1.50–1.44
(m, 2H), 1.30–1.24 (m, 2H). 13C NMR (125 MHz) d: 217.8
(0), 215.9 (0), 83.8 (1), 59.4 (0), 56.9 (3), 36.5 (2), 35.9 (2),
30.1 (2), 24.9 (2), 23.8 (2), 19.9 (2). GC–MS: 196 (M+, 64),
182 (25), 181 (100), 165 (53), 164 (80), 163 (54), 141 (51),
138 (58), 136 (58), 125 (68), 112 (96). HRMS (EI) calcd.
for C11H16O3: 196.1099; found: 196.1092.

6-Chlorospiro[4.5]decane-1,4-dione (6)
Solid, mp 42–46 8C. 1H NMR (500 MHz) d: 4.08 (dd, J =

12.5, 4.7 Hz, 1H), 2.82–2.72 (m, 4H), 2.38 (m, 1H), 2.01
(m, 1H), 1.91 (m, 1H), 1.78–1.71 (m, 2H), 1.56–1.46 (m,
2H), 1.38 (m, 1H). 13C NMR (125 MHz) d: 214.4 (0), 213.1
(0), 59.4 (0), 59.1 (1), 35.9 (2), 35.2 (2), 32.2 (2), 31.0 (2),
25.6 (2), 18.9 (2). GC–MS: 202 (M+2, 2), 200 (M+, 5), 166
(11), 165 (100), 164 (28), 147 (9), 137 (6), 123 (24), 109
(34). HRMS (EI) calcd. for C10H13ClO2: 200.0604; found:
200.0598.

6-Fluorospiro[4.5]decane-1,4-dione (15)
Solid, mp 62–63 8C. IR (Nujol, cm–1): 1721, 1456, 1377,

1307, 1182, 1020, 963. 1H NMR (500 MHz) d: 4.70 (ddd,
J = 4.8, 11.8, 47.4 Hz, 1H), 2.80–2.70 (m, 4H), 2.15 (m,
1H), 1.97–1.89 (m, 2H), 1.78–1.65 (m, 2H), 1.51–1.45 (m,
2H), 1.32 (m, 1H). 13C NMR (125 MHz) d: 215.0 (0), 213.4
(0), 94.2 (1, d, J = 175.4 Hz), 58.9 (0, d, J = 20.0 Hz), 35.8
(2, d, J = 70.7 Hz), 30.2 (2, d, J = 5.7 Hz), 26.8 (2, d, J =
18.0 Hz), 23.1 (2, d, J = 11.5 Hz), 19.2 (2). GC–MS: 184
(M+, 80), 164 (49), 155 (18), 129 (18), 109 (96), 103 (23),
81 (100). HRMS (EI) calcd. for C10H13FO2: 184.0900;
found: 184.0904.

(1’R*,2R*,2’S*)-2-(2-Bromo-1-hydroxycyclohexyl)-2-
hydroxycyclobutanone (11a)

Solid. IR (Nujol, cm–1): 3389 (sharp), 1776, 1737, 1462,
1377. 1H NMR (300 MHz) d: 4.40 (narrow m, 1H), 3.25
(ddd, J = 8.6, 12.4, 17.4 Hz, 1H), 3.23 (s, OH), 2.93 (ddd,
J = 6.9, 10.8, 17.4 Hz, 1H), 2.70 (m, 1H), 2.45 (s, OH),
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2.37–2.14 (m, 4H), 1.91 (d of narrow m, J = 15.0 Hz, 1H),
1.81–1.55 (m, 4H), 1.41 (br d, J = 13.8 Hz, 1H). 13C NMR
(75 MHz) d: 212.7 (0), 95.5 (0), 74.6 (0), 51.4 (1), 44.4 (2),
30.5 (2), 27.6 (2), 26.0 (2), 20.1 (2), 20.0 (2). GC–MS: no
M+, 182 (2), 164 (46), 139 (53), 125 (43), 112 (59), 111
(60), 81 (68), 79 (57), 55 (100).

(1’R*,2R*,2’S*)-2-(2-Chloro-1-hydroxycyclohexyl)-2-
hydroxycyclobutanone (12a)

Solid, mp 126–128 8C. 1H NMR (300 MHz) d: 4.29 (br s,
1H), 3.42 (s, OH), 3.24 (m, 1H), 2.90 (m, 1H), 2.67 (m,
1H), 2.44 (s, OH), 2.35–1.94 (m, 4H), 1.82 (d of narrow m,
J = 17 Hz, 1H), 1.81–1.55 (m, 4H), 1.41 (br d, J = 12 Hz,
1H). 13C NMR (75 MHz) d: 211.8 (0), 94.2 (0), 74.6 (0),
60.2 (1), 46.1 (2), 31.7 (2), 29.1 (2), 27.2 (2), 21.9 (2), 21.0
(2). GC–MS: no M+, 183 (3), 165 (56), 133 (45), 109 (77),
81 (100), 79 (64), 55 (80), 43 (99).

X-ray crystallography
Table 2 summarizes the crystallographic data for 11a and

12a. Diffraction data were acquired using a Rigaku AFC6S
diffractometer with graphite-monochromated Cu Ka radia-
tion (l = 1.541 78 Å). An empirical absorption correction
was applied. The data were corrected for Lorentz and polar-
ization effects. The structures were solved by direct methods
and expanded using Fourier techniques. The non-hydrogen
atoms were refined anisotropically. Hydrogen atoms were
refined using the riding model. Final cycles of full-matrix
least-squares refinement were applied. All calculations were
performed using the CrystalStructure25 crystallographic soft-

ware package except for refinement, which was performed
using SHELXL-97.26

Supplementary data

Supplementary data for this article are available on the
journal Web site (canjchem.nrc.ca). CCDC 760849 and
760850 contain the X-ray data in CIF format for this manu-
script. These data can be obtained, free of charge, via www.
ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge
Crystallographic Data Centre, 12 Union Road, Cambridge
CB2 1EZ, UK; fax +44 1223 336033; or deposit@ccdc.
cam.ac.uk).
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On the stabilization of the carbonate dianion by
sulfur dioxide

Friedrich Grein, Justin K. Chan, and Idlir Liko

Abstract: The stabilization in the gas phase of the carbonate dianion CO2�
3 by SO2 molecules is being investigated. The

geometries of various isomers of CO2�
3 (SO2)n and CO1�

3 (SO2)n, for n = 1–4, have been optimized by the B3PW91/6–
311+G(3df) method. Single-point CCSD and CCSD(T) energies at the DFT-optimized geometries were obtained for n =
1–3, using the 6–311+G(d) basis set. For n = 1 and 2, the monoanionic clusters are adiabatically more stable than the dia-
nionic ones. However, starting at n = 3, they become less stable. The CCSD adiabatic electron detachment energy of the
dianionic cluster switches from –0.39 eV for n = 2 to +0.20 eV for n = 3. The vertical electron detachment energy turns
positive at n = 2, with a CCSD value of 1.35 eV. Several of the less stable dianionic, and most of the monoionic clusters,
are characterized by the transfer of an oxygen atom from CO3 to SO2, forming SO2�

3 or SO1�
3 units, owing to SO2�=1�

3 +
CO2 being more stable than CO2�=1�

3 + SO2. For the stabilization of the sulfate dianion by stepwise hydration, studied
both experimentally and theoretically by other groups, a minimum of three water molecules was required.

Key words: dianion stabilization, carbonate dianion, stabilization with SO2, adiabatic electron detachment energy, vertical
electron detachment energy, density functional calculations, coupled cluster calculations, structure of carbonate – sulfur di-
oxide clusters, SO3 formation.

Résumé : On a étudié la stabilisation en phase gazeuse du dianion carbonate, CO�2
3 , par des molécules de SO2. Les géo-

métries des divers isomères de CO�2
3 ðSO2Þn et de CO�3 ðSO2Þn, pour n = 1 à 4, ont été optimisées par la méthode

B3PW91/6–311+G(3df). On a obtenu des énergies ponctuelles d’agrégats couplés avec des excitations simple et double
(ACSD) et d’agrégats couplés avec des excitations simple et double et perturbatrices triples (ACSD(T)) pour les géomé-
tries optimisées par des calculs basés sur la théorie de fonctionnelle de la densité (TFD) pour n = 1 à 3, en utilisant un en-
semble de base 6–311+G(d). Pour n = 1 et 2, les agrégats monoioniques sont adiabatiquement plus stables que les
diatomiques. Toutefois, commençant avec n = 3, ils deviennent moins stables. L’énergie d’arrachement adiabatique d’un
électron d’un agrégat dianionique (ACSD) passe de –0,39 eV pour n = 2 à + 0,20 eV pour n = 3. L’énergie d’arrachement
vertical d’un électron devient positive à n = 2, avec une valeur d’ACSD de 1,35 eV. Plusieurs agrégats dianioniques moins
stables et la plupart des monoioniques sont caractérisés par le transfert d’un atome d’oxygène du CO3 au SO2, conduisant
à la formation d’unités SO�2

3 ou SO1�
3 en raison du fait que SO2�=1�

3 þ CO2 est plus stable que CO2�=1�
3 þ SO2. Pour la

stabilisation du dianion sulfate par hydratation par étape, étudiée tant d’un point de vue expérimental que théorique par
d’autres groupes, un minimum de trois molécules d’eau est requis.

Mots-clés : stabilisation de dianion, dianion carbonate, stabilisation par du SO2, énergie d’arrachement adiabatique
d’électron, énergie d’arrachement vertical d’électron, calculs d’après la théorie de la fonctionnelle de la densité, calculs de
couplages d’agrégats, structure d’agrégats carbonate – dioxyde de soufre, formation de SO3.

Introduction
It is well known that the ‘‘textbook’’ dianions CO2�

3 ,
SO2�

4 , and other multiply charged anions (MCA), like
PO3�

4 , are not electronically stable in the gas phase, and de-
cay by auto electron detachment to the corresponding lower
charge anions.1 However, these polyanions are stabilized in
solution and through counterions in the solid state. Stefano-
vich et al.2 performed quantum chemical studies on dianions
in the isolated state and solvated in water. For CO2�

3 , the verti-
cal electron detachment energy (VDE) changed from –3.4 eV

in the gas phase (CO2�
3 less stable than CO1�

3 ) to +9.9 eV
in water (CO2�

3 (aq) more stable than CO1�
3 (aq)). For the sul-

fate dianion SO2�
4 , VDE changed from –1.6 to +9.6 eV. In-

deed, the changes in stability are substantial.
Experimental studies led to a better understanding of

MCAs. Hydrated sulfate clusters SO2�
4 (H2O)n, dithionate

clusters S2O6
2–(H2O)n, and peroxydizulfate clusters

S2O2�
8 (H2O)n in the gas phase were discovered by Blades

and Kebarle.3 The smallest number of H2O molecules
needed to stabilize the sulfate dianion was three. Wang et

Received 08 February 2010. Accepted 14 June 2010. Published on the NRC Research Press Web site at canjchem.nrc.ca on 29 October
2010.
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al.4 performed photoelectron spectroscopy of gas-phase
SO2�

4 (H2O)n clusters. In agreement with Blades and Kebarle,
they found the minimum number of water molecules re-
quired to stabilize SO2�

4 in the gas phase to be three.
Smaller clusters were not stable. The experimental findings
were supported by DFT/B3LYP geometry optimizations on
clusters of the dianions SO2�

4 (H2O)n and corresponding
monoanions SO1�

4 (H2O)n for n = 1–6, using the TZVP basis
set augmented with diffuse functions on all atoms. Single-
point B3LYP calculations were added using the aug-cc-
pVTZ basis set for S and O, and cc-pVTZ for H. In agree-
ment with experimental results, the calculated adiabatic
electron detachment energies (ADE) were negative (unstable
dianionic clusters) for n = 1 and n = 2, but turned positive
starting with n = 3. For n = 3, ADE was calculated as
0.32 eV, compared with 0.4 ± 0.2 eV experimental. For n =
4, a calculated ADE of 0.90 eV is to be compared with an
experimental value of 1.00 ± 0.1 eV. All calculated ADEs
were found to lie within the error bars of the experimental
values. In a more recent paper, temperature-dependent iso-
mer populations of gas-phase SO2�

4 (H2O)n clusters were
studied by performing measurements also at low tempera-
ture.5 In another case of interest to the present work, photo-
electron spectra of oxalate dianion clusters C2O4

2–(H2O)n in
the gas phase were investigated.6 The smallest observable
cluster was n = 3, with an experimental ADE of 0.00 eV
and a VDE of 0.50 eV. B3LYP calculations were performed
up to n = 6. The calculated VDE for n = 3 was 0.48 eV, in
excellent agreement with the experimental value. VDE for
the highest calculated cluster, n = 6, was 1.75 eV vs
1.84 eV experimental. Again, all calculated VDEs were
found to lie within 0.1 eV of the experimental values.

Whereas the stabilization of dianions by water has been
relatively well studied, it can be argued that dianions may
also be stabilized in atmospheres of oxygen, carbon dioxide,
sulfur dioxide, other oxides, and by other gases. The driving
force of MCA stabilization by cluster formation with mole-
cules like carbon dioxide and sulfur dioxide is seen in the
delocalization of negative charge, owing to bond formation
and the increase in volume available for charge distribution.

The stabilization of dianions and more highly charged
anions by common gases is considered to be of interest. For
this purpose, we have embarked on a project to theoretically
study the stabilization of CO2�

3 , SO2�
4 , and PO3�

4 by the di-
oxides CO2, SO2, and NO2. Obviously, the program can be
extended to other MCAs and to many other gas molecules.

In the present first paper in this series, the stabilization of
the carbonate dianion by sulfur dioxide will be investigated.
Geometries of the clusters CO1�

3 (SO2)n and CO2�
3 (SO2)n are

to be optimized by DFT methods. From these studies, it is
predicted that carbonate requires a minimum of three sulfur
dioxide molecules to be adiabatically stabilized in the gas
phase. For vertical stabilization, only two SO2 molecules
are required. A search of the literature on carbonate mono-
anion and dianion clusters showed studies on CO2�

3 (H2O)n,
CO1�

3 (H2O)n, CO1�
3 (CO2), and CO1�

3 (CO)n.7–11 However, to
the best of our knowledge, the question of stabilization of
CO2�

3 by water molecules or any other molecules has not
been addressed. Rudolph et al.7 obtained Raman spectra of
hydrated carbonate in aq K2CO3 solutions. The vibrational

frequencies were compared with DFT values calculated for
CO2�

3 and CO2�
3 (H2O)n, with n = 1 and 2. In a theoretical

paper by Pathak et al.,8 geometries and energies of
CO2�

3 (H2O)n (n = 1–6) clusters were obtained for the pur-
pose of studying the changes to the IR spectra by sequential
hydration of the carbonate dianion. Large shifts in the
stretching mode of H2O were found, whereas the bending
mode of H2O and the normal modes of CO2�

3 were little af-
fected. Hydration energies were calculated as the difference
between the energy of CO2�

3 (H2O)n and the energy of CO2�
3

plus n water molecules in the gas phase. In a recent paper
by Pathak and Maity,9 IR spectra of the monoanionic hy-
drated clusters CO1�

3 (H2O)n were calculated. Shkrob10 inves-
tigated several possible structures of CO1�

3 (H2O) and
CO1�

3 (CO2). Hiraoka et al.11 performed experimental and
theoretical studies on CO1�

3 (CO)n, for n = 0–4.

Methods
DFT calculations on CO1�

3 (SO2)n and CO2�
3 (SO2)n, from

n = 0–4, were performed with the Gaussian03 programs,12

using the B3PW91 functional13,14 with the 6–311+G(3df)
basis set.

The D3h structure of CO2�
3 is shown in Fig. 1. Starting

structures for geometry optimizations of the CO1�
3 (SO2)n

and CO2�
3 (SO2)n clusters were chosen such as to cover all

possible bonding arrangements. A summary is provided in
Table 1. The structures are labelled 1A, 2A, 2B, 2C, 3A,
etc., where the number indicates the total number of SO2
groups, and the letters differentiate between the different
structures for the given n. One to three SO2s are O–S bound
to the CO3 oxygens O2, O3, and O4 (Fig. 1, primary SO2s).
Clusters having only primary SO2s are 1A, 2B, and 3C. SO2
groups attached to prior SO2 can be S–S or O–S bound.
Both possibilities have been taken into account. S–S clusters
are 2C, 3D, 3E, and 4F–4I. For those, Cs symmetry is pos-
sible. Clusters that have O–S bonds in addition to the pri-
mary bonds (2A, 3A, 3B, 4A, 4B, 4C, 4D, and 4E) do not
have any symmetry. The same starting structures were used
for monoanionic and dianionic clusters. Optimized structures
fitting these basic types will be shown in the forthcoming
figures. In cases where no symmetry was imposed, the final
optimized structure did not necessarily retain the type of
bonding imposed in the starting structure. For example, S–S
bonds have in several cases changed to O–S bonds. Overall,
Table 1 contains 18 different structures. Structures that al-
low for Cs symmetry, 10 of 18, were initially calculated
without symmetry, and thereafter with Cs symmetry. In total,
28 starting structures were used for geometry optimizations,
both for the monoanionic and dianionic clusters.

Convergence was usually fast for the dianionic clusters,
but often very slow and difficult for the monoanionic ones.
Full convergence, or convergence to at least 1 � 10–6 au,
has been accomplished in all cases listed in the tables. The
reason for the poor convergence characteristics of the mono-
anions will be explained later.

Single-point calculations with the 6–311+G(d) basis set
were performed using the coupled cluster method with sin-
gle and double excitations (CCSD) for n = 0, 1, 2, and 3,
and with noniterative triple excitations (CCSD(T)) for n =

1126 Can. J. Chem. Vol. 88, 2010
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0, 1, and 2 at the B3PW91/6–311+G(3df) optimized geome-
tries.

Results

CO2�
3 and CO1�

3

The literature is unanimous on CO2�
3 having D3h symme-

try. The situation is not so clear for CO1�
3 , which in some

calculations shows D3h and in others C2v symmetry. In Ta-
ble 2, DFT/B3PW91 and CCSD(T) results are listed for
CO1�

3 and CO2�
3 , always using the 6–311+G(3df) basis set.

CCSD(T) results for CO1�
3 have been obtained in both C2v

and D3h symmetry. In CCSD(T), the C2v structure is
1.11 eV lower in energy than the D3h structure. The C2v

structure for CO1�
3 is in agreement with experimental re-

sults.15 The opposite is the case in DFT. Here, a geometry
optimization of CO1�

3 starting in C2v leads to D3h symmetry.
Table 2 shows that the DFT geometry for the dianion is
close to the CCSD(T) values. CCSD(T) and DFT ADEs and
VDEs of CO2�

3 , also given in Table 2, differ by about
0.2 eV.

While there is agreement on the need for diffuse functions
for stable negative ions, such is not the case for unstable or
metastable anions, like CO2�

3 . Indeed, energies like ADE de-
pend much on the amount of diffuse character in the basis
set. For example, using the 6–311G(3df) basis set, differing
from the standard basis set by the omission of diffuse
functions, the DFT ADE for CO2�

3 is –5.34 eV, compared
with –3.69 eV using 6–311+G(3df), a difference of 1.65 eV.
Obviously, with more diffuse functions, the ADE will be-
come lower (less negative), as the energy of the dianion ap-
proaches that of the monoanion. On the other hand,
comparing the energies of dianions with those of the corre-
sponding monoanions, a task that is required for the present
work, demands a common basis set. One cannot use a dif-
fuse basis set for the monoanions, and a nondiffuse set for
the dianions. This is especially important, as with increased
additions of SO2, the dianionic structures eventually become
more stable than the monoanionic ones. Of the two possibil-
ities, a basis set with no diffuse functions or one with, the
latter has been chosen. This choice is supported by the fact
that excellent results were obtained for the SO2�

4 (H2O)n

clusters using diffuse functions.4 Also, VDE(CO2�
3 ) calcu-

lated here with the diffuse basis set (–3.56 eV for DFT and
–3.34 eV for CCSD(T)) is close to the result obtained by
Stefanovich et al.2 (3.4 eV, see Introduction).

Binding and stabilization energies of clusters
In Table 3, calculated B3PW91 energies of the

CO1�
3 (SO2)n and CO2�

3 (SO2)n clusters are listed for each
bonding type, as detailed in Table 1. The lowest energy
structures (bold in Table 3) for the monoanions/dianions are
2C/2B for n = 2, 3E/3C for n = 3, and 4H/4H for n = 4. A
discussion of these structures will be deferred until later.
Also included in Table 3 are the binding energies. The bind-
ing energies DEn(–1) and DEn(–2) express the stabilization
of monoanionic or dianionic complexes relative to the frag-
ments CO1�

3 + nSO2 or CO2�
3 + nSO2.

½1� DEnð�1Þ ¼ �E½CO1�
3 ðSO2Þn� þ EðCO1�

3 Þ þ nEðSO2Þ

½2� DEnð�2Þ ¼ �E½CO2�
3 ðSO2Þn� þ EðCO2�

3 Þ þ nEðSO2Þ

Table 3 shows that the binding energies for the monoa-
nionic clusters increase from 1.67 eV for n = 1, to 2.44 eV
for n = 2, to 2.77 eV for n = 3, and to 3.00 eV for n = 4. As
expected, the dianionic clusters have much larger binding
energies, ranging from 3.39 eV for n = 1 to 7.18 eV for n =
4.

The incremental binding energies for the lowest energy
clusters of each n, calculated by B3PW91, CCSD, and
CCSD(T), are shown in Table 4. They are defined as

½3� DEn�1;nð�1Þ ¼ DEnð�1Þ �DEn�1ð�1Þ

½4� DEn�1;nð�2Þ ¼ DEnð�2Þ �DEn�1ð�2Þ

The B3PW91 values decrease from 1.67 to 0.23 eV for
CO1�

3 (SO2)n, n = 1–4, and from 3.39 to 0.75 eV for
CO2�

3 (SO2)n, n = 1–4. The CCSD and CCSD(T) values, as
far as available, follow a similar pattern. Most lie within
0.2 eV of the DFT numbers.

In Table 5, B3PW91, CCSD and CCSD(T) ADEs and
VDEs for the lowest energy structures are listed. The ADE
is given by

½5� ADE ¼ E0½CO1�
3 ðSO2Þn� � E0½CO2�

3 ðSO2Þn�

for the lowest energy structure of the mono- and di-anion.
The VDE is defined as

½6� VDE ¼ Evert½CO1�
3 ðSO2Þn� � E0½CO2�

3 ðSO2Þn�

where the energy of the anionic cluster CO1�
3 (SO2)n is cal-

culated at the optimized geometry of the lowest energy dia-
nion CO2�

3 (SO2)n for the given n. As defined, ADE and
VDE are negative if the dianion is less stable than the
monoanion, and positive otherwise.

As seen from Table 5, the B3PW91 values for ADE are
negative for n = 0–2. The ADE for n = 3 is –0.03 eV, an
energy small enough to fall within the error range of the cal-
culations. However, at n = 4 the ADE has turned positive,
with a value of +0.50 eV. ADE values obtained by the
CCSD and CCSD(T) methods are very close to the DFT
numbers for n = 0, ~0.2 eV less negative for n = 1, and
~0.5 eV less negative for n = 2. For n = 3, the ADE calcu-
lated by CCSD has become positive, with a value of
0.20 eV. It is expected that the CCSD(T) value for n = 3 is
very close. Using the CCSD result, it can be concluded that
with the addition of three SO2 molecules the dianionic clus-
ters have turned from being less to being more stable than

Fig. 1. Structure of CO2�
3 .
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the monoanionic ones. All methods agree on the VDEs
being negative for n = 0 and 1, but turning positive for n =
2. VDE differences between DFT and CCSD(T) values are
0.2 eV or less. The CCSD value for n = 3 is 2.12 eV, com-
pared with 2.02 eV for DFT.

Geometries of clusters
A selection of optimized structures for the dianions

CO2�
3 (SO2)n is shown in Fig. 2, and for the monoanions

CO1�
3 (SO2)n in Fig. 3. The labels refer to the starting struc-

tures. In most, but not all, cases the geometry optimization
retained the bonding arrangements of the starting structures.
Looking first at the dianionic structures in Fig. 2, one recog-
nizes that in all structures C1–O–S is bent, with an angle of
~1208. In 1A the O2–S5 bond distance is 1.740 Å. The low-
est energy structure for n = 2 is 2B, with Cs symmetry. Both
O–S bonds are about 1.90 Å long. Apparently, attaching the
second SO2 group to a second CO3 oxygen is energetically
more favorable than a chainlike attachment, such as seen in
2A (O–S) or 2C (S–S). This trend continues for n = 3. Here,

3C, with three SO2 groups attached to the three CO3 oxy-
gens, is the lowest energy structure. 3C has a ‘‘paddle-
wheel’’ shape, with an O–S bond length of 2.049 Å. It ac-
tually has the higher symmetry C3h. The energies of 3B and
3E, with two SO2 groups attached to CO3, are closest to 3C,
whereas the chainlike structure 3D is highest in energy. For
n = 4, eight structures are shown. The lowest energy one is
4H. Here, as expected, three SO2 groups are attached to
CO3, as in 3C, and the fourth group is attached to one of
the primary SO2s. The only question here refers to the type
of bonding for the fourth SO2. Somewhat to our surprise, the
S–S bonded symmetric structure 4H(Cs) lies 0.41 eV higher
in energy than the nonsymmetrical structure 4H, the latter
having S–O bonding. In 4H, the O2–S5 bond is 1.834 Å,
whereas the O3–S11 and O4–S14 bonds are 2.15 and
2.16 Å, respectively, in length. The O7–S8 bond length is
2.261 Å. A S–S bond length of 2.716 Å in 4H(Cs) indicates
very weak S–S bonding. The 4H structure was designed to
give S–S bonding, but without symmetry restriction it con-
verted to O–S bonding. As such, it is the equivalent of 4C.

Table 1. Schematics for the starting structures of CO3(SO2)n.

Oxygen

Structure O2 O3 O4
1A (Cs) –SO2

2A –SOO–SO2

2B (Cs) –SO2 –SO2

2C (Cs) –S(O2)–SO2

3A –SOO–SOO–SO2

3B –SOO–SO2 –SO2

3C (Cs) –SO2 –SO2 –SO2

3D (Cs) –S(O2)–S(O2)–SO2

3E (Cs) –S(O2)–SO2 –SO2

4A –SOO–SOO–SOO–SO2

4B –SOO–SOO–SO2 –SO2

4C –SOO–SO2 –SO2 –SO2

4D –SOO–SO2 –SOO–SO2

4E –SOO–SOO(–SO2)–SO2

4F (Cs) –S(O2)–S(O2)–S(O2)–SO2

4G (Cs) –S(O2)–S(O2)–SO2 –SO2

4H (Cs) –S(O2)–SO2 –SO2 –SO2

4I (Cs) –S(O2)–SO2 –S(O2)–SO2

Note: The SO2 groups are bonded to the CO3 oxygens O2 to O4, and chainlike to
previously added SO2s. –SOO–SO2 represents O–S bonding, –S(O2)–SO2 represents S–
S bonding. 4E is a branched structure.

Table 2. Comparison of B3PW91/6–311+G(3df) (DFT) with CCSD(T)/6–311+G(3df) (CC) results
for CO1�

3 and CO2�
3 .

CO1�
3 CO2�

3

Method Method

Parameter DFT CC (D3h) CC (C2v) DFT CC (D3h)
R (C—O2) 1.2667 1.2716 1.2480 1.3011 1.3057
R(C—O3/C—O4) — — 1.2863 — —
a (O–C–O) 120 120 124.07 120 120
ADE — — — –3.69 –3.43
VDE — — — –3.56 –3.34

Note: Distances (R) are in Å, angles (a) are in 8. Adiabatic (ADE) and vertical (VDE) electron detachment
energies are in eV. The C2v structure is 1.11 eV lower in energy than the D3h structure.
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The latter structure has a slightly higher energy (by
0.02 eV), caused by the different orientation of the secon-
dary SO2 group. In 3D, 4A, 4E, and 4F, the C1–O2 bond is
very long, ranging from 2.60 to 2.98 Å. Here, an oxygen has
been pulled off the carbonate dianion to form CO2 +

SO2�
3 (SO2)n–1. In these structures, only one of the SO2s is

bonded directly to CO2�
3 , whereas the other SO2 groups

have chainlike attachments. Calculations show that SO2�
3 +

CO2 is lower in energy than CO2�
3 + SO2 by 1.47 eV. In

C3v symmetry, the calculated S–O bond distance of SO2�
3 is

Table 3. Calculated B3PW91/6–311+G(3df) energies of CO1�
3 (SO2)n and CO2�

3 (SO2)n, E(–1)
and E(–2), respectively, in atomic units.

Calculated B3PW91/6–311+G(3df) energy Binding energy

Structure E(–1) E(–2) DEn(–1) DEn(–2)
0 –263.805 799 –263.670 269 — —
1A –812.469 863 (Cs) –812.397 830 (Cs) 1.67 3.39
2A –1361.101 128 –1361.057 597 2.44 4.94
2B –1361.086 910 (Cs) –1361.068 646 (Cs) 2.05 5.25
2C –1361.101 146 –1361.049 932 2.44 4.74
3A –1909.663 066 –1909.698 821 1.33 5.99
3B –1909.679 486 –1909.700 259 1.78 6.03
3C –1909.684 457 (Cs) –1909.714 963 (Cs) 1.91 6.43
3D –1909.711 485 (Cs) –1909.699 007 2.65 6.00
3E –1909.716 062 –1909.700 636 2.77 6.04
4A –2458.318 112 –2458.334 160 2.75 6.88
4B –2458.323 810 –2458.327 984 2.91 6.71
4C –2458.326 406 –2458.335 024 2.98 6.90
4D –2458.322 398 –2458.335 753 2.87 6.92
4E –2458.323 934 –2458.336 237 2.91 6.93
4F –2458.323 908 –2458.331 613 2.91 6.81
4G –2458.323 318 (Cs) –2458.326 667 2.89 6.67
4H –2458.327 115 –2458.345 496 3.00 7.18
4I –2458.323 816 –2458.323 056 2.91 6.57

Note: Binding energies DEn(–1) and DEn(–2) are in eV. The structure labels refer to the starting struc-
ture used for geometry optimizations (Table 1). The energy of SO2 is –548.602792 au.

Table 4. Incremental binding energies (eV) for the lowest energy structures, obtained by B3PW91,
CCSD, and CCSD(T) methods. Binding energy DE(–1) : DEn,n–1(–1) for CO1�

3 (SO2)n and DE(–2) :
DEn,n–1(–2) for CO2�

3 (SO2)n.

Method

B3PW91 CCSD CCSD(T)

Binding energy (eV)

Cluster DE(–1) DE(–2) DE(–1) DE(–2) DE(–1) DE(–2)

CO1�=2�
3 (SO2)1 1.67 3.39 1.45 3.23 1.27 3.11

CO1�=2�
3 (SO2)2 0.77 1.86 0.25 1.67 0.56 1.67

CO1�=2�
3 (SO2)3 0.33 1.18 0.55 1.14 — 1.15

CO1�=2�
3 (SO2)4 0.23 0.75 — — — —

Table 5. Adiabatic (ADE) and vertical (VDE) electron detachment energies (eV) for
CO2�

3 (SO2)n, obtained by B3PW91, CCSD, and CCSD(T) methods.

Method

B3PW91 CCSD CCSD(T)

Cluster ADE VDE ADE VDE ADE VDE

CO1�=2�
3

–3.69 –3.56 –3.59 –3.38 –3.64 –3.55

CO1�=2�
3 (SO2)1 –1.96 –0.55 –1.82 –0.31 –1.79 –0.43

CO1�=2�
3 (SO2)2 –0.88 +0.84 –0.39 +1.35 –0.39 +1.04

CO1�=2�
3 (SO2)3 –0.03 +2.02 +0.20 +2.12 — —

CO1�=2�
3 (SO2)4 +0.50 +2.45 — — — —
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1.530 Å, and the O–S–O angle is 107.88. The total energy of
SO2�

3 is –623.744988 au (B3PW91/6–311+G(3df) optimiza-
tion). Both for n = 3 and n = 4, the lowest energy dianionic
clusters retain the CO2�

3 moiety, having three primary SO2

bonds, with an energy gain by far exceeding that of SO2�
3

formation.
Most of the optimized monoanionic structures (Fig. 3) are

much changed from their initial input shapes, explaining the
difficulties encountered in the geometry optimizations. In all

cases of single substitution on CO1�
3 , and in several cases of

multiple substitutions, one of the C–O bonds is very long. In
1A, C1–O2 is 2.689 Å; in 2A and 2C it becomes 3.175 and
2.895 Å, respectively. Further examples are 3D, 3E, 4A, 4C,
4G, 4H, and 4I. Similar to the dianionic case, the reason is
the lower stability of CO1�

3 relative to SO1�
3 , causing the

formation of the SO1�
3 anion. The reaction CO1�

3 + SO2 ?
SO1�

3 + CO2 is exothermic, with a calculated DE (no zero-
point energy corrections) of 1.50 eV (only slightly larger

Fig. 2. Optimized structures of the dianionic clusters CO2�
3 (SO2)n.
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than in the dianionic case). SO1�
3 has C3v symmetry, which

can be seen, for example, in 1A. The calculated S–O bond
distance of SO1�

3 is 1.476 Å (1.481 Å in 1A), and the O–S–
O angle is 114.18. The total energy of SO1�

3 is –623.881416
au (B3PW91/6–311+G(3df) optimization). Such long C1–O
bonds occur much more frequently in cases of monoanionic
than in dianionic clusters, and are seen even for n = 1 and
n = 2. The reason is seen in the energy gain being higher
by bonding to a dianion than to a monoanion, owing to the
stronger desire for charge dissipation.

The CO1�
3 (SO2)1 structure 1A (Cs) has a large C–O dis-

tance, as mentioned before. For n = 2, 2C has the lowest
energy. It again has a large C–O distance, and also a large
S5–S8 distance of 2.472 Å. In structures 3B and 3C, the
CO1�

3 moiety is retained. 3C has the paddle-wheel structure,
just like 3C of the dianion. However, owing to the lack of
CO1�

3 ? SO1�
3 stabilization, caused by the imposed symme-

try, 3C is not the lowest energy structure for n = 3. This dis-

tinction goes to 3E, an awkward looking structure, with a
very large C–O distance, followed by a SO1�

3 unit, with fur-
ther S–S and O–S bonds. The lowest energy structure for
n = 4 is 4H, which superficially looks like a paddle wheel,
but the carbon atom is not at the centre of the wheel. Instead
S5, the centre of the SO1�

3 unit, takes such a position. The
three oxygens of SO1�

3 , O2, O6 and O7, are (weakly)
bonded to three SO2s.

Discussion

The structures of the stable monoanionic clusters are char-
acterized by SO2 pulling one oxygen from CO1�

3 , thereby
forming the SO1�

3 anion. Structures where CO1�
3 has been

retained had little chance of competing for the lowest en-
ergy. The CO2 left from this reaction is weakly bonded to
the nearest oxygen from SO3.1– Without this reionizing ef-
fect, the monoionic clusters would have higher energies,

Fig. 2. concluded.
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and even fewer SO2 molecules would be required for the
stabilization of CO2�

3 . In contrast, only the less stable dia-
nionic clusters have long C1–O2 bonds, leading to the for-
mation of SO2�

3 .
The two possible outcomes of adding SO2 molecules to

the carbonate mono- or di-anion can be described by
eqs. [7] and [8]. In eq. [7] the carbonate remains, whereas
in eq. [8] the charge is transferred from CO3 to SO3.

½7� CO
q
3 þ nSO2 ! CO

q
3ðSO2Þn

Fig. 3. Optimized structures of the monoanionic clusters CO1�
3 (SO2)n.
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½8� CO
q
3 þ nSO2 ! ðCO2Þ � � �SO

q
3ðSO2Þn�1

Here, (CO2)���SO
q
3(SO2)n–1 indicates a CO2 loosely bound to

SO
q
3, with a large O–S distance.For q = –1, the lowest en-

ergy structure for each n follows eq. [8], whereas for q = –2
it follows eq. [7]. However, (less stable) structures of the
other type are also encountered. Energetic data for n = 1 il-
lustrate the two cases. For q = –1, one has

½9� CO1�
3 þ SO2 ! ðCO2Þ � � � SO1�

3 DE ¼� 1:67eV

½10� CO1�
3 þ SO2 ! CO2 þ SO1�

3 DE ¼� 1:50eV

The calculated energies of eqs. [9] and [10] show that the
optimized structure with the large O–S distance still has a
small amount of CO2 bonding to SO1�

3 (0.17 eV). The en-
ergy gain for CO1�

3 + SO2 ? CO1�
3 (SO2) cannot be calcu-

lated. It is less than 1.67 eV.
For q = –2, we have

½11� CO2�
3 þ SO2 ! CO2�

3 ðSO2Þ DE ¼ �3:39eV

½12� CO2�
3 þ SO2 ! SO2�

3 þ CO2 DE ¼ �1:47eV

Here, bonding of SO2 to CO2�
3 is almost 2 eV more favor-

able than a charge transfer from CO2�
3 to SO2�

3 . In the case
of q = –2, the energy gain of CO2�

3 + SO2 ? (CO2)���SO2�
3

is estimated to be in the order of 1.5 eV, certainly much less
than 3.39 eV.

According to Table 5, three SO2 molecules are required to
adiabatically stabilize the carbonate dianion. There is no lit-
erature on the stabilization of CO2�

3 by H2O or any other
molecule. The only comparison we have is the stabilization
of the sulfate dianion and the oxalate dianion by H2O mole-
cules.4,6 In both cases, three water molecules are required
for stabilization. Stabilization by SO2 molecules occurs
through the formation of chemical bonds, and the associated
delocalization of the negative charge. On the other hand,
stabilization by H2O is accomplished mainly via hydrogen
bonds, causing neutralization of charges via electrostatic ef-

Fig. 3. concluded.
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fects. A direct comparison of the two processes is therefore
not possible. All one may conclude is that stabilization of
small dianions is relatively easy and can be accomplished
by the addition of very few solvent molecules. Vertical sta-
bilization of the carbonate dianion can be accomplished by
the addition of just two SO2 molecules. Therefore, the n = 2
dianionic cluster is stable with respect to auto ionization.

Binding energies (DFT values) reported for CO2�
3 (H2O)n

are 1.85 eV for n = 1, 3.51 eV for n = 2, 5.00 eV for n = 3,
and 6.16 eV for n = 4.8 Binding energies for CO2�

3 (SO2)n

are substantially higher, with DFT values of 3.39, 5.25,
6.43, and 7.18 eV for n = 1–4.

The lowest-energy structures for the dianionic clusters
have a maximum number of SO2 groups attached to the car-
bonate dianion. This is understandable as such bonding fa-
cilitates the dissemination of the excess negative charge of
the dianion. Chainlike arrangements of SO2 molecules have
higher energies. The fourth SO2 in the lowest energy isomer
of n = 4 prefers O–S over S–S bonding, with a rather large
energy difference of 0.41 eV. The O2–S or O3–S bond dis-
tances of the dianionic clusters increase from 1.740 Å in 1A
to 1.893 Å in 2B to 2.049 Å in 3C and to 2.191 Å in 4H.

According to Table 3, the binding energy (DFT value) at
n = 4 is 7.18 eV for the dianionic cluster and 3.00 eV for
the monoanionic ones. Using the PCM model (without ge-
ometry reoptimization), the solvation energy for CO2�

3 dis-
solved in SO2 (dielectric constant 3 = 15.4) is calculated to
be 10.3 eV and that of CO1�

3 is 2.6 eV. Therefore, at n = 4
~70% of the n = ? solvation energy of CO2�

3 was obtained.
For CO1�

3 , however, the solvation energy calculated at n =
4, 3.0 eV, exceeds the PCM value of 2.6 eV. The reason
can be seen in the charge transfer from CO1�

3 to SO1�
3 , lead-

ing to a lower energy of the monoanionic cluster, a process
that cannot be captured by the solvation model. If the n = 4
solvation energy for CO1�

3 were 70% of the PCM value, it
would be 1.8 eV, so the difference of 1.2 eV with the n = 4
binding energy can be attributed to the formation of SO1�

3 .
Whereas in the gas phase small dianions are less stable

than corresponding monoanions, solvation of dianions oc-
curs with larger energy gain than solvation of monoanions.
This can already be seen from the Born equation, according
to which the solvation energy is proportional to the square
of the ionic charge.16 (This is nicely demonstrated by the ap-
proximate 4:1 ratio calculated for the solvation energies of
the dianion CO2�

3 and the monoanion CO1�
3 .) It is therefore

obvious that in a step-by-step solvation, as done here by
adding one SO2 molecule at a time, and in other cases as
well, the dianionic clusters have to eventually become more
stable than the monoanionic ones.

Concluding remarks
It has been shown that the unstable dianion CO2�

3 can be
stabilized in the gas phase by bonding to at least three SO2
molecules. For n = 3, the calculated energy of the dianionic
cluster is 0.20 eV (CCSD value) lower than that of the
monoanionic one. For higher n, larger positive stabilization
energies are expected. The VDE turned positive for n = 2,
with a CCSD(T) value of 1.04 eV. In several of the opti-
mized structures, SO2�

3 or SO1�
3 units could be recognized.

Calculations show that CO2�=1�
3 + SO2 is less stable than

SO2�=1�
3 + CO2.

Work on the stabilization of the carbonate dianion by CO2
and of the sulfate dianion by CO2 and SO2 is in progress.
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A theoretical analysis of the kinetics of the
reaction of atomic bromine with tetrahydrofuran

John M.H. Lo, Robert A. Marriott, Binod R. Giri, John M. Roscoe, and
Mariusz Klobukowski

Abstract: The kinetic behaviour for the reaction of atomic bromine with tetrahydrofuran has been analysed using the in-
formation from quantum chemical calculations. Structures and energy profiles were first obtained using density functional
theory (DFT) employing the Dunning’s basis sets of triple-zeta quality, and then for an accurate energetic description, sin-
gle-point calculations were carried out at the coupled-cluster with single and double excitations (CCSD) and the fourth-
order Møller–Plesset (MP4(SDQ)) levels of theory. The rate coefficients and the equilibrium constants for the potential re-
action channels were obtained from the statistical rate theories and statistical thermodynamics, respectively, using the re-
sults of quantum chemical calculations; and the results were compared with our recently published experimental data. In
terms of reaction mechanism, this reaction was found to be analogous to the reactions of the Br atom with 1,4-dioxane
and with methanol, where the reaction proceeds via an addition–elimination mechanism. The dominant reaction channel in-
volved coordination of the approaching Br atom to one of the hydrogen atoms adjacent to the ether oxygen atom, i.e., b-
hydrogen abstraction is uncompetitive. Although the complexes formed by direct coordination of the Br atom to the ether
oxygen atom appeared in the reaction mechanism, we were not able to link them specifically to any reaction. The density
functional theory predicted an activation energy and enthalpy of reaction that were much smaller than the experimental
values, which led to an overestimation of the theoretical rate coefficients. The source of this discrepancy could be attrib-
uted to the overbinding of the transition states and of the tetrahydrofuranyl radical by DFT. Single-point calculations at
the DFT structures using the CCSD and MP4(SDQ) methods yielded an accurate energetic description of the reaction of
tetrahydrofuran with bromine, resulting in rate coefficients that showed excellent agreement with the experimental values.

Key words: gas-phase chemical kinetics, complex forming reactions, atmospheric chemistry, density functional theory
(DFT), statistical rate theory, potential energy surfaces.

Résumé : Le comportement cinétique pour la réaction du brome atomique dans le tétrahydrofurane a été analysé à l’aide
d’informations obtenues par calculs de chimie quantique. Les structures et les profils d’énergie ont été obtenues dans un
premier temps à l’aide de la théorie de la fonctionnelle de la densité (TFD) en utilisant les ensembles de base de Dunning
de qualité triple zêta et, ensuite pour une description précise des énergies, on a effectué des calculs ponctuels aux niveaux
de l’agrégat couplé (« CCSD ») et du quatrième ordre de Møller–Plesset (« MP4(SDQ) »). Les coefficients de vitesse et
les constantes d’équilibre des voies réactionnelles potentielles ont été à partir de resultats de chimie quantique en faisant
appel aux théories statistiques standard des vitesses et à des calculs de thermodynamique statistique et on a comparé les ré-
sultats de ces calculs avec des données expérimentales publiées récemment. En termes de mécanisme réactionnel, on a
trouvé que cette réaction est analogue aux réactions de l’atome de brome dans le 1,4-dioxane et le méthanol dans lesquels
elle se produit par le biais d’un mécanisme d’addition–élimination. La voie réactionnelle principale implique une coordina-
tion de l’atome de brome qui approche à des atomes d’hydrogène adjacents de l’atome d’oxygène de l’éther, c’est-à-dire
que l’enlèvement d’un atome d’hydrogène b n’est pas compétitif. Même si les complexes qui se forment par coordination
directe de l’atome de brome sur l’atome d’oxygène de l’éther apparaissent dans le mécanisme réactionnel, il n’a pas été
possible de les relier à aucune réaction. La théorie de la fonctionnelle de la densité prédit une énergie d’activation et une
enthalpie de réaction qui sont beaucoup plus faibles que les valeurs expérimentales qui ont conduit à une surévaluation des
coefficients théoriques de vitesse. La source de cette différence pourrait être attribuée à une sur-fixation des états de transi-
tion et du radical tétrahydrofuranyle par la TFD. Des calculs ponctuels des structures obtenues par la TFD, utilisant des
méthodes « CCSD » et « MP4(SDQ) » conduisent à une description correcte des énergies impliquées dans la réaction du
tétrahydrofurane avec le brome, ce qui conduit à des coefficients de vitesse présentant un excellent accord avec les valeurs
expérimentales.
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Mots-clés : cinétique chimique en phase gazeuse, réactions formant des complexes, chimie de l’atmosphère, théorie de la
fonctionnelle de la densité, théorie statistique des vitesses, surfaces d’énergie potentielle.

______________________________________________________________________________________

Introduction
The importance of halogen atoms reactions with organic

compounds for understanding atmospheric chemistry has
been recognized for some time.1–3 Atomic bromine can ini-
tiate atmospheric oxidation of volatile organic compounds
(VOCs) by producing organic-free radicals, which are then
able to react rapidly with atmospheric oxygen. However,
the rate coefficients for hydrogen abstraction from VOCs by
Br are typically one to two orders of magnitude smaller than
those for the corresponding reactions of Cl. This makes
them less important than Cl as sinks for VOCs. On the other
hand, the rate coefficient for the reaction of Br with O3 is
larger than that for the corresponding reaction of Cl, so the
ability of VOCs to act as sinks for Br is relevant to the po-
tential for Br to remove ozone. This would be of greatest
importance in the marine boundary layer where the concen-
tration of Br2 is particularly large. Reactions of Br with or-
ganic compounds are also important in the incineration of
halogen-containing waste.4–6 A considerable body of data
exists for the rates of reactions of atomic chlorine with or-
ganic compounds at both ambient and elevated tempera-
tures, however, the kinetics of reactions of atomic bromine
with organics has received much less attention. We have re-
cently reported rate coefficients over a temperature range of
~290–380 K for several reactions of atomic bromine with
ethers7–9 in an effort to address this deficiency.

In our most recent work,9 the kinetic behaviour for the re-
action of bromine with 1,4-dioxane deviated markedly from
that expected on the basis of our measurements for the reac-
tions of bromine with other cyclic ethers.8 We were able to
understand the origins of these differences by a theoretical
analysis of the potential energy surface for the reaction. The
theoretical analysis showed that the bromine atom first
forms a comparatively stable complex with the chair con-
former of the dioxane molecule. This complex has too large
an activation energy for the loss of HBr to account for the
observed reactivity. The rate-limiting step was predicted to
be the conversion of the chair conformer of the complex to
the less stable boat conformer. Loss of HBr then occurs
from the boat conformer, moderated by a weak van der
Waals interaction between the departing HBr molecule and
one of the ether oxygen atoms of the incipient dioxanyl rad-
ical.

The deduction of this complex reaction mechanism in-
volving a number of elementary steps for the reaction of di-
oxane with atomic bromine would not have been possible
without a detailed theoretical analysis. Indeed, even the for-
mation of a complex between the ether oxygen atom and the
approaching bromine atom would not be evident solely from
the experimental kinetic measurements. The question then
arises whether the potential energy surfaces (PES) for the re-
actions of atomic bromine with other cyclic ethers might re-
quire both complex formation and conformational change. In
this work, we have computed a detailed picture of the PES,
which has enabled us to evaluate the effects of complex for-

mation and of their conformational change for the reaction
of atomic bromine with tetrahydrofuran (THF). Furthermore,
this study will provide an opportunity to discriminate among
the various possible reaction channels for the H abstraction
as THF offers four different types of H atoms; each carbon
atom at a and b positions has two types of H atoms at the
axial and equatorial positions, respectively. It is widely ac-
cepted that the H abstraction in ethers by the Br atom takes
place from an a-carbon atom because the ether oxygen pro-
vides a reduction in enthalpy of activation, offering a prefer-
ential H abstraction from the adjacent carbon atom; see ref.
8 and the refs. cited therein. A detailed kinetic analysis will
help to verify the postulate that b-hydrogen abstraction reac-
tions in ethers are unimportant.

Calculations

Structures and energies
A number of computational approaches were employed to

obtain the energy profiles pertaining to the hydrogen-
abstraction reaction of THF by atomic bromine. Initially,
the geometries of the reactants, intermediates, and products
were optimized using density functional theory with the hy-
brid Becke-3–Lee–Yang–Parr (B3LYP) functional.10 For C,
H, and O, the all-electron Dunning’s correlation-consistent
polarized valence triple-zeta basis sets (cc-pVTZ) were
used,11 whereas for Br, a small-core relativistic pseudopo-
tential, which includes 4s, 4p, 4d, 5s, and 5p shells in the
valence space, in conjunction with an energy-consistent va-
lence triple-zeta basis set (cc-pVTZ-PP) was utilized.12 Har-
monic frequencies were computed on the optimized
geometries using numerical Hessians with a step size of
0.01 bohr. The computed frequencies were scaled by a fac-
tor of 0.9648, which was obtained from the Computational
Chemistry Comparison and Benchmark Database
(CCCBDB).13

B3LYP in conjunction with a triple-zeta type basis is
found to yield reasonably good results for geometries (in
the order of 0.005 Å). However, on occasion it shows inad-
equacy in predicting the energetics of the reactions. Usually
the discrepancy is between 8 and 10 kJ/mol.14 For reliable
rate coefficients, an accurate knowledge of the computed
potential energy surface is required. To improve the ener-
getic description, additional single-point calculations using
coupled cluster with single and double excitations (CCSD)15

and the fourth-order Møller–Plesset (MP4(SDQ))16 level of
theory were performed at the DFT-optimized geometries. In
these calculations, all-electron cc-pVTZ basis sets for all
atoms were used. These calculations applied the frozen core
approximation for the computational efficiency, and for the
radical species, the restricted open-shell scheme was em-
ployed to obtain the Hartree–Fock reference wave functions.

All the B3LYP calculations were performed with the
GAMESS-US suite,17 whereas the GAUSSIAN 09 package18

was used for the CCSD and MP4(SDQ) calculations. The
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molecular graphics presented in this work were created by
the MacMolPlt19 and GaussView programs (Gaussian, Inc.).

Equilibrium constants and rate coefficients
Based on the molecular and transition state parameters

from the results of quantum chemical calculations, equili-
brium constants, K(T), and high pressure rate coefficients,
k?(T), for various channels were calculated using standard
equations from statistical thermodynamics20 and statistical
rate theories,21–25 respectively:

½1� KðTÞ ¼

Y
products

Qi
�

V

� �

Y
reactants

Qi
�

V

� � exp
�DH0

kBT

� �

½2� k1ðTÞ ¼
kBT

h

ðQ�i
�
VÞQ

reactants

ðQi
�
VÞ

expð�E0

kBT
Þ

Here, Qi denotes the molecular partition function of the spe-
cies i and an asterisk signifies the activated complex; E0 and
DH0 are the threshold energy and enthalpy of reaction at
T = 0 K, respectively; V is the volume; kB is Boltzmann’s
constant; and h is Planck’s constant. The rotational and vi-
brational partition functions were calculated using the rigid
rotor – harmonic oscillator approximation, whereas the elec-
tronic partition functions were set equal to 2 for the radical
species and 4 for the Br atom. The external symmetry num-
bers are included in the rotational partition function. For a
simple bond fission reaction where no potential barrier ex-
ists along the reaction coordinate, the partition function
(Q�i ) should be understood as the pseudopartition function
within the framework of the statistical adiabatic channel
model (SACM). The pseudo-partition function of the thresh-
old energies E0,i for all individual channel states i is gi-
ven23–25 by

½3� Q�i ¼
X

i

exp �E0;i � E0

kBT

� �

Results and discussion

The B3LYP calculations
We first begin our discussion on the results of our calcu-

lations at the B3LYP/cc-pVTZ/cc-pVTZ-PP level of theory.
The optimized geometries and selected structural parameters
of the reactants, intermediate species, and products obtained
at this level of theory are displayed in Figs. 1 and 2. The
rotational constants and harmonic wave numbers for the spe-
cies used in the kinetic analyses are compiled in Table 1.
Several stationary points within the potential energy surface
describing the hydrogen abstraction reactions of THF by the
Br atom were computed.

The calculations predicted the conformation with C2 sym-
metry as the most stable form of THF. The nearly energeti-
cally degenerate bent conformer with Cs symmetry was also
found to exist. The C2 and Cs species differed in energy by
only 0.3 kJ/mol. The planar form of THF with C2v symmetry
represents the transition state that lies 12.4 kJ/mol above the

bent conformer. As for the reaction of THF and the Br atom,
the H abstraction does not occur directly. Instead, it occurs
via an addition–elimination mechanism in a similar fashion
to that seen in the reactions of dioxane9 and methanol26

with the Br atom. The lack of mirror plane of symmetry
within the ground state of THF results in the nonequivalence
of the four hydrogen atoms. As a consequence, the Br-atom
attack on H atoms of THF results in four possible adducts,
M1–M4 (see Fig. 1), which can eventually eliminate HBr
leading to the products, C4H7O� and HBr. Among the com-
plexes, M1 and M2 are formed by the interaction of the ap-
proaching Br atom with the a-hydrogen atoms, whereas M3
and M4 result from the attack of the Br atom on the H
atoms that are not adjacent to the ether oxygen, i.e., b-
hydrogen atoms. The most stable complex (M1) is located
40.8 kJ/mol below the reactant, whereas M3 is found to be the
least stable complex with the exothermicity of 14.2 kJ/mol. The
thermal stability of M2 and M4 with respect to the reactant
is calculated to be 27.7 and 14.2 kJ/mol, respectively. Con-
strained potential energy surface scans were performed
along the reaction coordinates (C–H bond distance), but no
maximum-energy configurations for further dissociation of
M3 and M4 leading to the products were detected. The di-
rect HBr elimination via these complexes is endothermic by
20.3 kJ/mol and occurs without an intramolecular hydrogen-
transfer step. In contrast, M1 and M2 undergo conforma-
tional change into predissociative complexes, I1 and I2, re-
spectively, before they can get rid of HBr. The latter
species lie at energies of 12.4 and 12.2 kJ/mol, respectively,
below the reactants. The barrier heights for the transition
states (T1 and T2) for the conversions of M1 to I1 and M2
to I2 are found to be 32.2 and 24.5 kJ/mol, respectively.

In addition to the direct Br atom association with the hy-
drogen atoms of THF, the calculations also revealed two ad-
ditional stable configurations where the Br atom is
coordinated either solely to the oxygen atom (C1) or simul-
taneously to the oxygen and hydrogen atoms (C2). This
binding mode has also been previously observed in the reac-
tion of Br with methanol.26 These conformers (C1 and C2)
are less stable than M1 by 5.9 and 15.8 kJ/mol, respectively.

Subsequent kinetic analyses showed that the reaction of
THF with the Br atom proceeds via the reaction sequence
THF + Br $ M1 $ I1 ? C4H7O� + HBr. The calcu-
lated overall rate coefficients were overestimated by at
least 70 times larger than our experimental rate coeffi-
cients (see Fig. 3). The calculated overall reaction en-
thalpy was 1.93 kJ/mol at 0 K, whereas the experimental
reaction enthalpy was 19 ± 6 kJ/mol.8 This is an indica-
tion that the B3LYP level of theory is inadequate to ac-
curately describe the energetics of this type of reaction
system; and it is often found to underestimate it by an
average deviation of *13.0 kJ/mol.27,28 The deviation is
even larger for non-hydrogen systems (*22.4 kJ/mol).27

This severe disagreement between the theory and the ex-
periments suggests that the B3LYP functional only pro-
vides a qualitative picture of energetics for the title
reaction. Therefore, a more suitable methodology is re-
quired for a better description of the energetics of this
type of reaction.
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The CCSD and MP4(SDQ) calculations
In an effort to more accurately understand the energetics

of the title reaction, we further performed a series of single-
point calculations at the CCSD and MP4(SDQ) levels of
theory. The computed energies are illustrated in Figs. 4 and
5. Interestingly, the order of relative stability of molecular
complexes (M1–M4) remains unchanged at the CCSD and
MP4(SDQ) levels of theory when compared to that com-
puted at B3LYP. However, in contrast with B3LYP, both
CCSD and MP4(SDQ) predicted the molecular complexes
M3 and M4 to be unstable. Both theories predicted a higher
total energy of about 1.5 kJ/mol than the reactants for M3,
whereas for the formation of M4, it was found to be almost
thermoneutral. The reaction enthalpy for the b-hydrogen ab-
straction from THF by the Br atom via M3 and M4 is calcu-
lated to be ~31 kJ/mol at both levels of theory (Figs. 4 and
5). Owing to its high threshold energy, the b-hydrogen ab-
straction channel may be considered to be unimportant.

At first, we note here that our experiments8 indicated no
discernible pressure dependence. This lack of pressure de-

pendence and also the low temperature of our experiments
suggest that the rate coefficients of all elementary steps in-
volved in the title reaction are at their high pressure limits.
Here, the pressure activation effects are not required to be
considered in which case eqs. [1] and [2] can be used for
kinetic analyses. Before ignoring the reaction channels via
M3 or M4, we calculated the equilibrium constant for the
reaction THF + Br $ P2 + HBr (K = 2.38 � 10–5 at T =
293 K) using eq. [1] with DH0 = 30.7 kJ/mol, which was
then combined with the rate coefficients (barrierless colli-
sion limit (kcoll) = �vs & 10–10 cm3 s–1 with a typical molec-
ular velocity (�v) of 5 � 104 cm s–1 and molecular cross
section (s) of 5 � 10–15 cm2)22 for the reverse reaction to
estimate the rate coefficient for the forward reaction. The
rate coefficient calculated this way was found to be ~1 �
10–15 s–1 at T = 293 K, which is more than two orders of
magnitude smaller than the experimental value. Even at T =
363 K, it is calculated to be slower by ~28 times. This
clearly shows that the b-hydrogen abstraction reaction via
M3 or M4 plays no role in the reaction kinetics, though

Fig. 1. B3LYP/cc-pVTZ/cc-pVTZ-PP structures of C1–C2 and M1–M4, and selected geometric parameters.
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they appear in the potential energy surface for the reaction
of THF with Br. Thus, a-hydrogen abstraction appears to be
more favourable than b-hydrogen abstraction from THF.
This site preference is due to the fact that the Br-atom inter-
action with the H atom at the a position is stabilized by hy-
perconjugation with the oxygen lone pair of electrons. This
stabilization effect is, however, absent when Br is coordi-
nated to the b hydrogen. Among the complexes, the addition
complex (C1 or C2) is interestingly predicted to be the most
stable complex. However, we failed to connect these species
to any reaction. Hence, our calculation supports the postu-
late that the only significant channel for hydrogen abstrac-
tion from ethers by a Br atom is the removal of a hydrogen
atom adjacent to the ether oxygen (see ref. 8 and the refs.
cited therein).

The analysis to this point suggests that the reaction of
THF with Br is governed by the addition complexes M1
and M2, which are linked to the reaction products via inter-
mediates, I1 and I2, respectively:

½1a; � 1a� C4H8Oþ Br $ M1

½1b; � 1b� M1 $ I1

½1c; � 1c� I1 $ C4H7O� þ HBr

½2a; � 2a� C4H8Oþ Br $ M2

½2b; � 2b� M2 $ I2

½2c; � 2c� I2 $ C4H7O� þ HBr

As evident from Figs. 4 and 5, the hydrogen abstraction
does not occur directly from these addition complexes, but
requires H-atom transfer from the a carbon to the ether oxy-
gen to form a predissociative complex, C4H7O���HBr. Here,
HBr is coordinated to the oxygen atom at either the axial
(I1) or equatorial (I2) position. We were able to locate the
transition states (T1 and T2) for the conversions of M1 to
I1 and M2 to I2, respectively. These transition states are
product-like, with the HBr molecule simultaneously weakly

Fig. 2. B3LYP/cc-pVTZ/cc-pVTZ-PP structures of T1–T2, I1–I2, and P1–P2, as well as selected geometric parameters.
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bound to the a carbon and the oxygen via the abstracted hy-
drogen. Their structures are depicted in Fig. 2. As the rela-
tive energies of all species computed at the CCSD and
MP4(SDQ) levels of theory concur well within the uncer-
tainty of the calculations, we focus below on the results of
our kinetic analysis based on the CCSD energies depicted
in Fig. 4 to avoid confusion. However, one would reach to
the same conclusion with the MP4(SDQ) potential energy
surface displayed in Fig. 5.

The thermal stability of the complexes M1 and M2, with re-
spect to the reactants, is calculated to be 4.5 and 2.1 kJ/mol,
respectively. The formation of M2 at MP4(SDQ) is almost
thermoneutral. For the elementary step M1 ? I1, T1 is lo-
cated 4.2 kJ/mol above M1 and 2.2 kJ/mol above I1,
whereas for the M2 ? I2 step, T2 lies 9.0 and 8.9 kJ/mol

above M2 and I2, respectively. It is interesting to note here
that the two predissociative adducts I1 and I2 are of similar
stability with respect to the reactants. This phenomenon can
be accounted for by the fact that the C4H7O� fragments of I1
and I2 are almost identical and HBr is only loosely bound to
the oxygen atom through long-range interaction. The com-
puted O���H distances are 1.902 and 1.892 Å for I1 and I2,
respectively, and the H–Br bond is only marginally stretched
by 0.02 Å. The unimolecular dissociation of these loose
complexes to release HBr proceeds without a distinct energy
barrier and these loose dissociation pathways are endother-
mic by 16.1 kJ/mol.

The formation of M2 is less exothermic than it is for M1
and it has a more pronounced energy barrier for H migration
to the ether oxygen to form a predissociative complex (I2).

Table 1. Rotational constants (A, B, and C) and harmonic wave numbers (yi) of stationary points calculated at the
B3LYP level of theory used for kinetic analyses.

Species A, B, C (cm–1) yi (cm–1)
THF 0.237 52, 0.230 99, 0.132 55 2994, 2981, 2978, 2967, 2951, 2942, 2857, 2852, 1473, 1457,

1454, 1439, 1347, 1309, 1275, 1262, 1220 (2), 1186, 1172,
1109, 1056, 1010, 924, 907, 901, 870, 836, 773, 631, 623, 260,
25

HBr 8.320 1, 8.320 1 2501
M1 0.152 56, 0.028 63, 0.027 83 3005, 2998, 2974, 2971, 2952, 2924, 2922, 1999, 1466, 1447,

1431, 1340, 1313, 1297, 1274, 1266, 1206, 1167, 1150, 1126,
1095, 1076, 997, 919, 893, 892, 868, 837, 799, 664, 575, 304,
161, 137, 73, 46

M2 0.151 79, 0.028 66, 0.027 84 3009, 3001, 2990, 2983, 2959, 2949, 2905, 2011, 1465, 1450,
1436, 1339, 1314, 1296, 1272, 1251, 1204, 1198, 1173, 1119,
1094, 1072, 1004, 922, 910, 892, 873, 816, 767, 664, 620, 304,
166, 92, 67, 21

M3 0.173 86, 0.023 51, 0.022 56 2995, 2987, 2985, 2976, 2950, 2866, 2830, 2524, 1466, 1442,
1440, 1342, 1327, 1299, 1268, 1240, 1215, 1182, 1175, 1121,
1096, 1052, 1004, 919, 901, 898, 873, 825, 761, 636, 623, 258,
113, 66, 43, 24

M4 0.155 41, 0.024 95, 0.024 29 2990, 2988, 2961, 2939, 2922, 2892, 2861, 2515, 1476, 1453,
1432, 1346, 1331, 1309, 1276, 1238, 1204, 1178, 1144, 1124,
1107, 1051, 995, 925, 892, 882, 867, 838, 798, 650, 567, 243,
96, 56, 43, 28

T1 0.150 25, 0.024 01, 0.023 68 3078, 2996, 2984, 2956, 2945, 2916, 2835, 2409, 1468, 1444,
1429, 1352, 1299, 1269, 1262, 1206, 1163, 1143, 1128, 1035,
997, 920, 906, 888, 848, 823, 719, 600, 505, 313, 229, 194, 72,
62, 22, 224i

T2 0.163 50, 0.022 66, 0.022 00 3072, 2999, 2976, 2959, 2932, 2930, 2863, 2415, 1474, 1456,
1434, 1359, 1297, 1270, 1213, 1217, 1196, 1155, 1137, 1035,
1009, 929, 903, 877, 868, 759, 738, 678, 549, 315, 199, 125,
78, 63, 23, 212i

I1 0.203 07, 0.022 07, 0.021 03 3093, 2999, 2987, 2955, 2945, 2922, 2831, 2263, 1469, 1444,
1430, 1352, 1302, 1271, 1263, 1209, 1163, 1143, 1120, 1033,
997, 921, 902, 887, 850, 823, 714, 594, 479, 450, 402, 224,
189, 81, 40, 20

I2 0.212 50, 0.021 92, 0.020 78 3091, 2999, 2988, 2957, 2944, 2923, 2833, 2248, 1470, 1445,
1430, 1354, 1302, 1272, 1263, 1208, 1165, 1141, 1120, 1035,
998, 921, 902, 887, 851, 821, 718, 599, 490, 464, 414, 226,
184, 81, 41, 21

P1 0.254 31, 0.239 95, 0.136 09 3081, 2990, 2974, 2951, 2940, 2905, 2820, 1469, 1443, 1431,
1355, 1297, 1268, 1261, 1205, 1165, 1144, 1131, 1033, 995,
921, 912, 889, 850, 826, 716, 598, 469, 227, 169

P2 0.255 21, 0.239 18, 0.135 91 3102, 2978, 2923, 2891, 2864, 2843, 2789, 1466, 1440, 1417,
1347, 1302, 1274, 1239, 1205, 1149, 1140, 1055, 1006, 984,
931, 905, 892, 882, 829, 702, 622, 286, 213, 159

Note: The wavenumbers are scaled by 0.9648.
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At T = 293 K, we calculated the rate coefficient for the step
[2b], k2b, to be 4.0 � 1011 s–1, which is 16 times smaller
than k1b. The ratio (k1b/k2b) = 11.7 even at T = 353 K, the
highest temperature of our experiments.8 Accordingly, the
H-abstraction reaction via M2 is unimportant and therefore
will not be considered for further kinetic analyses. There-
fore, the reaction of THF with Br appears to proceed only
via M1 with the reaction sequence [1a]–[1c].

It is evident from Fig. 4 that the reaction [–1b] has a
lower threshold energy than the reaction [1c]. Despite the
fact that the reaction [1c] is a loose dissociation pathway
and an entropically favoured path, the reaction [–1b] ap-
peared to be at least 10 times faster than reaction [1c], even
at T = 353 K. This was verified by comparing the rate coef-
ficients for reaction [–1b], k–1b = k1b/K1b with the rate coef-
ficient for reaction [1c], see Table 2. The simplified

statistical adiabatic channel model (s-SACM)23–25 was em-
ployed to calculate the high pressure rate coefficients for
reaction [1c]. In these calculations, I1 was treated as a
quasi-triatomic prolate symmetric top, whereas the frag-
ments P1 and HBr were considered as spherical top and lin-
ear, respectively. Within the s-SACM model, the evaluation
of two empirical parameters, namely the looseness parame-
ter (a) and the Morse parameter (b), is required. The choice
of the ratio, a/b (anisotropy parameter), is crucial as it deter-
mines the quality of the predicted high pressure rate coeffi-
cients. The Morse parameter (b) is calculated from the
following expression:

½4� b ¼
ffiffiffiffiffiffiffiffiffiffiffi
2p2m

Dh2

r
3RC

where 3RC is the energy of the vibrational mode describing
the motion along the reaction coordinate, m is the reduced
mass of the fragments, and D is the Morse dissociation en-
ergy, which can be calculated from the zero-point energies,
Ezn and Ezp for the reactant and fragments, respectively:

½5� D ¼ DH0 þ Ezn � Ezp

Generally, a is considered as the fitting parameter, the value
of which is chosen to get the best fit with the experimental
data. However, after a rigorous study for a number of reac-
tion systems, Cobos and Troe29 found a standard value of
0.46 ± 0.07 for the anisotropy parameter, a/b. For our calcu-
lations, we set this ratio equal to 0.46. All the other internal
parameters are taken from our quantum chemical calcula-
tions and there is no other adjustable parameter. The results
are compiled in Table 2. As the reaction [1c] has the highest
threshold energy in the reaction sequence [1a]–[1c], it repre-
sents the rate-determining step for the overall reaction of the
Br atom with THF. This is obvious when the rate coeffi-
cients compiled in Table 2 are compared. Therefore, it fol-
lows that M1 is in equilibrium with I1 and the reactants,
which is rapidly established and virtually not affected by
the reaction [1c]. Accordingly, this allows the overall rate

Fig. 4. CCSD/cc-pVTZ energy diagram for the THF and Br reac-
tion. All energies are ZPE-corrected at 0 K.

Fig. 5. MP4(SDQ)/cc-pVTZ energy diagram for the THF and Br
reaction. All energies are ZPE-corrected at 0 K.

Fig. 3. Arrhenius plot for the reaction of Br atoms with THF. (*)
Experimental data from our previous work.8 (� � �), (- - -), and (—)
are the results of eq. [6] using the energies at the B3LYP, CCSD,
and MP4(SDQ) level of theory, respectively. The inset figure mag-
nifies a portion of the Arrhenius plot to show the agreement be-
tween the theoretical and experimental results.
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coefficient (kov) for the title reaction to be approximated rea-
sonably well with the following expression:

½6� kov;calcdðTÞ ¼ K1aðTÞK1bðTÞk1cðTÞ

The values of kov,calcd(T) obtained in this way at CCSD
energies are higher by a factor of 2 at all temperatures
when compared with the experimental ones. However, the
calculated overall rate coefficients using the energy profile
from MP4(SDQ) calculations are in excellent agreement
with our experimental values,8 which is demonstrated in
Fig. 3. The rate coefficients calculated on the basis of the
MP4(SDQ) PES for the reaction sequence [1a]–[1c] are
summarized in Table 3. It is further encouraging to notice
here the agreement between the calculated overall endother-
micity of 16.7 kJ/mol and the experimentally determined ac-
tivation energy of (18.6 ± 1.8) kJ/mol for this reaction. This
agreement further supports our earlier assumption that the
H-abstraction reaction of THF by the Br atom is, indeed, at
the high pressure limit. The calculated rate coefficients us-
ing MP4(SDQ) energies and eq. [6] in the temperature range
of 273–363 K for the reaction of Br atoms with THF can be
given by the following Arrhenius expression:

½7� kov;calcdðTÞ ¼ 5:03� 10�10 exp½�18:9=ðRTÞ�

Conclusion
The reaction mechanism for abstraction of a hydrogen

atom from THF by atomic bromine was found to be analo-
gous to the reactions of the Br atom with dioxane9 and
methanol,26 where the reaction proceeds via an addition–
elimination mechanism. Our quantum chemical calculations
show that the attack by Br on an H atom of THF results in
four stable associative complexes, M1–M4, whereas the ad-
dition of Br to the ether oxygen yields two more adducts,
namely C1 and C2. The latter complexes are not found to
link to any reactions. Hence, they are believed to play no
role in the reaction kinetics of the Br atom with THF,
though they appear in the reaction mechanism. Subsequent
calculations showed that the only channel responsible for
the overall rate coefficient of the reaction is the one that ex-
its through M1. Before M1 can decompose into the prod-
ucts, it has to undergo an intramolecular H abstraction to
yield I1 (reaction [1b]), which eventually liberates HBr via
a loose dissociation pathway. The B3LYP level of theory
was found to be inadequate to describe the energetics of
this system. This is evident when the calculated overall en-
dothermicity of 1.9 kJ/mol at 0 K (almost a thermoneutral
reaction) is compared with the experimental value of 19 ±
6 kJ/mol. In an effort to better understand the energetics of
this reaction, we further employed single-point calculations
at the CCSD and MP4(SDQ) levels of theory to recompute
the potential energy surfaces. This approach predicted an
overall reaction enthalpy at 0 K of about 16.5 kJ/mol, which
matched very well with the experimental value. As the final
step, reaction [1c], has the highest threshold energy, it is cal-
culated to be the rate-determining step. Whereas the rate co-
efficient calculations at CCSD energies overpredicted the
experimental rate coefficients by a factor of two at all tem-T
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peratures, the best agreement with the experimental data was
obtained from the energetic description at MP4(SDQ) level
of theory.
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Theoretical study of the microwave spectrum of
isotopologues of OCS–(He)2

Hui Li, Yongdong Liu, Wolfgang Jäger, Robert J. Le Roy, and Pierre-Nicholas Roy

Abstract: The rovibrational energy levels (J = 0–3) and rotational spectra of seven isotopologues of the OCS–(He)2 com-
plex have been determined by numerically exact basis set calculations. The interaction energy is represented as a sum of
two-body terms consisting of the OCS–He potential, which Howson and Hutson (J. Chem. Phys. 2001, 115, 5059) ob-
tained at the CCSD(T)/aug-cc-pVTZ level of theory, and the He–He potential that Jeziorska et al. (J. Chem. Phys. 2007,
127,124303) obtained with SAPT theory. Three-body effects and the quality of the potential are discussed. Comparison
with experiment shows that microwave transitions can be predicted by this additive approach with an accuracy equal or
better than 0.7% for all the observed spectral lines. A method for the three-dimensional representation of the helium den-
sity in the body-fixed frame is presented that highlights the highly delocalized nature of the helium subsystem.

Key words: weakly bound clusters, quantum clusters, exact bound state calculations, microwave spectroscopy, rotational
dynamics.

Résumé : Utilisant des ensembles de base numériquement exacts, on a calculé les niveaux d’énergie rovibrationnels (J =
0–3) et les spectres rotationnels de sept isotopologues du complexe OCS–(He)2. L’énergie d’interaction est représentée par
la somme de termes à deux corps formée du potentiel OCS–He que Howson et Hutson (J. Chem. Phys. 2001, 115,
5059)ont déterminé au niveau CCSD(T)/aug-cc-pVTZ de la théorie et du potentiel He–He que Jeziorska et al. (J. Chem.
Phys. 2007, 127, 124303) ont déterminé à l’aide de la théorie des perturbations adaptée pour la symétrie (TPAS). On dis-
cute aussi des effets de trois corps et de la qualité du potentiel. Une comparaison des résultats des calculs avec des résul-
tats expérimentaux montre que les transitions de microondes peuvent être mieux prédites par cette approche additive, avec
une précision égale ou meilleure à 0,7 % pour toutes les raies spectrales observées. On présente une méthode de représen-
tation tridimensionnelle de la densité de l’hélium dans un squelette à corps fixes qui est caractérisé par la nature hautement
délocalisée du sous-système de l’hélium.

Mots-clés : agrégats faiblement liés, agrégats quantiques, calculs exacts de l’état lié, spectroscopie de microondes, dyna-
mique rotationnelle.

[Traduit par la Rédaction]

Introduction
Doped helium clusters offer a unique opportunity to

understand quantum solvation and microscopic superfluidity,
and this topic has been the subject of several studies in re-
cent years.1–13 Helium clusters doped with carbonyl sulfide
(OCS) are of particular interest, because the OCS chromo-
phore was the dopant used to provide the first evidence of
microscopic superfluidity in helium nanodroplets.1 In that
seminal work, it was found that the OCS molecule under-
goes nearly free rotational motion with a renormalization of
its moment of inertia owing to its coupling to the helium en-
vironment, and the nearly free nature of that rotational mo-
tion was attributed to superfluidity. Since that time, helium
clusters doped with OCS have become the focus of numer-

ous experimental and theoretical studies.4,7,11,14–18 In particu-
lar, Xu and Jäger3,6 and Tang and McKellar4,7 have gone
beyond the traditional binary or ternary complex limit to ob-
tain infrared and microwave spectra of OCS–(He)N clusters
for N = 2–8. In addition to being a technical breakthrough,
that work hinted at the onset of superfluidity and provided
benchmark challenges for theoretical studies.

To fully understand the experimental spectra on the
atomic scale, computer simulation studies are important and
necessary,19,20 and a number of theoretical studies of OCS–
(He)N clusters based on quantum Monte Carlo techniques
have been reported.14–18,21 Such techniques have also been
applied to He clusters containing other dopants such as
N2O,22,23 CO2,20,24,25 and HCCCN,26 yielding excellent
agreement with experiment. To date, however, exact quan-

Received 1 March 2010. Accepted 11 June 2010. Published on the NRC Research Press Web site at canjchem.nrc.ca on 4 November
2010.

This article is part of a Special Issue dedicated to Professor R. J. Boyd.

H. Li. Department of Chemistry, University of Waterloo, Waterloo, ON N2L 3G1, Canada; Institute of Theoretical Chemistry, State Key
Laboratory of Theoretical and Computational Chemistry, Jilin University, 2519 Jiefang Road, Changchun 130023, P.R. China.
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tum calculations on OCS–(He)N clusters have been restricted
to the He–OCS dimer.18,27 The present paper extends this
work to the case of two helium atoms with OCS. In the re-
mainder of this paper, details of the theory and computa-
tional procedure are given in the Theory and methods
section, results are presented and discussed in the Results

and discussion section, and concluding remarks appear in
last section.

Theory and methods

General
The methodology used in this work is based mainly on

the work of Wang, Carrington, and co-workers28 and on fun-
damental ideas presented by Mladenovic.29 the Wang and
Carrington group applied their approach to the N2O–(He)2
system and were able to reproduce experimentally observ-
able rovibrational transitions quite accurately. Recently,
they also applied their approach to CO2–(He)2 and to CO–
(He)2, again with great success.30,31 The method is briefly
reviewed here, and the reader is referred to ref. 28 for fur-
ther details.

The rovibrational Hamiltonian of the OCS–(He)2 complex
in the body-fixed frame has the following form (in
au):28,29,32,33

½1� bH ¼ bT str þ bTdiag þ bToff þ bTCor þ �V ðr1; r2; q1; q2;fÞ

with

½2� bT str ¼ �
1

2mHe

@2

@r2
1

� 1

2mHe

@2

@r2
2

½3� bTdiag ¼ �
1

2mHer2
1

þ BOCS

� �
@2

@q1

þ cot q1

@

@q1

� 1

sin 2q1

ðbJz �bl2zÞ2
� �

þ 1

2mHer2
2

þ BOCS

� �
bl22 þ BOCS½bJ2 � 2ðbJz �bl2zÞ2 � 2bJz

bl2z�

½4� bToff ¼ BOCSðbl2þba�1 þbl2�baþ1 Þ

½5� bTCor ¼ �BOCSðbJ�baþ1 þ bJþba�1 þ bJ�bl2þ þ bJþbl2�Þ
in which

½6� bJ� ¼ bJx � ibJy; bl2� ¼bl2x � ibl2y

½7� ba�1 ¼ �
@

@q1

� cot q1ðbJz �bl2zÞ

Details of the coordinate system are presented in Fig. 1,
where r1 and r2 are the lengths of Radau (or orthogonalized
satellite) vectors r1 and r2, which are linear combinations of
the Jacobi (or satellite) vectors q1 and q2 from the centre of
mass of OCS to the He atoms.29 The polyspherical angles
(q1, q2, and f) are determined by the three vectors (r0, r1,
and r2), where r0 is a vector along the axis of OCS, mHe is
the mass of the He atom, and BOCS is the inertial rotation
constant of OCS. The operators bJx , bJy , and bJz are the compo-
nents of the total angular momentum operator bJ in the body-
fixed frame, the z axis of the body-fixed frame lies along the
Jacobi radial vector r0, and its x axis is in the plane that con-
tains the vector r0 and one He atom. �V ðr1; r2; q1; q2;fÞ is the
total potential represented as a sum of two He–OCS poten-

tials plus the He–He intermolecular potential. The above
Hamiltonian contains full vibration–rotation coupling.

Basis function and matrix elements
A discrete variable representation (DVR) grid34 is used

for the radial degree of freedom, while parity-adapted rovi-
brational basis functions are used for the angular part. The
latter are linear combinations of the functions

½8� hq1; q2;f; a;b; gjl1; l2;m2; J;K;Mi

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2J þ 1

8p2

r
Q
K�m2

l1
ðq1ÞYm2

l2
ðq2;fÞDJ

�

M;Kða;b; gÞ

with

½9� Ym2

l2
ðq2;fÞ ¼

1ffiffiffiffiffiffi
2p

p Q
m2

l2
ðq2Þeim2f

where Q
m2

l , Ym2

l , and DJM;K are, respectively, the normalized
associated Legendre function with the ð�1Þm2 Condon–
Shortley phase factor,35 spherical harmonic functions, and
Wigner functions.35 The body-fixed frame is related to the
space-fixed frame via a rotation in the three Euler angles
(a, b, g). The projection of the total angular momentum J
onto the space-fixed or body-fixed frame is given by M or
K. Applying the parity operator bE� to the rovibrational func-
tion has the effect

Fig. 1. Illustration of the coordinate system used in the bound-state
calculations: M is the centre of mass of OCS and B is the canonical
point for the Radau vectors r1 and r2, and q1 and q2 are the Jacobi
vectors and r0 is a vector defining the axis of the OCS molecule; f
is a dihedral angle between r1 � r0 and r2 � r0, and q1 and q2 are
angles between r0 and r1 and r2, respectively.
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½10� bE�jl1; l2;m2;K; J;Mi ¼ ð�1ÞJ jl1; l2;�m2;�K; J;Mi

Parity-adapted basis functions may be written as

½11� jl1; l2;m2;K; J;M;Pi ¼ 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2ð1þ dm2;0dK;0Þ

p jl1; l2;m2;K; J;Mi þ ð�1ÞJþPjl1; l2;�m2;�K; J;Mi

where K ‡ 0 and P = 0 or 1 correspond to even or odd parities, respectively. When K = 0 the constraint m2 ‡ 0 holds and the
combination m2 = K = 0 and (–1)J+P = –1 is not allowed.

In the parity-adapted angular finite basis representation(FBR), the kinetic energy terms have simple matrix elements. The
diagonal matrix elements are

½12� hl1; l2;m2;K; J;M;PjbTdiagjl1; l2;m2;K; J;M;Pi ¼
1

2mHer2
1

l1ðl1 þ 1Þ þ 1

2mHer2
2

l2ðl2 þ 1Þ þ BOCSl1ðl1 þ 1Þ

þ BOCS½JðJ þ 1Þ þ l1ðl1 þ 1Þ þ l2ðl2 þ 1Þ � 2K2 þ 2m2ðK � m2Þ�

and the three types of off-diagonal matrix elements are

½13� hl1; l2;m2 þ 1;K; J;M;PjbToff jl1; l2;m2;K; J;M;Pi ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ dm2;0dK;0

p
BOCSl

�
l1;K�m2

lþl2;m2

½14� hl1; l2;m2;K þ 1; J;M;PjbTCorjl1; l2;m2;K; J;M;Pi ¼ �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ dm2;0dK;0

p
BOCSl

þ
l1;K�m2

lþJ;K

½15� hl1; l2;m2 þ 1;K þ 1; J;M;PjbTCorjl1; l2;m2;K; J;M;Pi ¼ �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ dm2;0dK;0

p
BOCSl

þ
l2;m2

lþJ;K

with two special cases

½16� hl1; l2;�m2; 1; J;M;PjbTCorjl1; l2;m2; 0; J;M;Pi ¼ �ð�1ÞJþPBOCSl
�
l1;K�m2

l�J;0 ðm2 > 0Þ

½17� hl1; l2;�m2 þ 1; 1; J;M;PjbTCorjl1; l2;m2; 0; J;M;Pi ¼ �ð�1ÞJþPBOCSl
�
l2;m2

l�J;0 ðm2 > 0Þ

where

l�l;m ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
lðlþ 1Þ � mðm� 1Þ

p

While the potential is not diagonal in the angular FBR, its matrix element integrals can be calculated in a grid representation
via a three-dimensional transformation36 for the q1, q2, and f angles.28,36 A Gauss–Legendre quadrature was used for the q1
and q2 angles, and Gauss–Chebyshev quadratures of the first and second kind were used to integrate f for even and odd
parity cases, respectively. For J > 0, a Fourier transform method has been used for potential matrix–vector products.28,37 The
Lanczos algorithm was then used to calculate the rovibrational energy levels by recursively diagonalizing the discretized Ha-
miltonian matrix.38–40 Projection operator techniques were used in combination with the Lanczos iteration method to compute
symmetric states upon identical helium exchanges to properly account for the bosonic nature of the 4He atoms. This corre-
sponds to a version of the symmetry-adapted Lanczos (SAL) algorithm41,42 previously used for atomic trimers containing two
or more bosonic atoms.28,43,44 Eigenvectors were obtained using a second Lanczos recursion to avoid the storage of Lanczos
vectors as previously done in ref. 43.

Helium density in the body-fixed frame
To develop some intuitive feeling regarding the nature of these species, it is very useful to develop a three-dimensional

representation of the helium part of the wave function in the body-fixed frame. In terms of the basis functions and Radau
coordinate system, the wave function for the nth energy level for a given set of J, M, and P quantum numbers is

½18� JJ;M;P
n ðr1; r2; q1; q2;f;a; b; gÞ ¼

X
a1;a2;l1;l2;m2;K

h q1; q2;f;a; b; gjl1; l2;m2; ; J;K;M;Pihr1ja1ihr2ja2i

� ha1;a2; l1; l2; m2; J; K;M; PjJ J;M;P
n i

in which hrjjaji is a localized DVR basis function for helium atom j, and the coefficient ha1;a2; l1; l2; m2; J; K;M; PjJJ;M;P
n i is

an eigenvector obtained via Lanczos diagonalization.
The three-dimensional density of the jth helium atom associated with JJ;M;P

n is defined as

½19� rJ;M;P;n
j ðRÞ ¼

R
dr1dr2sin q1dq1sin q2dq2dfjJ J;M;P

n ðr1; r2; q1; q2;f; a;b; gÞj2 dðR� Rj½r1; r2; q1; q2;f�Þ

in which Rj[r1, r2, q1, q2, f] is the vector function that maps the Radau coordinates to the body-fixed Cartesian coordinates
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(Rj = {xj, yj, zj}). The above integral can be evaluated on the same grid as the potential integral. However, because of the
discrete nature of the Gaussian quadrature grid used for the integration, the density may not appear to be smooth. To obtain a
smooth representation of the density, we use a Gaussian representation of the three-dimensional delta function that appears in
eq. [19]

Table 1. Calculated energies (in cm–1) for the lowest rotational sublevels of the
ground vibrational level for seven OCS–He2 isotopologues.

Calculated energy (cm–1)

Level (J, P, n)

Isotopologues 0 (0, 0, 0) 1 (1, 1, 0) 2 (2, 0, 0) 3 (3, 1, 0)
16O12C32S –37.9505 –37.6994 –37.2200 –36.5363

16O13C32S –37.9780 –37.7277 –37.2495 –36.5674

16O12C34S –38.0512 –37.8047 –37.3327 –36.6585

16O13C34S –38.0821 –37.8362 –37.3649 –36.6914

16O12C33S –38.0021 –37.7534 –37.2778 –36.5989

18O12C32S –38.1526 –37.9125 –37.4508 –36.7893

17O12C32S –38.0556 –37.8103 –37.3400 –36.6677

Note: J, total angular momentum; P, parity; and n, vibrational quantum number.

Table 2. Comparison of predicted and observed rotational transitions energies of OCS–He2

isotopologues (in cm–1).

Rotational transition energy
(cm–1) Theory – Expt.

Isotopologue J’ / J Theory Expt.3,6 cm–1 % Diff.
16O12C32S 1 / 0 0.2511 0.252 329 –0.0013 –0.5

2 / 1 0.4794 0.478 473 0.0010 0.2
3 / 2 0.6837 0.679 346 0.0044 0.6
Dvt 0.4510 —

16O13C32S 1 /0 0.2503 0.25 2064 –0.0017 –0.7

2 /1 0.4782 0.478 130 0.0001 0.0
3 /2 0.6821 0.678 995 0.0031 0.5
Dvt 0.4486 —

16O12C34S 1 / 0 0.2465 0.246 883 –0.0004 –0.2

2 / 1 0.4720 0.470 301 0.0017 0.4
3 / 2 0.6742
Dvt 0.4412 —

16O13C34S 1 / 0 0.2460 0.246 584 –0.0006 –0.3

2 / 1 0.4713 0.469 894 0.0013 0.3
3 / 2 0.6735 —
Dvt 0.4417 —

16O12C33S 1 / 0 0.2487 0.249 531 –0.0008 –0.3

2 / 1 0.4756 —
3 / 2 0.6789 —
Dvt 0.4459 —

18O12C32S 1 / 0 0.2401 —

2 / 1 0.4617 —
3 / 2 0.6615 —
Dvt 0.4328 —

17O12C32S 1 / 0 0.2453 —

2 / 1 0.4703 —
3 / 2 0.6723 —
Dvt 0.4413 —

Note: All of the observed transitions were a-type between levels within the Ka = 0 stack. Dvt is the
transition energy between the first excited and ground torsion states of He2 in OCS–He2 complexes. J, total
angular momentum.
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½20� dðR� Rj½r1; r2; q1; q2;f�Þ

� 1

ð2pÞ3=2sxsysz
eðx�xiÞ

2=2s2
xeðy�yiÞ

2=2s2
yeðz�ziÞ

2=2s2
z

This expression reduces to an exact delta function in the
limit where (sx, sy, sz) ? (0, 0, 0). Using such a representa-

tion of the delta function amounts to performing a Gaussian
binning of the density and leads to a smooth representation
of the density, as will be illustrated in the following.

Table 3. Comparison of predicted and observed spectroscopic constants (in MHz) of OCS–He2 isotopolo-
gues.

Spectroscopic constant Theory – Expt.

Isotopologue Rotational con-
stants

Theory Expt.6 MHz % Diff.

16O12C32S A 5104.99(14) 5169.6746 –64.6846 –1.25

B 4308.556(17) 4385.6366 –77.0806 –1.76
C 3235.885(18) 3195.6404 40.2446 1.26

16O13C32S A 5107.05(35) 5741.2483 –634.1983 –11.05

B 4293.006(42) 4522.5175 –229.5115 –05.08
C 3227.451(45) 3035.8419 191.6091 06.31

16O12C34S A 5018.0(10) —

B 4208.66(12) —
C 3197.88(13) —

16O13C34S A 5007.1(15) —

B 4194.38(16) —
C 3195.86(18) —

16O12C33S A 5069.81(59) —

B 4257.462(69) —
C 3215.390(74) —

18O12C32S A 4873.6(61) —

B 4062.90(64) —
C 3150.95(74) —

17O12C32S A 4997.7(19) —

B 4180.55(21) —
C 3190.89(24) —

Fig. 2. Reduced rotational transition energy plot for 16O12C32S–
(He)2.

Fig. 3. Three-dimensional representation of the helium-atom den-
sity in the body-fixed frame. The position of the first helium de-
fines the location of the zx plane, and its density is shown in black,
whereas the density of the second He atom is shown in blue. These
results were obtained with the values of the Gaussian standard de-
viations defining the densities set at sx = sz = 0.25 Å and sy =
0.1 Å for atom–1 and sx = sy = sz = 0.25 Å for atom–2.
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Results and discussion

Bound-state energies and microwave spectrum
The rovibrational energy levels of seven isotopologues of

the OCS–(He)2 complex were calculated using the radial
DVR and parity-adapted angular FBR methods described in
the Theory and methods section. The inertial rotational con-
stants BOCS required for these calculations were fixed at the
experimental values of 0.202 856 741 cm–1 for 16O12C32S,
0.202 204 019 cm–1 for 16O13C32S, 0.197 898 033 cm–1 for
16O12C34S, 0.197 194 087 cm–1 for 16O13C34S,
0.200 302 07 cm–1 for 16O12C33S, 0.190 293 341 cm–1 for
18O12C32S, and 0.196 258 106 cm–1 for 17O12C32S45–47 and
the masses were set at 4.002 603 24 u for 4He,
15.994 914 635 u for 16O, 16.999 131 5 u for 17O,
17.999 160 3 u for 18O, 12 u for 12C, 13.003 354 826 u for
13C, 31.972 070 70 u for 32S, 32.971 458 43 u for 33S, and
33.967 866 65 u for 34S. The He–OCS and He–He potentials
were taken from refs. 27 and 48, respectively. For r1 and r2,
35 sine DVR basis functions were used on the domain 3.0–
19.0 b. For the angular basis, lmax = mmax = 25, and 30
Gauss–Legendre quadrature points were used for each of q1
and q2, while 64 equally spaced points on the range [0, 2p]
were used for f. To accelerate the convergence of the Lanc-
zos calculation, an energy ceiling of 1000 cm–1 was im-
posed. This energy cutoff affected the low-lying levels by
less than 0.001 cm–1.

The energies of the J = 0, 1, 2, and 3 rotational sublevels
of the ground vibrational level for seven OCS–(He)2 isoto-
pologues are listed in Table 1, where P is the total parity.
As shown there, the binding energy of the ground vibra-
tional level of 16O12C32S–(He)2 is 37.9505 cm–1, which is
approximately one-third of the total three-body well depth
of 108.0896 cm–1. Because of our additive model, this well
depth is exactly twice the 50.22 cm–1 well depth27 of He–
OCS plus the 7.6496 cm–1 depth of the He–He potential.48

However, this ground-state level is bound by 0.6993 cm–1

more than the twice the binding energy of the He–OCS
dimer (18.625 cm–1)27 plus the binding energy of the helium
dimer (0.0012 cm–1),48, which add up to 37.2512 cm–1. That
additive value is expected to be approximate because it ne-
glects the effect of correlation associated with the mixing of
the two He-atom wave functions.

Table 2 compares our calculated microwave transition en-
ergies with the experimental results of refs. 3 and 6. As
shown there, the agreement is quite good, as the relative er-
rors are never larger than 0.7%. The Dnt torsional frequency
values are also presented in Table 2. For additional compar-
ison, the calculated microwave transitions were fitted to
Watson’s S-reduction Hamiltonian as an asymmetric top
molecule and compared to the experimental results of
ref. 6. All resulting spectroscopic constants are listed in Ta-
ble 3. As shown in Table 3 for 16O12C32S–(He)2, the fitted
A, B, and C rotational constants agree well with experimen-
tal results, as the relative errors are less than 2%. However,
for 16O13C32S–(He)2, the errors are relatively larger than
those of 16O12C32S–(He) 2 isotopomer. This is in part due to
the fact that the centrifugal distortion constants for all isoto-
pologues were fixed to the same infrared value7 of
16O12C32S–(He)2. Another explanation for the discrepancy is
the neglect of three-body terms in the interaction potential
used in the calculations as discussed below.

It is evident that the J dependence of the residual discrep-
ancies in Table 2 has the same systematic behaviour for all
isotopologues: the theoretical 1 / 0 transition frequencies
are smaller than the experimental ones, whereas the experi-
mental transition frequencies are larger in the 3 / 2 and
2 / 1 cases. This behaviour can be understood if we use a
basic spectroscopic analysis to determine estimates of the
leading rotational constants implied by these results. In par-
ticular, according to a standard spectroscopic analysis in
which rotational energies are written as F(J) = Bv[J(J +
1)] – Dv[J(J + 1)]2 + . . ., the expression for the rotational
transition energies DF(J) : F(J + 1) – F(J) may be rear-
ranged into the form

½21� DFðJÞ
2ðJ þ 1Þ ¼ Bv � 2DvðJ þ 1Þ2

þ 3Hv½ðJ þ 1Þ2ðJ2 þ 2J þ 2Þ� � � �

Plots of the experimental and theoretical results for
16O12C32–He in the manner suggested by eq. [21] are pre-
sented in Fig. 2; the intercepts of these plots indicate the va-
lues of the inertial rotational constants Bv and the slopes the
values of the leading centrifugal distortion constant Dv. The
0.77% difference between the experimental and theoretical
Bv values and 17% difference between the corresponding

Fig. 4. As in Fig. 3, but with sx = sz = 0.1 Å and sy = 0.05 Å for
atom–1 and sx = sy = sz = 0.1 Å for atom–2.

Fig. 5. He-atom density as a function of the azimuthal angle f.
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Dv. values are orders of magnitude larger than the discrepan-
cies implied by the differences between the experimental
and theoretical results for He–OCS obtained by Howson
and Hutson.27 Since our calculations are based on their He–
OCS pair potential, and given that the He–He pair poten-
tial48 is believed to be very reliable, we interpret these dif-
ferences as being due to our neglect of nonadditive
contributions to the overall interaction potential of our
three-body system. The fact that the experimental values are
larger than those obtained from our additive model would be
consistent with the existence of an attractive three-body in-
teraction.

Helium density
Figures 3 and 4 present the three-dimensional density for

the two helium atoms in the body-fixed frame as calculated
for the ground state of OCS–(He)2 using the procedure de-
scribed in the Helium density in the body-fixed frame sec-
tion. Iso-surfaces are used to represent the three-
dimensional densities, and the z axis is defined to lie on the
OCS molecular axis. The density of helium atom–1 is repre-
sented in black and that of helium atom–2 is shown in blue.
Two sets of standard deviation parameters have been chosen
to illustrate the smearing effect of the Gaussian binning.
Larger values of sx = sz = 0.25 Å and sy = 0.1 Å for atom–
1 and sx = sy = sz = 0.25 Å for atom–2 are used in Fig. 3,
whereas smaller values of sx = sz = 0.1 Å and sy = 0.05 Å
for atom–1 and sx = sy = sz = 0.1 Å for atom–2 are used in
Fig. 4. We first observe that a smoother density is obtained
with the larger standard deviation parameters, although the
general features of the helium density are the same in both
Figs. 3 and 4. The density will be accurately represented as
long as the standard deviations are smaller than the charac-
teristic length scale of the features of the wave function. The
values chosen above obey this criterion.

One significant feature of these representations is the fact
that the two helium atoms appear to have very different den-
sity distributions. This is an artifact of the fact that the posi-
tion of helium atom–1 is used to define the xz plane of the
body-fixed frame, and its density is therefore completely lo-
calized with respect to the y direction. Indeed, the only rea-
son that its density distribution appears to have nonzero
width in the y direction (the thickness of the black ‘‘disk’’)
is the use of a finite bin size (sy > 0) in the calculation.
The density of helium atom–1 is of course somewhat delo-
calized in the xz plane, but it is centred at the minimum of
the potential energy surface.

The second helium atom is clearly highly delocalized rel-
ative to the first, being distributed on a ‘‘sausage’’-shaped
incomplete ring about the OCS molecule axis. In Figs. 3
and 4 it appears to have a uniform density as a function of
the azimuthal angle f, apart from the region near atom–1
whence it is excluded by the short-range repulsive wall of
the He–He potential. However, Fig. 5 shows that the ‘‘partial
density’’ obtained by integrating the density of He atom–2
with respect to R and z at each value of f has interesting
substructure. In particular, in addition to the expected ex-
cluded volume near f = 08 and 3608, there are small but dis-
tinct local maxima at f = 1018 and 2598 corresponding to
the two He atoms lying ~5.4 Å apart. This distance is almost
double the He–He potential equilibrium distance of re =

2.968 Å, but is much smaller than the 45.6 Å expectation
value of the internuclear distance in the ground state of an
isolated He2 molecule, since the relatively strong He–OCS
potential constrains the two He atoms to lie within a ring
about the axis of the OCS. However, the weakness of the
He–He potential means that over a f range of almost 1808
the two He atoms move almost freely relative to one an-
other. Note that the present structural analysis is consistent
with Fig. 2 of ref. 49, and the findings of Wang and Car-
rington and co-workers for the related He2–N2O.28

Concluding remarks

Calculated rovibrational energy levels and microwave
transitions for seven OCS–(He)2 isotopologues have been
obtained from using a global potential energy surface de-
fined as a sum of accurate He–OCS and He–He pair poten-
tials. The predicted microwave transitions are in fairly good
agreement with experiment, but small systematic residual
differences are attributed to our neglect of three-body contri-
butions to the interaction. A new approach for visualizing
the helium density in the body-fixed frame is introduced
that shows that for the ground state, relative to the first, the
second helium atom lies in a sausage-shaped incomplete
ring about the OCS axis, with a region of excluded density
owing to the helium–helium repulsion. This study is comple-
mentary to one by Wang and Carrington,49 for this same
OCS–(He)2 system in the August 2010 issue of this
journal — they focus more on the infrared spectra and the in-
tramolecular vibrational structure and consider only the most
abundant isotopologues. Although they use different interac-
tion potentials, their results are in general agreement with
ours.
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Configurations and conformations of glycosyl
sulfoxides

Hong Liang, Micheline MacKay, T. Bruce Grindley, Katherine N. Robertson, and
T. Stanley Cameron

Abstract: X-ray crystallographic studies of two axial glycosyl sulfoxides having RS configurations (derivatives of phenyl
2-azido-2-deoxy-1-thio-a-D-galactopyranoside S-oxide) show that they adopt anti conformations in the solid state, in con-
trast to previous observations and assumptions. Density functional theory (DFT) calculations at the B3lYP6–311G+(d,p)/
6–31G(d) level confirm that anti conformations of both phenyl and methyl RS glycosyl sulfoxides of 2-azido-2-deoxy-a-D-
pyranosides are more stable than exo-anomeric conformations in the gas phase. 1D NOE measurements indicate that the
more polar exo-anomeric conformers are only populated to a slight extent in solution. The anti conformations are distorted
so that the glycosyl substituents are closer to being eclipsed with H1. This distortion allows S n ? s* overlap if the sulfur
lone pair is a p-type lone pair. Evidence for this overlap comes from short C1–S bond distances, as short as the compara-
ble bond distances in the X-ray crystal structure and in the results from DFT calculations for the SS glycoside, which does
adopt the expected exo-anomeric conformation, both in the solid state and in solution, and has normal n ? s* overlap.
For 2-deoxy derivatives not bearing a 2-azido group, gas-phase DFT calculations at the same level indicate that the anti-
and exo-anomeric conformers have comparable stabilities. Comparison of the results of the two series shows that electro-
negative substituents in equatorial orientations at C2 destabilize conformations with parallel S–O arrangements, the confor-
mation favored by having an endocyclic C–O dipole antiparallel to the S–O dipole, by about 2.5 kcal mol–1 (1 cal =
4.184 J). An equatorial glycosyl sulfoxide, (SS) phenyl 3,4,6-tri-O-acetyl-2-deoxy-2-phthalimido-1-thio-b-D-glucopyrano-
side S-oxide, also adopts an anti conformation in the solid state as shown by X-ray diffraction. It also adopts this confor-
mation in solution, in contrast to studies of other equatorial glycosyl sulfoxides.

Key words: sulfoxide configurations, glycosyl sulfoxides, conformational analysis, density functional theory (DFT) calcula-
tions, 1D NOE measurements, X-ray crystallography.

Résumé : Des études de cristallographie par diffraction des rayons-X de deux glycosyles sulfoxydes axiaux de configura-
tions RS, des dérivés du S-oxyde de 2-azido-2-désoxy-1-thio-a-galactopyranoside de phényle, montrent qu’ils adoptent des
conformations anti à l’état solide, contrairement aux observations antérieures et aux hypothèses. Des calculs selon la théo-
rie de la fonctionnelle de la densité (TFD) au niveau B31YP6–311G+(d,p)/6–31G(d) confirment que les conformations
anti que, en phase gazeuse, chacun des RS glycosyles sulfoxydes, 2-azido-2-désoxy-1-thio-a-galactopyranoside tant de mé-
thyle que de phényle sont plus stable dans les conformations anomères exo. Des mesures d’effet Overhauser nucléaire
(eOn) 1D indiquent que, en solution, les conformères anomères les plus polaires ne forment qu’une faible partie de la po-
pulation. Les conformations anti sont déformées de façon à ce que les substituants glycolyses soient dans une position pra-
tiquement éclipsée avec le H1. Cette distorsion permet un recouvrement S n ? s* sur la paire libre du soufre est une
paire libre de type p. Un support pour ce recouvrement vient des courtes longueurs de liaison C1–S, pratiquement aussi
courtes que les longueurs mesurées par diffraction des rayons-X dans la structure cristalline et en accord avec les résultats
des calculs TFD pour le SS glycoside qui adopte la conformation anomère exo attendue, tant à l’état solide qu’en solution,
et pour le recouvrement n ? s* normal. Pour les dérivés 2-désoxy ne portant pas de groupe azido, les calculs de TFD en
phase gazeuse, au même niveau, indiquent que les conformères anomères anti et exo ont des stabilités comparables. Une
comparaison des résultats des deux séries montre que les substituants électronégatifs en orientations équatoriales en
C2 déstabilisent les conformations avec des arrangements S–O parallèles, la conformation favorisée par un dipôle C–O en-
docyclique antiparallèle au dipôle S–O par environ 2,5 kcal mol–1 (1 cal = 4.184 J). La diffraction des rayons-X montre
aussi que, à l’état solide, un glycosyle sulfoxyde équatorial, le S-oxyde du SS 3,4,6-tri-O-acétyl-2-désoxy-2-phtalimido-1-
thio-b-D-glucopyranoside de phényle, adopte aussi une conformation anti. Il adopte aussi cette conformation en solution,
en opposition à ce qui a été observé dans les études sur glycosyles sulfoxydes équatoriaux.

Mots-clés : configurations de sulfoxydes, glycosyles sulfoxydes, analyse conformationnelle, calculs selon la théorie de la
fonctionnelle de la densité (TFD), mesures d’effet Overhauser nucléaire (eOn) 1D, cristallographie.
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Introduction
One of the most important techniques for the formation of

glycosides employs glycosyl sulfoxides activated by electro-
philes as leaving groups.1 This method has been used to form
glycosides that have widely varying structures for both the
glycosyl donors and aglycones.2–14 The activated sulfoxide is
sufficiently reactive that reactions in solution can be con-
ducted at –78 8C and it can also be used in solid-phase reac-
tions.15 The configuration of the sulfoxide does not influence
the stereochemistry of glycosylation reactions but does affect
the rate of glycosylation reactions16 and the rates of compet-
ing elimination and hydrolysis reactions.17,18 The stabilities
of the different sulfoxide diastereomers and the physical
properties of the diastereomers are inherently linked to the
conformations that they adopt. The conformations are termed
exo if the aglycone is gauche to both the ring oxygen atom
and H1 and anti if the aglycone is anti to the ring oxygen as
shown in Figs. 1 and 2. The staggered conformations where
the aglycone is gauche to both the ring oxygen and C2 are
much less stable and will not be considered here.

It has been assumed that these conformations are influ-
enced primarily by the tendency of the aglycones to adopt
exo conformations, the exo-anomeric effect,19–22 with contri-
butions from repulsion between C–O and S–O dipoles.23 The
exo-anomeric effect is a result of several factors:24,25 n ?
s* donation,26 dipole dipole repulsion, reduced steric inter-
actions, and electrostatic attraction.27 Glycosyl sulfoxides
provide platforms that allow the examination of the geomet-
rical effects of the contributions of n ? s* donation on
conformer stability because the availability of two diaster-
eomers allows the contributions of the two lone pairs to be
evaluated individually, albeit with the complication of an
additional polar S–O bond. We will show herein that the
exo-anomeric effect is much less dominant in controlling
the conformations of glycosyl sulfoxides than that of glyco-
syl sulfides or of normal glycosides and that C–O S–O di-
pole repulsion is less important than previously thought. We
will also show that the conformer stabilities are consistent
with the sulfoxide lone pair being a p-type lone pair, rather
than an sp3 lone pair.

Crich et al.23,28 observed that oxidation of axial thioglyco-
sides on pyranoside rings gave one stereoisomer predomi-
nantly, the RS isomer for a-D-pyranosides. Stereoselectivity
is particularly high if the pyranoside rings are made rigid
by fusion to 4,6-O-benzylidene acetals.29,30 The stereoselec-
tivity attained is consistent23 with kinetically controlled oxi-
dation of the accessible face of the sulfur atom in the most
stable conformer of the thioglycoside, the conformer favored
by the exo-anomeric effect. This group23 and others31

observed that oxidation of equatorial sulfoxides was unse-
lective. Khiar et al.17,26 also found that oxidation of O2-
protected equatorial thioglycosides was normally unselective
but noted that oxidation of O2-unprotected equatorial thio-
glycosides is highly diastereoselective. A few O2-substituted
equatorial thioglycosides were also found to exhibit highly
selective oxidations; peresters of b-thiophenyl or b-ethyl 2-
tetrachlorophthalimido-2-deoxy-D-glucopyranosides gave di-
asteromeric ratios >9:1.17

The assignment of configuration of the product sulfoxides
has been based on results from X-ray crystallogra-

phy,16,17,23,28,32–34 augmented by empirical rules developed
from NMR measurements26 and from the use of chiral shift
reagents.33,35 Khiar26 proposed two methods for making as-
signments directly based on NMR results. For ethyl sulfox-
ides, the methylene protons of the ethyl group are
diastereotopic. For equatorial sulfoxides of D-pyranosides,
the chemical shift differences between the 1H NMR signals
of these diasterotopic protons are considerably larger for the
RS isomer than the SS isomer.17,26 This observation has been
rationalized in terms of the assumption that the major con-
formations present for the RS sulfoxides are those in which
the ethyl group adopts the exo orientation,26 which agreed
with results from semiempirical (AM1) calculations.33 This
conformation of the RS sulfoxides has the sulfoxide sulfur
lone pair anti to the C1–O5 bond, aligned so that n ? s*
overlap can occur (see Figs. 1 and 2). Crich et al.23 com-
mented in a footnote that they have observed several excep-
tions to the tendency for the methylene protons of ethyl
sulfoxides to have larger chemical shift differences in partic-
ular diastereomers.

The second method proposed for assigning sulfoxide con-
figurations from NMR spectral measurements was based on
the 13C NMR chemical shifts of anomeric carbons; those for
RS sulfoxides of equatorial D-pyranosides are more shielded
by >2 ppm for both aryl and alkyl sulfoxides.17,26 For axial
sulfoxides of D-pyranosides, the minor SS isomer exhibits
the more shielded anomeric carbon and the larger chemical
shift difference between the diastereotopic protons of ethyl
sulfoxides.17 The larger shielding was attributed to the n ?
s* overlap mentioned above.26 If it is assumed that the con-
tribution of conformers with the aglycone gauche to both the
ring oxygen and C2 are negligible, this arrangement only
occurs in the exo conformation of the equatorial RS sulfox-
ide of D-sugars and in the exo conformation of the minor SS
isomer of axial sulfoxides (see Figs. 1 and 2).

Crich et al.23 have suggested that S–O C1–O5 dipole re-
pulsion is very important in determining the conformations
of axial sulfoxides. For a-D-pyranosides, the RS sulfoxide,
which is the major product of oxidation, has the S–O group
anti to the ring C1–O5 bond if the conformation adopted is
that favored by the exo-anomeric effect. This group has in-
terpreted equilibration results on glycosyl allyl sulfoxides in
terms of the importance of dipole–dipole repulsion.23

Most of the conclusions about sulfoxide conformation and
configuration have been based on X-ray crystallogra-
phy,16,17,23,28,32–34 supported by AM1 calculations.33 With
one exception,23 the ten glycosyl sulfoxides previously
studied adopted conformations in the solid state with the
sulfoxide alkyl or aryl group in the exo-anomeric conforma-
tion. This paper was prompted by our studies of three glyco-
syl phenyl sulfoxides, all of which adopt conformations in
the solid state with the phenyl group anti to the ring C–O
bond. We report these crystallographic studies here. In addi-
tion, NMR studies have been performed in which NOE
buildup rates have been used to determine the preferred con-
formations of these apparently anomalous sulfoxides in sol-
ution. Extensive molecular orbital calculations using density
functional theory at the B3LYP6–311+(d,p) level have now
provided improved understanding of the factors that deter-
mine the relative stabilities of the conformations of the two
sulfoxide configurations. These calculations suggest that the
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configuration of the glycosyl sulfoxide determines which
conformations are populated; a glycosyl sulfoxide, which
can adopt a conformation with the aglycone exo and the sul-
fur lone pair anti, will favor that conformation (the SS con-
figuration for b-D-pyranosides, the RS configuration for a-D-
pyranosides); for the other diastereomer, the conformer with
the aglycone anti is more stable or comparable in stability
with the exo conformer.

Results

Axial glycosyl sulfoxides
As previously reported,36 the treatment of 2-azido-2-de-

oxy-1,3,4,6-tetra-O-acetyl-a-D-galactopyranoside37 with thio-
phenol and boron trifluoride etherate in chloroform gave
close to a 1:1 mixture of the a- and b-isomers. Deacetylation
gave a mixture of compounds 1 and 2 that were separated
by column chromatography. As shown in Scheme 1, the a-
isomer was converted using standard methods into the 4,6-O-
benzylidene acetal (3) and the 4,6-O-p-methoxybenzylidene
acetal (5) that were acetylated to give compounds 6 and 7,
respectively. Compound 3 had been made previously by a
different route but was not fully characterized.38 Oxidation
with m-chloroperbenzoic acid (MCPBA) in dichloromethane
(DCM) at –76 8C yielded two isomeric sulfoxides for the
4,6-benzylidene derivative (8R and 8S) and for the 4,6-O-p-
methoxybenzylidene derivative (9R and 9S). In both cases,
the sulfoxide diastereomers were separated by column chro-
matography. The preferences for the oxidation reactions to
yield the RS isomer were much less than noted for gluco34,39

and manno5,29 analogues, being 3/1 for compound 3 and 7/2
for compound 5.

X-ray crystal structure determinations were performed on
compounds 6, 8R, 8S, and 9R. The phenyl thioglycoside, 6,
adopted the exo conformation (Fig. 3). A compilation of all
22 structures previously published that contain axial thiogly-
cosides was assembled from the Cambridge Data File and
data from this compilation is listed in the Supplementary
data as Table S1. In all previous 22 structures, as well as in
the one determined here, the conformation adopted was exo.

The X-ray crystal structure determinations of the kineti-
cally favored sulfoxides 8R and 9R show that both adopt
anti conformations, different from the exo conformations
present in the five previous determinations of axial glycosyl
sulfoxides. Two RS ethyl 1-thio-a-D-mannopyranoside S-oxides
adopted exo conformations,28 as did an RS 2-cyanoethyl 1-
thio-a-D-glucopyranoside S-oxide,34 and two 1-thio-b-D-
galactofuranoside S-oxides with the sulfur atom in pseudo-
axial positions also adopt exo-like conformations.16 ORTEP
diagrams for 8R and 9R are shown in Figs. 4 and 5. The
minor diastereomer, 8S, adopts an exo conformation in the
solid state. Its ORTEP diagram is shown in Fig. 6.

The geometries about the anomeric centre deviate from
perfect staggering to different extents in the three axial sulf-
oxide X-ray crystal structure determinations. The torsional
angles are shown in Fig. 7. In the crystal of the parent phe-
nyl thioglycoside, 6, the quaternary phenyl carbon atom is
perfectly staggered between the ring O and H1. In the crys-

Fig. 1. Exo conformations of the glycosyl sulfoxides of D-sugars in 4C1 chair conformations.

Fig. 2. Anti conformations of the glycosyl sulfoxides of D-sugars in 4C1 chair conformation.

Scheme 1. (a) PhCHO or p-MeOPhCHO, p-methoxybenzoic acid in DMF–benzene, reflux; (b) Ac2O/Py; (c) MCPBA, DCM, –78 8C.

1156 Can. J. Chem. Vol. 88, 2010

Published by NRC Research Press

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

U
ni

ve
rs

ity
 o

f 
E

le
ct

ro
ni

c 
an

d 
Sc

ie
nc

e 
T

ec
ho

no
lo

gy
 o

f 
C

hi
na

 o
n 

09
/1

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



tals of the two sulfoxides that adopt anti conformations, 8R
and 9R, the quaternary phenyl carbon atom is much further
away from C2 than expected for a staggered conformation,
having C2–C1–S–C7 torsional angles of 80.6(3)8 and
75(1)8, for 8R and 9R, respectively. In contrast, in the crys-
tal of the sulfoxide that adopts an exo conformation, 8S, the
quaternary phenyl carbon atom is closer to the ring oxygen
(O–C1–S–C7 torsional angle of 48.0(2)8) than expected for
a staggered conformation.

Full geometry optimizations were carried out at the
B3LYP/6–31G(d) level of theory on the parent phenyl thio-
glycoside, 6, its oxides 8R and 8S, and their SMe analogs
(10, 11R, and 11S) in the gas phase. Frequency calculations
confirmed that all structures identified as conformers were
minima on the potential energy surfaces. In these cases,
single-point calculations were performed for all conformers

Fig. 5. ORTEP diagram of 9R.

Fig. 6. ORTEP diagram of 8S.Fig. 3. ORTEP diagram of 6.

Fig. 4. ORTEP diagram of 8R. Fig. 7. Newman diagrams from C1 to S indicating torsional angles
about the anomeric centres of 6, 8R, 8S, and 9R calculated for
bond angles using the program PLATON.40 The top two structures
have the azide groups in gauche minus conformations, whereas the
bottom two are in gauche plus conformations (see the following for
further discussion).
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at the B3LYP/6–311G+(d,p) level of theory. The conforma-
tional situation is more complicated for these compounds.
Rotamer geometries and energies about two torsional angles
were evaluated, the glycosidic torsional angle, O5–C1–S–C,
and the torsional angle to the azide group, H2–C2–N–N. All
other torsional angles were allowed to rotate freely to mini-
mum energy values.

Anti conformations about the C1–S bond of the phenyl
thioglycoside, 6, were not minima on this potential energy
surface; initial geometries obtained from a variety of strat-
egies always rotated smoothly back to the exo conformer on
minimization. The anti conformer of the methyl analogue 10
was a minimum, 2.30 kcal mol–1 (1 cal = 4.184 J) less stable
than the exo conformer at the B3LYP/6–31G(d) + ZPVE
and 1.70 kcal mol–1 less at the B3LYP/6–311G+(d,p) +
ZPVE level of theory. Initial geometries for the two addi-
tional rotamers about the C2–N bond were obtained by start-
ing from the minimized geometry for each C1–S rotamer
and rotating about this bond. Several of these C–N rotamers
minimized to previously minimized structures, but two sets
of exo and anti minima were obtained for 8R and 11R, and
one set of two for the exo conformer of 6. Only one azide
rotamer was found for each of the exo and anti conformers
of 8S and 11S.

The conformers obtained for 8R are illustrated in Fig. 8.
These are named with the compound number, followed by e
or a to indicate the anomeric conformation (exo or anti, re-
spectively), which is then followed by a, gp, or gm, to indi-
cate whether the azide N–N–C2–H2 torsional angle is anti,
gauche plus, or gauche minus, respectively. Conformer
stabilities are listed in Table 1.

For the conformers arising because of rotation about the
C2–N bond, the gauche plus (gp) and gauche minus (gm)
conformers are calculated to be more stable than the anti
(a) conformer. The gp conformer is always a minimum on
the potential energy surface. In the three cases where the a
conformation is a minimum (6, 8R, 11R), it is less stable
than the gp conformer by 1.0 ± 0.2 kcal mol–1. The gauche
minus (gm) conformer was calculated to be a minimum only
for Re sulfoxide conformers, 8Re and 11Re, but in those
two cases, it was calculated to be more stable than the gp
conformer by 0.7 and 0.9 kcal mol–1, respectively. The
azides in the crystal structures of 6 (exo conformer) and 8R
(anti conformer) are present in gm conformations, while
those in 8S (exo conformer) and 9R (anti conformer) are
present in gp conformations, consistent with the small en-
ergy differences between the latter two conformations and
probably small barriers between these two minima. The ab-
sence of anti conformations for azides in these crystal struc-
tures are consistent with the larger energetic destabilizations

calculated for the a conformations with respect to the gp
conformations. H2–C2–N–N torsional angles were calcu-
lated to be small, having absolute values of 388–468 in all
gp and gm conformers. In the three C–N anti conformers,
the H2–C2–N–N torsional angles were between 1278 and
1478 with the N close to being eclipsed by C3.

The relative energies calculated for the anomeric con-
formers of these axial glycosyl sulfoxides (Table 1) were
unexpected in view of all previous discussion.17,23,33 The
anti conformers of the kinetically favored RS sulfoxides
were calculated to be more stable than the exo conformers
by 2.0 and 1.4 kcal mol–1 at the B3LYP/6–311G+(d,p) +
ZPVE level of theory for the phenyl and methyl sulfoxides,
respectively. For the minor sulfoxides, the SS diastereomers,
the exo conformer is calculated to be more stable by
1.1 kcal mol–1 for the phenyl glycoside and 2.0 kcal mol–1

for the methyl glycoside.
The interesting variations in geometry from perfect stag-

gering around the C1–S bond observed in the X-ray results
were evident here for all conformers (see Fig. 9). In particu-
lar, the quaternary phenyl carbon atom in the anti conformer
of 8R (gp) is calculated to be about as far away from C2 as
observed in the crystal, having a C2–C1–S–C7 torsional an-
gle of 818. In the methyl sulfoxide (11Ragp), this angle is
calculated to be slightly smaller, 768. The exo conformers
of 8R are calculated to deviate more from perfect staggering
in the unexpected direction than observed in the X-ray struc-
ture of 8S; the O1–C1–S–C7 angle was calculated to be 318
in the most stable gp conformer. In the two previously de-
termined X-ray structures of a-D-mannopyranosyl ethyl sulf-
oxides, the comparable angles observed were larger, 50.78–
56.88.28

In view of the distance determinations obtained from
NOE measurements (vide infra) and the difference between
calculated and X-ray geometries mentioned earlier, the var-
iations in energy as a function of two different torsional an-
gles were evaluated for compound 8R. Rotation about the

Fig. 8. Diagrams indicating the conformations calculated to be
adopted by the minima of compound 8R.
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Table 1. Calculated conformational energies and dipole moments for axial glycosyl sulfoxides.

Conformer
DE (6–31G(d))
(kcal mol–1)a

DE (6–31G(d))
(kcal mol–1)b

DE (6–31G(d)) + ZPVE
(kcal mol–1)a

DE (6–31G(d)) + ZPVE
(kcal mol–1)b

DE (6–311+G(d,p)) + ZPVE
(kcal mol–1)a

DE (6–311+G(d,p)) +
ZPVE (kcal mol–1)b

Dipole moment
(D)c

6egpd 0.0 0.0 0.0 0.0 0.0 0.0 1.84
6ea 1.21 1.21 1.28 1.28 1.08 1.08 1.96
10egp 0.0 0.0 0.0 0.0 0.0 0.0 2.24
10agp 2.30 2.30 2.33 2.33 1.70 1.70 0.57
8Ragp 2.03 0.0 2.00 0.0 2.25 0.0 2.54
8Raa 3.04 1.01 3.08 1.07 3.08 0.83 3.31
8Regm 5.36 3.33 5.12 3.12 4.27 2.02 5.55
8Regp 5.97 3.94 5.63 3.62 5.18 2.92 5.73
11Ragp 2.36 0.0 2.42 0.0 2.61 0.0 2.54
11Raa 3.47 1.11 3.58 1.16 3.67 1.05 3.17
11Regm 5.62 3.26 5.29 2.86 4.04 1.42 5.64
11Regp 6.08 3.72 5.62 3.35 5.16 2.54 5.75
8Segp 0.0 0.0 0.0 0.0 0.0 0.0 3.49
8Sagp 1.39 1.39 1.41 1.41 1.08 1.08 2.62
11Segp 0.0 0.0 0.0 0.0 0.0 0.0 3.33
11Sagp 2.45 2.45 2.46 2.46 1.96 1.96 2.99

aRelative to the most stable conformer of all diastereomers of this compound.
bRelative to the most stable conformer of this diastereomer.
cCalculated at the 6–311G+(d,p) level of theory.
dNo anti conformation of compound 6 was calculated to be a minimum.
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Table 2. Comparison of results obtained by different methods.

Compound Method

Internuclear distance (Å)a
Relative energy
(kcal mol–1)br(HSPo,H1) r(HSPo,H3) r(HSPo,H5)

6 NOE 3.0 NOc 3.4 NAd

DFT (egp) 2.64 5.09 3.40 0.00
DFT (ea) 2.64 5.59 3.46 1.08
X-ray (egm) 2.84 4.78 2.67 NAd

8R NOE 3.0 4.7 3.6 NAd

DFT (agp) 2.55 3.84 5.15 0.00
DFT (aa) 2.51 4.17 5.11 0.83
DFT (egm) 2.96 4.12 2.38 2.02
DFT (egp) 2.93 3.96 2.38 2.92
X-ray (agm) 2.68 3.92 5.18 NAd

9R X-ray (agp) 2.53 3.86 5.07 NAd

8S NOE 3.4 4.6 3.3 NAd

DFT (egp) 2.64 4.66 2.87 0.00
DFT (agp) 3.02 4.76 4.45 1.08
X-ray (egp) 2.95 4.58 2.55 NAd

aThe distance to the closest ortho H (HSPo).
bFrom 6–311G+(d,p) + ZPVE/6-31G(d) calculations.
cNO = not observed.
dNA = not applicable.

Fig. 9. Newman projections from C1 to S showing torsional angles about the anomeric centre calculated for the various conformers of
compounds 6, 10, 8R, 11R, 8S, and 11S.
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axis of the glycosyl phenyl ring was evaluated first. The tor-
sion angle C1–S–C7–C8 was held constant at fixed values in
108 intervals from the value found at the minimum for the
conformer 8Regp. The energy change as a function of tor-
sional angle is fairly symmetrical about the minima indicat-
ing that the measured NOE should represent the minimum
well (Fig. S1 in the Supplementary data). Then the torsion
angle O1–C1–S–C7 was held constant at values ranging
from 58 to 108 increments about the value found at the mini-
mum for the conformer 8Regp. Figure 10 shows how the
energy and the internuclear distances vary as a function of
this angle. For torsional angles >908, the energy decreased
in a nonsymmetric way because the azide conformation
minimized from the gm arrangement was most stable in
8Re and to the gp conformation was most stable for 8Ra.
The variation in energy is not symmetric about this angle,
being much flatter towards values of the torsional angle that
are larger than that of the minimum. Hence, the time-averaged
O1–C1–S–C7 torsional angle will be significantly larger than
that present in the geometry of the minimum and the NOEs
observed for this conformer and will yield longer H1–HSPo
and H5–HSPo distances than calculated for the minimum.

To determine the cause of the method of assignment of
sulfoxide configuration based on 13C NMR chemical
shifts,26 the Gauge invariant atomic orbital (GIAO)
method41,42 was used to calculate 13C shieldings for all car-
bons of the 8R and 8S conformers using the 6–311+G(d,p)
basis set and 6–31G(d) geometries. TMS was used as the
chemical shift reference. The chemical shifts obtained are
listed in Table S5 in the Supplementary data and all calcu-
lated values were slightly larger than the experimental val-
ues. Plots of experimental chemical shifts against the
chemical shifts calculated for all nonaromatic carbons gave

good straight lines with correlation constants of 0.989–
0.996 and slopes ranging from 0.947 to 0.982 (not shown).
The anomeric chemical shifts of the carbons consistently de-
viated from the lines, having calculated values that were
larger than the experimental values by greater amounts than
those of carbons with similar shifts. According to the
method proposed by Khiar,26 to assign glycosyl sulfoxide
stereochemistry from anomeric carbon chemical shifts, C1
of the SS sulfoxide should be more shielded that that of the
RS sulfoxide. This was observed experimentally: the C1
chemical shifts were 92.5, 96.4, 89.9, and 96.5 ppm for 8S,
8R, 9S, and 9R, respectively. The values calculated for the
four 8R conformers were 108.9, 112.6, 114.8, and
114.8 ppm for 8Ragp, 8Raa, 8Regp, and 8Regm, respec-
tively, and those for 8Segp and 8Sagp were 106.1 and
105.7 ppm, respectively. Thus, all values for 8S conformers
were less than those for 8R conformers, which is in agree-
ment with both experiment and prediction. A value for 8R
in between that of 8Ragp and those of the exo conformers
and one for 8S of the exo conformer would give a difference
very similar to those observed in solution for the 8 and 9 di-
astereomers. Khiar26 ascribed the shielding of the SS isomers to
n ? s* overlap. The value calculated for C1 of 8Sagp, which
cannot have n ? s* overlap, is the lowest of all, indicating
that n ? s* overlap does not cause this shielding effect.

The conformation adopted in solution was investigated by
measuring initial NOE buildup rates using both selective 1D
NOE measurements with the double pulsed field gradient
spin echo (DPFGSE) sequence43 and 2D NOESY experi-
ments using a variety of mixing times. The initial rates are
directly proportional to the internuclear distances (rIS) and
were calibrated using a known internuclear distance (rref) as
follows:

Fig. 10. Variation in energy and internuclear distances calculated using B3LYP6–31G(d) as a function of O5–C1–S–C7 torsional angle for
compound 8R. Right: internuclear distances. Left: energies.
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rIS ¼ rref

NOEref

NOEIS

� �1=6

The distance between ortho phenyl protons (HSPo; 2.8 Å)
was used as the reference distance (rref).44 The results are
given in Table 2 along with the results obtained by the pre-
vious methods.

For the parent compound 6, the NOE results fit the geom-
etry calculated for the exo conformer well. The distances
from HSPo obtained to H1 and to H5 are within 0.4 Å of
those calculated and no NOE was observed for the interac-
tion with H3, as expected. However, the H5–HSPo distance
obtained from the NOE measurement was much longer than
that measured from the X-ray results. As discussed previ-
ously, the potential surface is fairly flat with respect to
changes in the O1–C1–S–C7 torsional angle from the 808
value calculated for the gas phase. Crystal packing presum-
ably causes this value to be altered from that calculated for
the minimum to the 59.4(5)8 value observed in the solid
state. The average of all 23 O1–C1–S–C7 torsional angles
from the crystal structures in the Cambridge data file (Table
S1 in the Supplementary data) was 61.58.

For the RS sulfoxide, the distances obtained from the NOE
measurements do not match the pattern obtained from the
X-ray results or from the geometries calculated for the two
lowest energy minima, the global minimum, the 8Ragp con-
former, and the other anti conformer (see Table 2). In both
anti conformers, the H5–HSPo distance is calculated by DFT
to be >5 Å, too large to give an NOE. However, an H5–HSPo
NOE was observed and the distance calculated from it was
3.62 Å. For both exo conformers, the H5–HSPo distances are
calculated by DFT to be 2.38 Å, much shorter than the dis-

tance obtained from the NOE. The H1–HSPo distance, ob-
tained from the NOE, was 3.05 Å. The average of DFT
calculated values in the two exo conformers is 2.95 Å and is
2.53 Å in the two anti conformers. These results indicate that
a mixture of the exo and anti conformers is present in solution.

A very approximate estimate of the amount of the exo
conformer present can be obtained from the H5–HSPo dis-
tances calculated for exo and anti conformers and the value
obtained from the NOE measurement using r6 averaging.
The use of 3.6 Å for the average, 5.15 Å for the anti con-
former, and 2.38 Å for the exo conformer yields 7% of the
exo conformer. This amount corresponds to a DG8 value of
1.5 kcal mol–1 for the equilibrium between conformers,
which is on the same order as that calculated.

Evaluation of the effect of the 2-azido group
To examine whether the above results were influenced by

the 2-azido group, calculations were performed on the
2-deoxy analogs shown below at the same level of theory,
except that conformations were also minimized at the
B3LYP/6–311+G(d,p) level. As previously, calculations were
performed on two conformations of each of these, the anti (a)
and exo (e) conformers. In addition, calculations were per-
formed on the endo conformers of the methyl glycosyl sulfox-
ides, 15Sen and 15Ren, to check whether the earlier
assumption that this class of conformer was too energetic to
contribute to the mixture present was valid. The anti conform-
ers of both SS diastereomers, that is, 13Sa and 15Sa, were not
minima on their potential energy surfaces and neither was one
of the endo conformers, 15Ren. The results are given in
Table 3 and Newman projections showing the relationships
among groups at the anomeric centres are shown in Fig. 11.

The exo conformer of the methyl 2-deoxythioglycoside
(14) was calculated to be somewhat more stable with respect
to the anti conformer than its 2-azido-2-deoxy analogue (10)
(3.2 vs 2.3 kcal mol–1). For this series, the anti conformer of
the phenyl thioglycoside was also a minimum, 2.3 kcal
mol–1 less stable than the exo conformer. For the RS sulfox-
ide of the 2-deoxy analogue, 15, the exo conformer (15e)
was more stable than the anti conformer (15a) by 1.5 kcal
mol–1. The two conformers of the RS phenyl 2-deoxy sulfox-
ides (13) were calculated to be almost equally stable at the
B3LYP 6–311+G(d,p) level of theory, the exo conformer
being 0.1 kcal mol–1 more stable. Neither of the anti con-
formers of the SS sulfoxides of the 2-deoxy derivatives
(13Sa and 15Sa) were minima at this level of theory.

As shown in Fig. 11, the C2–C1–S–C7 torsional angles in
the anti conformers of the RS sulfoxides are similar to those
of their 2-azido analogues; the values are greater than those

expected for perfect staggering, being 708 for R13a and 788
for R15a. In contrast, the exo conformers of R13 and R15
deviate from perfect staggering in the opposite direction
from their 2-azido analogues. In the latter derivatives (see
Fig. 9), the O5–C1–S–C7 torsional angle had values in the
318–388 range, whereas the O–S–C1–C2 angle was in the
848–918 range. For 13Re and 15Re, the values of the O5–
C1–S–C7 torsional angles are 828 and 718, respectively,
whereas those of the O–S–C1–C2 angles are 418 and 528,
respectively. These changes are consistent with relief of di-
pole–dipole repulsion between the potentially parallel C–N
and S–O dipoles of the 2-azido derivatives. When the 2-
azido group was removed, the conformational minima have
O–S–C1–C2 angles <608 and the O5–C1–S–C7 values
are >608, relieving steric strain from the interaction of the
aglycone with the pyranose ring.
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An equatorial glycosyl sulfoxide
Treatment of 1,3,4,6-tetra-O-acetyl-2-deoxy-2-phthalimido-

b-D-glucopyranoside45–47 (16) with thiophenol and boron tri-
fluoride etherate gave phenyl 3,4,6-tri-O-acetyl-2-deoxy-2-
phthalimido-1-thio-b-D-glucopyranoside (17), previously
prepared by another method,48 in an 81% yield. Oxidation
with 1 equiv of m-chloroperbenzoic acid in dichloromethane
at –78 8C yielded 92% of a 2.1:1 mixture (18) of the SS
(18S) and RS (18R) isomers. It had previously been reported
that oxidation under similar conditions gave a 3:1 ratio of
the same isomers.17 The isomers were separated using flash
chromatography on silica gel with 5% acetone in dichloro-
methane as eluent.

The major isomer (18S), the SS isomer, was recrystallized

from a solution of 1% ethanol in hexanes. Its crystal struc-
ture (Fig. 12) establishes the SS configuration. Interestingly,
the compound adopts the conformation with the phenyl
group anti to the C1–O5 bond, in contrast to the results
from all previous X-ray determinations of equatorial glyco-
syl sulfoxides except one23 (see Table S1 in the Supplemen-
tary data for data on previous X-ray determinations of
glycosyl sulfoxides). In this conformation, the phenyl and
phthalimido groups lie roughly parallel to each other and
perpendicular to the plane of the tetrahydropyran ring, in an
arrangement typical of p stacking.

This conformation of 18S persists in solution in chloroform-
d. The nearly parallel alignment of the aryl groups is evident
in both the chemical shifts of the phenyl protons and of the
phthalamido protons, which are affected by the anisotropic
chemical shift effects of these aryl groups (for recent sum-
maries of these effects, see papers by Lazzeretti and co-
workers49,50). In the 1H NMR spectrum of the starting mate-
rial (17), the phenyl ortho Hs appear at 7.45 ppm, whereas
the meta and para Hs appear as a complex multiplet from
7.2 to 7.3 ppm. Similar shifts have been reported for cyclo-

Table 3. Calculated conformational energies and dipole moments for axial 2-deoxyglycosyl sulfoxides.

Conformer
DE (6–31G(d)) + ZPVE
(kcal mol–1)a

DE (6–311+G(d,p)) + ZPVE
(kcal mol–1)a Dipole moment (D)b

12e 0.0 0.0 0.98
12a 2.45 2.26 2.55
13Re 0.29 0.0 2.96
13Ra 0.0 0.08 3.76
13Se 0.84 0.45 3.29
14e 0.0 0.0 0.78
14a 3.22 3.16 2.24
15Re 0.37 0.0 3.18
15Ra 1.34 1.54 3.33
15Se 0.0 0.14 3.32
15Sen 5.82 5.25 3.75

aRelative to the most stable conformer of all diastereomers of this compound.
bCalculated at the 6–311G+(d,p) level of theory.

Fig. 11. Newman projections from C1 to S showing torsional angles about the anomeric centre calculated for the conformers of compounds
12R, 12S, 13R, 13S, 14R, 14S, 15R, and 15S.
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hexyl phenyl sulfide, 7.38 (ortho), 7.25 (meta), and 7.17
(para) ppm.51 Conversion to the sulfoxide results in de-
shielding, e.g., in the spectrum of cyclohexyl phenyl sulfox-
ide, 7.54 (ortho), 7.45 (meta), and 7.45 (para) ppm,51 and
also in that of compound 18R, 7.90 (ortho), 7.58 (meta), and
7.70 (para) ppm (see Fig. 13). In contrast, in the 1H NMR
spectrum of 18S, these signals appear at 7.49 (ortho),
7.21 (meta), and 7.13 (para) ppm (Fig. 14). All signals are
shielded in comparison with those of the RS isomer, Dd 0.41
(ortho), 0.37 (meta), and 0.57 (para) ppm, which are consis-
tent with the effects of a nearly parallel phthalimido group.

The effects on the phthalimido protons are more dramatic.
AA’BB’ patterns typical of disubstituted benzenes with iden-
tical ortho substituents are observed for the parent com-
pound with chemical shifts of 7.76 and 7.87 ppm and for
18R with chemical shifts of 7.77 and 7.90 ppm (Fig. 13). In
contrast, the phthalimido proton signals in the spectrum of
18S are exchange broadened (Fig. 14). A broad singlet at
7.67 ppm is superimposed on a much broader smooth low
band centered at about 7.73 ppm. Rotation of the phthali-
mido group is hindered by the favorable interactions associ-
ated with the near parallel arrangement of the phenyl and
phthalimido groups. If there was a rapid equilibrium be-
tween anti and exo conformations, the phthalimido group
would be able to rotate freely when the phenyl group was
exo. Thus, the observation of a single pattern exhibiting hin-
dered rotation indicates that the anti conformation is essen-
tially the only conformation populated in solution and that
rotation about the C1–S bond to the exo conformation is
slow, as are rotation about both the phenyl C–S bond and
the C2–N bond.

Quantum mechanical calculations were performed with
density functional theory as implemented in Gaussian 0352

with Becke’s three parameter exchange functional and Lee–
Yang–Parr correlational functionals.53,54 The X-ray structure
of compound 18S provided the initial geometry of the glyco-
syl sulfoxide. The initial geometries for the second stag-
gered rotamer were generated by rotating about the C1–S
bond and those for the other sulfoxide diastereomer were
generated by inverting at sulfur. The third staggered ro-
tamer, with the aglycone gauche to both C2 and the ring
oxygen, was not used as a starting point for geometry mini-
mization. Initial geometries for the SMe analog and its sulf-
oxides were obtained from the minimized thiophenyl
conformers. Initial geometries for 17 and its methyl ana-

logue, 17Me, were obtained by removing an oxygen atom
from the minimized sulfoxide conformers. Full geometry op-
timizations were carried out at the B3LYP/6–31G(d) level of
theory on 17, 18S, and 18R, and their SMe analogs (17Me,
18SMe, and 18RMe). However, neither Hartree–Fock mo-
lecular orbital theory nor current implementations of density
functional theory, which use local approximations of the
density, are capable of accurately describing the dispersion
forces, which are the major interaction causing p stacking.55

Theoretical methods that could provide accurate measures of
the dispersion forces are too time-consuming for molecules
of the size of compound 18S. Thus, the stabilities of con-
formers with geometries in which two arene rings are close
to parallel will be underestimated.

All starting conformations, that is, both anti and exo con-
formations, of the parent thioglycosides, 17 and 17Me,
smoothly changed geometry on optimization to that of the
exo conformers. On this potential energy surface, the anti
conformations are not minima. The results for the glycosyl
sulfoxides are shown in Table 4. The most stable conformer
of the SS diastereomer is calculated to be more stable than
that of the RS diastereomer by 1.85 and 1.36 kcal mol–1 for
the phenyl and methyl glycosyl sulfoxides, respectively. For
all compounds, the exo conformers are calculated to be more
stable than the anti conformers. For 18S, which was observed
to adopt the anti conformer both in the solid state and in sol-
ution, the exo conformer was calculated to be the more stable
conformer by 1.57 kcal mol–1, although the anti conformer is
calculated to have the larger dipole moment, 5.63 vs 1.40 D.
For 18R, which is present as the exo conformer in solution,
the calculated difference is 3.03 kcal mol–1.

Fig. 14. Part of the 400 MHz 1H NMR spectrum of compound 18S.

Fig. 12. ORTEP diagram of 18S. Fig. 13. Part of the 400 MHz 1H NMR spectrum of compound 18R.
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Discussion

Axial glycosyl sulfoxides
The gas phase DFT calculations indicate that axial glyco-

syl sulfides favor the exo-anomeric conformers over anti
conformers by substantial amounts, 1.7 kcal mol–1 for the
methyl 2-azido-2-deoxythioglycoside (10) and 3.2 kcal
mol–1 for the methyl 2-deoxythioglycoside (14). For the phe-
nyl 2-azido-2-deoxythioglycosides, the anti conformations
were not minima on the potential energy surfaces. The fact
that in all 23 X-ray structure determinations of axial glyco-
syl sulfides, the conformation observed was the exo confor-
mation (Table S3 in the Supplementary data) confirms these
calculated results.

Of the two diastereomers of the glycosyl sulfoxides, 8 and
11, the most stable conformer of the minor diastereomers,
8S and 11S, are calculated to be more stable than that of
the major diastereomers by 2.3 and 2.6 kcal mol–1, respec-
tively. Because the diastereomers obtained to a greater ex-
tent from the oxidation are calculated to be less stable than
the diastereomers obtained in lesser amounts, this result
strongly supports the conclusion that the stereoselectivity of
oxidation is kinetically controlled and results from the pre-
ferred exo conformation of the sulfide.23,28

The 2-azido-2-deoxy SS sulfoxides (8S and 11S), which
retain the sulfur lone pair anti to the C1–O5 bond in the
exo conformers, were calculated to have about the same
conformational preferences for these exo conformers as the
parent sulfides. One factor favoring this conformer must be
n ? s* donation from the sulfur lone pair into the C1–O5
antibonding orbital. This conformer is calculated to have
the shortest C1–S bonds of all conformers of 8 and 13 (see
Fig. 15), which is consistent with this overlap. Thus, the exo
arrangement of the aglycone plus the n ? s* overlap helps
explain the greater stability of this conformer of the kineti-
cally disfavored diastereomer.

However, for the RS sulfoxide (11Ragp), which does not
have an anti lone pair in the exo conformation, the conforma-
tional preference is calculated to shift from being in favor of
the exo conformer for the parent methyl sulfide (10egp) by
1.7 kcal mol–1 to being in favor of the anti conformer by
1.4 kcal mol–1, a change of 3.1 kcal mol–1 (3.7 kcal mol–1 for
the phenyl glycoside, if it is assumed that the sulfide prefer-
ence is the same as for the methyl glycoside). For the RS sulf-

oxide of the 2-deoxy analogue, 15, the exo conformer (15e)
was more stable than the anti conformer (15a) by
1.5 kcal mol–1. Therefore, the extent to which the anti con-
former of the methyl thioglycoside was stabilized on oxida-
tion to the RS diastereomer was smaller for the 2-deoxy
derivative, 1.5 kcal mol–1, but was still substantial. For the
phenyl thioglycoside (12), the corresponding stabilization of
the anti conformer of the RS sulfoxide was calculated to be
2.2 kcal mol–1, again at the B3LYP 6–311+G(d,p) level of
theory.

Comparison of the geometries of the RS exo conformers
of the 2-deoxy derivatives with the 2-azido-2-deoxy deriva-
tives shows that the 2-azido substituent has a significant ef-
fect. The O5–C1–S–O torsional angles calculated for 8Regp,
8Regm, 11Regp, 11Regm, 13Re, and 15Re are 139.38,
144.48, 145.08, 146.28, 168.58, and 179.58, respectively. The
latter two values are consistent with minimization of steric
interactions for the R group and dipole–dipole repulsion due
to interaction of the endocyclic C–O bond and the sulfoxide
S–O bond. When the 2-azido group is present, dipole–dipole
repulsion between the parallel C2–N bond and the S–O bond
causes rotation about the C1–S bond resulting in much
smaller O5–C1–S–O torsional angles. This is a significant
effect because it is at the expense of increased R pyranose
ring steric interactions and increased dipole–dipole repulsion
due to interaction of the endocyclic C–O bond and the sulf-
oxide S–O bond. The small effect of the latter type of
dipole–dipole repulsion suggests that it is not as important
as other factors in determining conformational preferences
for glycosyl sulfoxides.

In terms of energies, the most stable azide conformers of
the anti RS 2-azido-2-deoxy derivatives are calculated to be
more stable than the most stable azide conformers of the exo
RS 2-azido-2-deoxy derivatives by 2.0 and 1.4 kcal mol–1 for
the phenyl and methyl sulfoxides, respectively, at the
B3LYP6–311+G(d,p) level of theory. For the 2-deoxy deriv-
atives, without the parallel C–N dipole, the exo conformers
are now more stable by 0.1 and 1.5 kcal mol–1 for the phe-
nyl and methyl sulfoxides, respectively. This represents
changes of 2.1 and 2.9 kcal mol–1 for the phenyl and methyl
sulfoxides, respectively, and represents the costs of having
these dipoles parallel.

Table 4. Calculated conformational energies and dipole moments for the equatorial glycosyl sulfoxides.

Conformer
DE (6–31G(d))
(kcal mol–1)a

DE (6–31G(d))
(kcal mol–1)b

Torsional angle
O5–C1–S–C (8)

Torsional angle
O5–C1–S–O (8)

Dipole moment
(D)c

18Santi 1.57 1.57 –157.7 91.4 5.63
18Sexo 0.0 0.0 –67.6 –177.1 1.41
18Ranti 3.03 4.88 –176.1 –66.5 6.60
18Rexo 0.0 1.85 –54.2 56.7 4.00
18SMeanti 2.31 2.31 –145.1 103.7 4.61
18SMeexo 0.0 0.0 –65.5 –175.3 0.86
18RMeanti 3.48 4.83 –168.4 –59.4 6.46
18RMeexo 0.0 1.36 –44.9 66.4 3.85

aRelative to the most stable conformer of all diastereomers of this compound.
bRelative to the most stable conformer of this diastereomer.
cCalculated at the 6–31G(d) level of theory.
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Crich et al.23 equilibrated the two sulfoxide diastereomers
of allyl 2,3,4-tri-O-benzoyl-1-thio-a-D-xylopyranoside oxide
(19) and allyl 2,3-di-O-benzyl-4,6-O-benzylidene-1-thio-a-D-
mannopyranoside oxide (20) in both benzene-d6 and methanol-
d4 at 60 8C. The former compound is most analogous to
those studied here because in its 4C1 conformation it bears
an equatorial substituent at C2. For 19, the SS diastereomer
was favored by 2 to 1 in benzene but the other diastereomer
was favored by 2.5 to 1 in methanol. The results here indi-
cate that 19S will prefer the exo conformation, 19Se, rather
than the anti conformation, 19Sa, because this allows the
allyl group to assume the sterically preferred exo orientation
and because the sulur lone pair is correctly oriented for n ?
s* overlap. Crich et al.’s23 results do not provide a direct
estimate of the preference for the SS diastereomer because
the RS diastereomer ring inverts completely (as determined
from 3JH,H values) to the 1C4 chair. To compare relative
stabilities of particular conformers of the SS and RS diaster-
eomers, the same ring conformations must be employed. If
the conformational preference for 1C4 over 4C1 is estimated
at >9/1, the equilibration results for 19 correspond to DG8
values of >1.9 and >0.8 kcal mol–1 at 60 8C in benzene and
methanol, respectively, in favor of the SS diastereomer in the
4C1 conformation. The value in benzene is in the same range
as that calculated by DFT methods here (11Segp is calcu-

lated to be 2.4 kcal mol–1 more stable than 11Ragp), even
though the C2 substituent is very different. Since the SS dia-
stereomers are calculated to have somewhat larger dipole
moments (3.3 vs 2.5 D for 18, 3.5 vs 2.5 D for 11), the de-
creased preference for this diastereomer in methanol is un-
expected and may be due to specific solvation of the RS
diastereomer as suggested by Crich et al.23

For compound 20, the preferences for the RS diastereomer
are 0.7 and 0.6 mol–1 at 60 8C in benzene and methanol, re-
spectively. Using the value estimated previously, this result
indicates that the RS diastereomer is stabilized
by >2.6 kcal mol–1 when the equatorial 2-O-benzoyl group
is converted to axial. Comparison of the calculated relative
stabilities of the analogous 2-azido-2-deoxy diastereomers
(11) with their 2-deoxy analogs (15) shows a similar
2.5 kcal mol–1 relative stabilization of the RS diastereomer
on removal of the equatorial 2-azido group. From these re-
sults, it is clear that the C2 configuration has a large effect
on diastereomer stability.

It remains to be considered why the anti conformers of
the RS sulfoxides are more stable relative to the exo con-
formers than expected based on normal23 conformational ar-
guments. It is very well established that glycosides and
thioglycosides prefer exo-anomeric conformations. Several
factors influence this preference: n ? s* overlap, dipole–

Fig. 15. Calculated structural features for axial phenyl sulfide and phenyl sulfoxide conformers.
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dipole repulsion, and reduced steric interactions and electro-
static attraction. Changing from a sulfide in the exo-anomeric
conformation to the RS sulfoxide results in the loss of the n
? s* overlap but adds a dipole in its most favorable ar-
rangement with respect to the endocyclic C1–O5 dipole,
namely, antiparallel. However, in 8Re and 11Re, it also
adds a parallel dipole–dipole repulsive interaction between
the S–O dipole and the C2–N dipole. As noted previously,
the anti conformers have C2–C1–S–C7 torsional angles that
are considerably greater than staggered, both in the presence
and absence of electronegative substituents on C2. This de-
viation from perfect staggering has the effect of minimizing
steric interactions at the expense of increasing dipole–dipole
repulsion between the S–O bond and the endocyclic C–O
bond. Clearly, the latter factor is less important than the for-
mer and any other interactions. It is interesting that the C7–
S–O units in the anti conformers are close to being eclipsed
by the H1–C1–C2 unit (see Fig. 13, 8Ra and 11Ra, and
Fig. 12, 13Ra and 15Ra). If they were eclipsed, the sulfur
lone pair would be syn to the C1–O5 bond. The C1–S bonds
in the most stable Ra conformers, 8Ragp and 13a, are cal-
culated to be almost as short as they are in the conformers
having n ? s* overlap, 8Sepg and 13Se, which is consistent
with an extra stabilizing interaction. This interaction is be-
tween orbitals of correct symmetry if the S lone pair that
overlaps with the C1–O5 s* orbital is a p-type lone pair.
All of the other conformers are calculated to have C1–S
bond lengths that are 0.02–0.05 Å longer (see Fig. 15).
Based on a perturbation molecular orbial (MO) approach
for dimethoxymethane,56 Tvaroška and Bleha21 have con-
cluded that both the s and p lone pairs on oxygen can over-
lap with the C–O s* orbital and both overlaps provide
similar stabilization. The overlap advocated here is similar
to the oxygen atom p ? s* overlap of that view.21

Comparison of the Re and Se conformers of the 2-deoxy
derivatives allows an evaluation of the relative strengths of
n ? s* overlap and adoption of antiparallel endocyclic C–
O and S–O dipoles (see Fig. 12 for Newman projections of
the relevant relationships). The Re conformers have antipar-
allel endocyclic C–O and S–O dipoles. The Se conformers
adopt shapes with ideal geometries for n ? s* overlap but
are presumably destabilized by gauche interactions between
endocyclic C–O and S–O dipoles. For both the phenyl and
methyl sulfoxides, the Re conformers are calculated to be
slightly more stable, by 0.45 and 0.14 kcal mol–1, respec-
tively, suggesting that the two interactions are comparable
in magnitude.

Equatorial glycosyl sulfoxides
Equatorial alkyl and aryl thioglycosides overwhelmingly

adopt exo-anomeric conformations in the solid state (22 out
of 25, see Table S1 in the Supplementary data), indicating
that there is a strong thermodynamic preference for this con-
formation. The results of DFT (6–31G(d) B3LYP) calcula-
tions support this conclusion, since the anti conformations
of both the thiophenyl and thiomethyl glycosides smoothly
change geometry on minimization to the exo conformer,
although this level of theory underestimates55 the stabilizing
effect of p stacking.

In contrast, (SS) phenyl 3,4,6-tri-O-acetyl-2-deoxy-2-
phthalimido-1-thio-b-D-glucopyranoside S-oxide (18S)

adopts the anti conformation about the glycosidic linkage in
the solid state and the NMR evidence described in the Re-
sults section demonstrated conclusively that this conforma-
tion is the predominant one in solution. The near parallel
alignment of the SPh and phthalimido groups suggests that
p stacking contributes to the stabilization of this conforma-
tion. p Stacking was recently shown to influence the confor-
mation about the glycosidic bond in a disaccharide.57 Such
interactions provide stabilizations on the order of
2.8 kcal mol–1 for the most favorable displaced parallel geo-
metries.55,58–61 This factor is presumably very important in
causing compound 18S to adopt the anti conformation. It is
notable that compound 18R, which could also adopt a p-
stacked conformation, clearly adopts the conformation fa-
vored by the exo-anomeric effect (as shown by its NMR
spectra data) with the phenyl group exo and the lone pair
on sulfur correctly aligned for n ? s* overlap with the C1–
O5 antibonding orbital.

The DFT calculations for the glycosyl sulfoxides indicate
that the exo conformers of both diastereomers are more sta-
ble in the gas phase. For the phenyl glycosyl sulfoxides, the
differences are calculated to be 1.57 and 3.03 kcal mol–1 for
18S and 18R, respectively. The 18R exo conformer is stabi-
lized by having the S lone pair anti to the ring C–O bond,
which is geometry suitable for n ? s* overlap. This con-
former is calculated to have the shortest C1–S bond length,
1.878 vs 1.885 Å for the 18S exo conformer and >1.89 Å
for the anti confomers, which is in agreement that this over-
lap is significant.

Even though the conformation adopted by the SS diaster-
eomer is not that predicted on the basis of the exo-anomeric
effect, the 13C NMR chemical shift of its carbon atom
(89.1 ppm) was greater than that of the corresponding car-
bon atom of the RS diastereomer (86.1 ppm), which is in
agreement with the method for assignment of sulfoxide con-
figuration proposed by Khiar.26

Conclusions
The evidence presented here shows that the most stable

configurations of glycosyl sulfoxides are those that can
adopt conformations with the aglycone exo and the lone
pair on sulfur anti to the C1–O5 bond, because of the n ?
s* overlap possible in this orientation. For D-pyranosides,
these are the SS configurations of the a-anomers and the RS
configurations of the b-anomers. Equilibration studies by
Crich et al.23 are in agreement with the conclusions drawn
here for glycosyl sulfoxides with substitutents at C2 equato-
rial but indicate that the configuration at C2 has a major
effect on glycosyl sulfoxide conformer stability. Electroneg-
ative substituents in equatorial orientations at C2 destabilize
the conformation with the sulfoxide oxygen atom anti by
about 2.5 kcal mol–1. The calculations indicate that n ? s*
overlap and the preference for the endocyclic C–O dipole
and the S–O to adopt antiparallel conformations have effects
that are about equal in size in determining glycosyl sulfox-
ide conformations in the gas phase or nonpolar solvents.
For the less stable but kinetically favoured RS diastereomers
of the b-anomers, anti conformers are comparable in stabil-
ity to the exo conformers because of the n ? s* overlap
possible if the sulfur lone pair is a p-type lone pair.
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The method for assignment of glycosyl sulfoxide configu-
rations by comparing the 13C NMR chemical shifts of C1 for
the two diastereomers proposed by Khiar26 was supported by
the chemical shifts calculated by the Gauge invariant atomic
orbital (GIAO) method. However, the explanation advanced
for the rule that C1 from the SS sulfoxide is more shielded
that that of the RS sulfoxide, because of n ? s* overlap in
the SS sulfoxide, does not appear to be correct.

Experimental section

General methods
Melting points were determined with a Fisher-Johns melt-

ing point apparatus and are uncorrected. 1H and 13C NMR
spectra were recorded at 300 K in 5 mm NMR tubes on
Bruker NMR spectrometers (AC-250, AMX-400, or
Avance-500) operating at 250.13, 400.13, or 500.13 MHz
for proton spectra and 62.9, 100.08, or 125.77 MHz for car-
bon spectra, respectively, on solutions in chloroform-d, un-
less otherwise indicated. Chemical shifts are given in parts
per million (ppm; ±0.01 ppm) relative to that of tetramethyl-
silane (TMS; 0.00 ppm) in the case of 1H NMR spectra and
to the central line of chloroform-d (d 77.16) for the 13C
NMR spectra. All assignments were confirmed by COSY,
HETCOR, HMQC, HSQC, or HMBC experiments. Exact
masses measured using electron ionization (EI; 70 eV) were
done on a CEC 21-110B mass spectrometer. Electrospray
mass spectra were recorded on a Fisons Quattro mass spec-
trometer with a Quattro source (cone voltage, 55 V; flow
rate, 5 mL/min; complexing agent, potassium acetate; sol-
vent, 75:25 v/v acetonitrile/water). Optical rotations were de-
termined with a Rudolph Instruments Digipol 781 automatic
polarimeter or with a PerkinElmer model 141 polarimeter.
Thin layer chromatography (TLC) was performed on alumi-
num-backed plates bearing 200 mm silica gel 60 F254 (Merck
or Silicycle). The ratio of the solvents used in TLC and col-
umn chromatography was a volume ratio. Compounds were
visualized by UV where applicable and (or) were located by
spraying with a solution of 2% ceric sulfate in 1 mol/L sul-
furic acid followed by heating on a hot plate until colour de-
veloped. Compounds were purified on silica gel (TLC
standard grade, 230–400 mesh) by flash chromatography us-
ing specified eluents. Elemental analyses were performed by
the Canadian Microanalytical Service, Delta, British Colum-
bia.

Pyridine was dried by refluxing over calcium hydride fol-
lowed by distillation and stored over molecular sieves. Am-
berlite IR-120 (H+) resin was washed with a 10%
hydrochloric acid solution and distilled water, and then dried
under vacuum at 50 8C overnight. Ammonium cerium (IV)
nitrate and sodium azide were ground to powders and dried
in vacuuo for 2 days. Boron trifluoride diethyl etherate was
distilled before use.

X-ray crystallography
Crystals for X-ray structural determinations were mounted

on glass fibers. All measurements were made on a Rigaku
AFC5R diffractometer equipped with graphite-monochromated
Mo Ka radiation (6, 8R, 8S, and 9R) or Cu Ka radiation
(18S) and a rotating anode generator. Cell constants and an
orientation matrix for data collection were obtained from a

least-squares refinement using the setting angles of a mini-
mum of 24 reflections (with the exception of 12R where
only 10 reflections were obtained). The data were collected
at temperatures of 23 8C (8S and 18S), –100 8C (6 and 9R),
or –130 8C (8R) using the u–2q scan technique. The inten-
sities of three representative reflections were measured after
every 150 reflections; no decay corrections were applied. An
empirical absorption correction62 based on azimuthal scans
of several reflections was applied for every structure except
9R. The data were corrected for Lorentz and polarization ef-
fects. Data reduction was carried out using the TEXSAN
software package.63 The structures were solved by direct
methods using SIR-92.64,65 Full-matrix least-squares refine-
ment was carried out on F2 data using SHELXL-97.66 Sec-
ondary extinction was refined for 18S. In all cases, the non-
hydrogen atoms were refined anisotropically. Hydrogen
atoms were included but not refined. They were placed in
geometrically calculated positions and allowed to ride on
the heavy atom to which they were bonded with isotropic
temperature factors (Uiso) equal to 1.2 times Ueq of the
heavy atom (1.5 times Ueq for methyl hydrogens).

NMR experiments
Experiments were performed on 0.04 mol/L solutions in

acetone-d6 unless otherwise specified. NOESY spectra were
recorded on the Bruker Avance 500 MHz NMR spectrome-
ter using different mixing times. Spectra were processed
with Bruker’s XWIN-NMR package. The matrices were
transformed to a final size of 8192 and 2048 points in F2
and F1 dimensions, respectively. The signal was multiplied
by a shifted qsin bell window in both dimensions prior to
Fourier transformation, then phase and baseline corrections
on both dimensions were applied. The numbers of contour
layers were set at 18. For compound 6, spectra were re-
corded with a relaxation delay of 1 s with mixing times of
0.3, 0.5, 0.7, 1, and 1.5 s. For 8R, spectra were recorded
with a relaxation delay of 2.5 s and mixing times of 0.5,
0.7, 0.9, 1.1, and 1.3 s. For compound 9R, spectra were re-
corded with a relaxation delay of 1 s and mixing times of
0.3, 0.5, 0.7, 1, and 1.5 s.

Relaxation times were determined for compounds 6 and
8R by the inversion recovery method to set the relaxation
delays for the 1D NOE experiments. The t1ir pulse program
on the 500 MHz NMR spectrometer was used to acquire
data and the proc_t1 program was used to process data. The
results are shown in Table S4 in the Supplementary data.
Based on these results, the delay time used for 1D gradient
NOE experiments was set at 10 s. The selnogp pulse se-
quence was used for 1D gradient NOE experiments. For
compounds 6, 8R, and 8S, the signals of H–SPo were irradi-
ated and mixing times of of 0.3, 0.5, 0.75, 0.9, 1, 1.1, and
1.25 s; 0.3, 0.9, 1.25, 1.5, 1.75, and 2.25 s; and 0.5, 0.75, 1,
1.25, 1.5, 1.75, 2, 2.25, 2.5, and 3 s, respectively, were used.

The distance between ortho phenyl protons (r = 2.8 Å)
was used as the reference distance to calculate internuclear
distances using the equation

rIS ¼ rref

NOEref

NOEIS

� �1=6
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Computational methods
Most geometry optimizations were carried out at the

B3LYP hybrid density functional in conjunction with the
B3LYP/6–31G(d) basis set using the Gaussian 03 suite of
programs.52 The B3LYP functional is a combination of
Becke’s three-parameter hybrid exchange functional and
Lee–Yang–Parr correlational functional.53,54 Harmonic vi-
brational frequencies and zero-point vibrational energies
(ZPVEs) were obtained at the same level of theory. Relative
energies were obtained by performing single-point calcula-
tions at the B3LYP level of theory with the 6–311G+(d,p)
basis set using the above optimized geometries and by in-
cluding the zero-point vibrational energy, i.e., B3LYP/6–
311G+(d,p)//B3LYP/6–31G(d) + ZPVE. Compounds 12–15
were also optimized at the 6–311G+(d,p) level of theory.
The GIAO method was used for 13C shielding calculations
using the 6–311+G(d,p) basis set.

Synthetic procedures

Phenyl 2-azido-2-deoxy-1-thio-a-D-galactopyranoside (1)
and phenyl 2-azido-2-deoxy-1-thio-b-D-galactopyranoside
(2)

Freshly distilled boron trifluoride diethyl etherate (19 mL,
151.3 mmol, 5.6 equiv) was added dropwise to a stirred
clear colorless solution of thiophenol (14 mL, 136.0 mmol,
5 equiv) and 2-azido-2-deoxy-1,3,4,6-tetra-O-acetyl-a-D-
galactopyranoside37 (10.07 g, 27.0 mmol) in chloroform
(175 mL) at 0 8C. The reaction mixture was stirred at room
temperature (RT) for 24 h. The clear orange solution was
washed with saturated sodium bicarbonate aqueous solution
(3 � 30 mL) and distilled water (3 � 30 mL), dried (anhy-
drous sodium sulphate), filtered, and concentrated to give a
yellow syrup, phenyl 3,4,6-tetra-O-acetyl-2-azido-2-deoxy-1-
thio-O-acetyl-D-galactopyranoside.

The yellow syrup was taken up in methanol (100 mL) and
a solution of sodium methoxide in methanol (100 mL,
1.2 mol/L) was added. The basic solution was stirred for
1 h, neutralized by Amberlite IR-120 (H+), filtered, and con-
centrated to a yellow syrup, phenyl 2-azido-2-deoxy-1-thio-
D-galactopyranoside. The a–b mixture was separated by col-
umn chromatography (ethyl acetate – hexanes, 10:1). The
pure anomers were crystallized from ethanol–hexanes.

a-Isomer (1)
Colorless needles; yield: 3.21 g (40%); mp 130.0–

133.0 8C. ½a�25
D +252.28 (c 1.3, ethanol). Rf = 0.34. 1H NMR

(acetone-d6) d: 7.58–7.29 (m, 5H, Ph), 5.67 (d, 1H, J1,2 =
5.4 Hz, H-1), 4.47 (d, 1H, J3,OH = 7.1 Hz, OH-3), 4.31 (t,
1H, H-5), 4.17 (dd, 1H, J2,3 = 10.5 Hz, H-2), 4.15 (d, 1H,
J4,OH = 3.7 Hz, OH-4), 4.09 (ddd, 1H, J3,4 = 3.4 Hz, J4,5 =
1.3 Hz, H-4), 3.84 (ddd, 1H, H-3), 3.79–3.69 (m, 3H, 2 �
H-6, OH-6). 13C NMR (acetone-d6) d: 135.4, 133.1, 129.9,
128.2 (Ph), 88.8 (C-1), 73.2 (C-5), 71.1 (C-3), 70.0 (C-4),
62.1 (C-6), 62.0 (C-2). HR-MS (EI, m/z) calcd. for
[C12H15N3O4S]+: 297.0783; found: 297.0793.

b-Isomer (2)
Colorless needles; yield: 3.09 g (39%); mp 149.0–

149.5 8C. ½a�25
D +24.08 (c 0.3, ethanol). Rf = 0.26. 1H NMR

(acetone-d6) d: 7.58–7.29 (m, 5H, aromatic protons), 4.60 (d,

1H, J1,2 = 10.0 Hz, H-1), 4.53 (d, 1H, J3,OH = 7.3 Hz, OH-
3), 4.05 (d, 1H, J4,OH = 4.1 Hz, OH-4), 3.98 (dd, 1H, J3,4 =
3.2 Hz, J4,5 < 1 Hz, H-4), 3.90 (dd, 1H, J6,OH = 6.8 Hz,
J6’,OH = 6.6 Hz, OH-6), 3.79 (m, 2H, H6 and H6’), 3.68
(ddd, 1H, J2,3 = 10.5 Hz, H –3), 3.65 (dd, 1H, J5,6 = 6.6 Hz,
J5,6’ = 3.9 Hz, H-5), 3.57 (dd, 1H, H-2). 13C NMR (acetone-
d6) d: 132.5, 129.8, 128.3 (Ph), 86.8 (C-1), 80.1 (C-5), 74.9
(C-3), 69.3 (C-4), 64.2 (C-2), 62.2 (C-6). HR-MS (EI, m/z)
calcd. for [C12H15N3O4S]+: 297.0783; found: 297.0794.

Phenyl 2-azido-4,6-O-benzylidene-2-deoxy-1-thio-a-D-
galactopyranoside (3)

A solution of compound 1 (2.98 g, 10.0 mmol), p-me-
thoxybenzoic acid (0.10 g), and benzaldehyde (5 mL,
50.0 mmol, 5 equiv) in DMF–benzene (100 mL, 3:2 v/v)
was refluxed in an apparatus for the azeotropic removal of
water for 15 h. After TLC showed complete disappearance
of the starting material, the reaction mixture was cooled to
RT, neutralized with anhydrous potassium carbonate
(1.00 g), filtered, and concentrated to yield an orange syrup,
which was purified by flash column chromatography. Crys-
tallization from ethanol–hexanes gave the title compound (3)
as colorless needles; yield: 3.50 g (91%); mp 114.5–
115.5 8C. ½a�23

D +157.78 (c 0.8, CHCl3); lit. value38

[a]D +134.98 (c 0.5, CHCl3). Rf = 0.35 (ethyl
acetate – hexanes 1:3). 1H NMR d: 7.48–7.28 (m, 10H, Ph),
5.76 (d, 1H, J1,2 = 5.3 Hz, H-1), 5.62 (s, 1H, CHPh), 4.34
(dd, 1H, J3,4 = 3.4 Hz, J4,5 = 0.8 Hz, H-4), 4.27 (bs, 1H, H-
5), 4.26 (dd, 1H, J5,6a = 1.6 Hz, J6a,6e = 12.5 Hz, H-6a), 4.21
(dd, 1H, J2,3 = 10.5 Hz, H-2), 4.16 (dd, 1H, J5,6e = 1.5 Hz,
H-6e), 4.03 (ddd, 1H, J3,OH = 10.4 Hz, H –3), 2.54 (d, 1H,
3-OH). 13C NMR d: 137.2, 137.7, 131.2, 129.5, 129.2,
128.4, 127.5, 126.2 (Ph), 101.4 (CHPh), 87.4 (C-1), 75.2
(C-4), 69.6 (C-3), 69.2 (C-6), 63.7 (C-5), 61.5 (C-2). HR-
MS (EI, m/z) calcd. for [C19H19N3O4S]+: 385.1096; found:
385.1107.

Phenyl 2-azido-4,6-O-benzylidene-2-deoxy-1-thio-b-D-
galactopyranoside (4)

Following the same procedure as in the preparation of
compound 3, compound 4 (3.21 g, 10.8 mmol) gave the title
compound as colorless needles; yield: 3.70 g (89%); mp
79.0–80.0 8C. ½a�20

D –23.08 (c 0.5, CHCl3). Rf = 0.4 (ethyl
acetate – hexanes, 1:1). 1H NMR (500 MHz) d: 7.79–7.33
(m, 10H, Ph), 5.58 (s, 1H, CHPh), 4.47 (d, 1H, J1,2 =
9.8 Hz, H-1), 4.46 (dd, 1H, J5,6a = 1.2 Hz, H-6a), 4.24 (d,
1H, J3,4 = 3.5 Hz, 1H, H-4), 4.09 (dd, 1H, J5,6e = 1.4 Hz,
J6a,6e = 12.5 Hz, H-6e), 3.70 (ddd, 1H, J2,3 = 9.7 Hz, JOH,3 =
9.8 Hz, H-3), 3.58 (dd, 1H, H-2), 3.57 (bs, 1H, H-5), 2.55
(d, 1H, 3-OH). 1H NMR (acetone-d6, 500 MHz) d: 7.74–
7.31 (m, 10H, Ph), 5.68 (s, CHPh), 4.68 (d, 1H, J1,2 =
9.9 Hz, H-1), 4.58 (d, 1H, JOH,3 = 8.8 Hz, 3-OH), 4.33 (d,
1H, J3,4 = 2.7 Hz, 1H, H-4), 4.27 (dd, 1H, J5,6a = 1.4 Hz,
J6a,6e = 12.2 Hz, H-6a), 4.18 (dd, 1H, J5,6e = 1.6 Hz, H-6e),
3.81 (ddd, 1H, J2,3 = 9.7 Hz, H-3), 3.79 (bs, 1H, H-5), 3.69
(d, 1H, H-2). 13C NMR d: 137.4, 134.3, 130.4, 129.5, 129.0,
128.5, 128.3, 126.5 (Ph), 101.5 (CHPh), 85.2 (C-1), 74.5 (C-
4), 73.3 (C-3), 69.9 (C-5), 69.3 (C-6), 62.2 (C-2). 13C NMR
(acetone-d6) d: 139.0, 133.1, 132.1, 129.0, 128.8, 128.0,
127.9, 126.7 (Ph), 100.9 (CHPh), 84.9 (C-1), 75.5 (C-4),
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73.0 (C-3), 70.1 (C-5), 69.1 (C-6), 62.5 (C-2). HR-MS (EI,
m/z) calcd. for [C19H19N3O4S]+: 385.1096; found: 385.1088.

Phenyl 2-azido-2-deoxy-4,6-O-(p-methoxybenzylidene)-1-
thio-a-D-galactopyranoside (5)

A solution of compound 1 (0.97 g, 3.26 mmol), p-anisal-
dehyde (3.2 mL), and p-toluenesulfonic acid (80.0 mg) in
DMF–benzene (65 mL, 3:2) was refluxed for 45 h in an ap-
paratus for the azeotropic removal of water. After TLC
showed that the starting material had disappeared, the reac-
tion mixture was cooled to RT, neutralized by anhydrous
potassium carbonate (1.00 g), filtered, and concentrated to a
brown syrup. Purification by column chromatography (ethyl
acetate – hexanes, 1:3) gave a colorless solid that crystallized
from ethanol–hexanes as colorless needles; yield: 1.18 g
(87%); mp 133.5–134.0 8C. ½a�23

D +89.18 (c 0.5, chloroform).
Rf = 0.43 (ethyl acetate – hexanes, 1:2). 1H NMR d: 7.48–
7.26 (m, 8H, Ph), 6.91 (d, 1H, Ph), 5.76 (d, 1H, J1,2 =
5.3 Hz, H-1), 5.58 (s, 1H, CHPh), 4.32 (bd, 1H, J3,4 =
3.5 Hz, H-4), 4.26 (bs, 1H, H-5), 4.24 (bd, 1H, H-6a), 4.20
(dd, 1H, J2,3 = 10.6 Hz, H-2), 4.12 (dd, 1H, J5,6a = 1.5 Hz,
J6a,6b = 12.3 Hz, H-6b), 4.03 (ddd, 1H, J3,OH = 10.4 Hz, H-
3), 2.55 (d, 1H, 3-OH). 13C NMR d: 160.5, 133.7, 129.7 (ter-
tiary aromatic carbons), 131.2, 129.2, 127.7, 127.5, 113.7
(Ph), 101.4 (CHPh), 87.3 (C-1), 75.1 (C-4), 69.6 (C-3), 69.2
(C-6), 63.7 (C-5), 61.5 (C-2), 55.4 (OCH3).

Phenyl 3-O-acetyl-2-azido-4,6-O-benzylidene-2-deoxy-1-
thio-a-D-galactopyranoside (6)

Acetic anhydride (1.5 mL, 97%, 15.0 mmol, 5 equiv) was
added to a solution of compound 3 (1.15 g, 2.98 mmol) in
dry pyridine (10 mL). The reaction mixture was stirred at
RT for 24 h, and then concentrated under vacuum to give a
colorless syrup. The syrup was dissolved in chloroform
(15 mL). The solution was washed with saturated sodium bi-
carbonate aqueous solution (3 mL) and distilled water
(3 mL), dried over sodium sulphate anhydrous, filtered, and
concentrated to yield a colorless syrup. The syrup was crys-
tallized from diethyl ether to give a colorless solid and re-
crystalized from ethanol–chloroform as colorless needles;
yield: 1.20 g (94%); mp 154.5–155.5 8C. [a] +198.98 (c
0.6, CHCl3). 1H NMR d: 7.50–7.24 (m, 10H, Ph), 5.81 (d,
1H, J1,2 = 5.3 Hz, H-1), 5.56 (s, 1H, CHPh), 5.13 (dd, 1H,
J2,3 = 11.0 Hz, J3,4 = 3.4 Hz, H-3), 4.57 (dd, 1H, H-2), 4.53
(d, 1H, H-4), 4.26 (bs, 1H, H-5), 4.22 (dd, 1H, J5,6a =
1.4 Hz, J6a,6e = 12.6 Hz, H-6a), 4.09 (dd, 1H, J5,6e =
1.7 Hz, H-6e), 2.16 (s, 3H, COCH3). 13C NMR (acetone-d6)
d: 170.6 (C=O), 139.5, 134.5, 132.9, 129.3, 128.9, 128.5,
127.3 (Ph), 101.4 (CHPh), 88.3 (C-1), 74.2 (C-4), 71.5 (C-
3), 69.6 (C-6), 64.7 (C-5), 59.0 (C-2), 20.8 (COCH3). HR-
MS (EI, m/z) calcd. for [C21H21N3O5S]+: 427.1202; found:
427.1202.

Phenyl 3-O-acetyl-2-azido-2-deoxy-4,6-O-(p-
methoxybenzylidene)-1-thio-a-D-galactopyranoside (7)

Acetic anhydride (2 mL, 97%, 20.0 mmol) was added to a
solution of compound 5 (1.18 g, 2.84 mmol) in dry pyridine
(10 mL) and the reaction mixture was stirred at RT for 16 h,
and was then concentrated under vacuum to give a orange
syrup that was azeotroped with toluene (3 � 4 mL) to give
a yellow solid that on crystallization from ethanol, appeared

as colorless needles; yield: 1.26 g (97%); mp 138.5–
140.0 8C. [a] +206.28 (c 0.6, CHCl3). Rf = 0.33 (ethyl
acetate – hexanes, 1:3). 1H NMR d: 7.50–6.88 (m, 9H, Ph),
5.80 (d, 1H, J1,2 = 5.5 Hz, H-1), 5.51 (s, 1H, CHPh), 5.12
(dd, 1H, J2,3 = 11.0 Hz, J3,4 = 3.1 Hz, H –3), 4.57 (dd, 1H,
H-2), 4.50 (d, 1H, H-4), 4.24 (bs, 1H, H-5), 4.20 (dd, 1H,
J5,6a = 1.4 Hz, J6a,6b = 12.8 Hz, H-6a), 4.07 (dd, 1H, J5,6b =
1.5 Hz, H-6b), 3.81 (s, 3H, OCH3), 2.16 (s, 3H, COCH3).
13C NMR d: 170.3 (C=O), 160.2, 133.4, 130.0 (tertiary aro-
matic carbons), 131.3, 129.1, 127.5, 113.6 (Ph), 100.9
(CHPh), 87.3 (C-1), 73.1 (C-4), 71.4 (C-3), 69.1 (C-6), 63.4
(C-5), 57.8 (C-2), 55.3 (OCH3), 20.95 (COCH3).

(RS) Phenyl 2-azido-4,6-O-benzylidene-2-deoxy-1-thio-a-D-
galactopyranoside S-oxide (8R) and (SS) phenyl 2-azido-
4,6-O-benzylidene-2-deoxy-1-thio-a-D-galactopyranoside S-
oxide (8S)

A solution of m-chloroperbenzoic acid (0.22 g, 77%,
1.02 mmol, 1.1 equiv) in dichloromethane (2 mL) was
added to a mixture of compound 6 (0.40 g, 0.93 mmol) and
sodium bicarbonate (0.10 g, 1.21 mmol, 1.3 equiv) in di-
chloromethane (8 mL) at –76 8C. The reaction mixture was
stirred at –76 8C for 16 h. The reaction mixture was allowed
to warm to RT and then diluted with dichloromethane
(10 mL). The mixture was washed with 20% sodium thiosul-
fate (5 mL), saturated aqueous sodium bicarbonate solution
(5 mL), and distilled water (5 mL), and then dried (sodium
sulphate), filtered, and concentrated to give a colorless solid.
Fractionation by column chromatography (ethyl
acetate – hexanes, 1:2) yielded three compounds.

Compound 8R was crystallized from ethanol–chloroform;
yield: 247.5 mg (60%); mp 191.5–192.5 8C. ½a�22

D +34.68 (c
0.4, CHCl3). Rf = 0.20. 1H NMR (500 MHz) d: 7.54 (m, 2H,
Ho-SPh), 7.45 (m, 3H, Hp-SPh and Hm-SPh), 7.36 (m, 5H,
Ho-CHPh, Hm-CHPh, and Hp-CHPh), 5.78 (dd, 1H, J2,3 =
10.8 Hz, J3,4 = 3.4 Hz, H-3), 5.53 (s, 1H, CHPh), 4.95 (s,
1H, J1,2 = 5.7 Hz, H-1), 4.65 (dd, 1H, H-2), 4.62 (d, 1H, H-
4), 4.11 (bs, 1H, H-5), 4.14 (dd, 1H, J5,6e = 1.5 Hz, H-6e),
4.02 (dd, 1H, J5,6a = 2.2 Hz, J6a,6e = 12.3 Hz, H-6a), 2.16
(s, 3H, COCH3). 1H NMR (acetone-d6, 500 MHz) d: 7.86
(d, 2H, Ho-SPh), 7.65 (t, 2H, Hm-SPh), 7.60 (t, 2H, Hp-
SPh), 7.51 (m, 2H, Ho-CHPh), 7.39 (m, 3H, Hm-CHPh and
Hp-CHPh), 5.85 (dd, 1H, J2,3 = 11.0 Hz, J3,4 = 3.5 Hz, H-3),
5.69 (s, 1H, CHPh), 5.15 (d, 1H, J1,2 = 6.6 Hz, H-1), 4.78
(dd, 1H, H-2), 4.66 (d, 1H, H-4), 4.32 (bs, 1H, H-5), 4.21
(dd, 1H, J5,6a = 1.5 Hz, J6a,6e = 12.7 Hz, H-6a), 4.09 (dd,
1H, J5,6e = 1.5 Hz, H-6a), 2.12 (s, 3H, COCH3). 1H NMR
(CD2Cl2, 500 MHz) d: 7.77 (m, 2H, Ho-SPh), 7.63 (m, 2H,
Hm-SPh), 7.61 (t, 2H, Hp-SPh), 7.50 (m, 2H, Ho-CHPh),
7.43 (m, 3H, Hm-CHPh and Hp-CHPh), 5.86 (dd, 1H, J2,3 =
10.8 Hz, J3,4 = 3.5 Hz, H-3), 5.58 (s, 1H, CHPh), 5.01 (d,
1H, J1,2 = 5.6 Hz, H-1), 4.67 (dd, 1H, H-2), 4.61 (d, 1H, H-
4), 4.20 (bs, 1H, H-5), 4.15 (dd, 1H, J5,6a = 1.6 Hz, J6a,6e =
12.8 Hz, H-6a), 4.07 (dd, 1H, J5,6e = 1.6 Hz, H-6a), 2.19 (s,
3H, COCH3). 1H NMR (CD3CN, 500 MHz) d: 7.80 (m, 2H,
Ho-SPh), 7.63 (m, 3H, Hm-SPh and Hp-SPh), 7.48 (m, 2H,
Ho-CHPh), 7.42 (m, 3H, Hm-CHPh and Hp-CHPh), 5.78
(dd, 1H, J2,3 = 11.0 Hz, J3,4 = 3.4 Hz, H-3), 5.61 (s, 1H,
CHPh), 5.07 (d, 1H, J1,2 = 5.6 Hz, H-1), 4.70 (dd, 1H, H-2),
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4.54 (d, 1H, H-4), 4.14 (bs, 1H, H-5), 4.05 (dd, 1H, J5,6a =
1.4 Hz, J6a,6e = 12.9 Hz, H-6a), 3.95 (dd, 1H, J5,6e =
1.4 Hz, H-6a), 2.17 (s, 3H, COCH3). 13C NMR d: 170.1
(C=O), 141.3, 137.2, 131.3, 129.2, 129.2, 128.3, 126.0,
124.8 (Ph), 100.7 (CHPh), 96.3 (C-1), 72.7 (C-4), 70.2 (C-
3), 68.9 (C-6), 67.6 (C-5), 57.9 (C-2), 20.9 (COCH3). HR-
MS (EI, m/z) calcd. for [C21H21N3O6S – N2]+: 415.1089;
found: 415.1096.

Compound 8S was crystallized from ethanol–chloroform;
yield: 82.1 mg (20%); mp 197.5–198.5 8C. [a]D +367.78 (c
0.6, CHCl3). Rf = 0.45. 1H NMR (500 MHz) d: 7.63 (d, 2H,
Ho-SPh), 7.55 (t, 1H, Hp-SPh), 7.52 (t, 2H, Hm-SPh), 7.43
(m, 2H, Ho-CHPh), 7.35 (m, 3H, Hm-CHPh and Hp-
CHPh), 5.94 (dd, 1H, J2,3 = 10.9 Hz, J3,4 = 3.3 Hz, H-3),
5.49 (s, 1H, CHPh), 4.90 (s, 1H, H-5), 4.76 (dd, 1H, J1,2 =
6.6 Hz, H-2), 4.61 (d, 1H, H-4), 4.56 (d, 1H, H-1), 4.01 (dd,
1H, J5,6e = 1.4 Hz, J6a,6e = 12.9 Hz, H-6e), 3.90 (dd, 1H,
J5,6a = 1.3 Hz, H-6a), 2.12 (s, 3H, COCH3). 1H NMR (ace-
tone-d6, 500 MHz) d: 7.78 (d, 2H, Ho-SPh), 7.67 (t, 2H,
Hm-SPh), 7.62 (t, 2H, Hp-SPh), 7.48 (m, 2H, Ho-CHPh),
7.37 (t, 3H, Hm-CHPh and Hp-CHPh), 6.02 (m, 1H, H-3),
5.64 (s, 1H, CHPh), 4.92–4.89 (m, 3H, H-1, H-2, H-5), 4.63
(d, 1H, J3,4 = 2.5 Hz, H-4), 4.07 (dd, 1H, J5,6e = 1.3 Hz,
J6a,6e = 12.8 Hz, H-6e), 3.85 (dd, 1H, J5,6a = 1.4 Hz, H-6a),
2.12 (s, 3H COCH3). 13C NMR d: 170.0 (C=O), 140.5,
137.3, 131.1, 129.2, 129.1, 128.2, 126.0, 124.7 (Ph), 100.7
(CHPh), 92.5 (C-1), 73.0 (C-4), 71.2 (C-3), 68.8 (C-4), 68.7
(C-6), 57.3 (C-2), 21.0 (COCH3). 13C NMR (acetone-d6) d:
169.6 (C=O), 141.4, 138.7, 130.9, 129.8, 128.8, 128.0,
126.4, 125.0 (Ph), 100.4 (CHPh), 92.4 (C-1), 73.2 (C-4),
70.4 (C-3), 69.1 (C-5), 68.4 (C-6), 58.2 (C-2), 20.1
(COCH3). MS (ESI, m/z) calcd. for [C21H21N3O6S + Na]+:
466.0; found: 466.0. HR-MS (EI, m/z) calcd. for
[C21H21N3O6S – C6H5OS]+: 318.1090; found: 318.1098.

The third fraction was phenyl 2-azido-4,6-O-benzylidene-
2-deoxy-1-thio-a-D-galactopyranoside dioxide; yield:
46.8 mg (11%); mp 183.0–184.0 8C. ½a�23

D +131.48 (c 0.4,
CHCl3). Rf = 0.42. 1H NMR (acetone-d6, 500 MHz) d: 8.04
(d, 2H, o-SPh), 7.82 (t, 1H, p-SPh), 7.73 (t, 2H, m-SPh),
7.41 (d, 2H, J = 7.1 Hz, o-Ph), 6.92 (d, 2H, m-Ph), 5.85
(dd, 1H, J2,3 = 11.3 Hz, J3,4 = 3.4 Hz, H-3), 5.63 (s, 1H,
CHPh), 5.55 (d, 1H, J1,2 = 6.0 Hz, H-1), 4.83 (dd, 1H, H-
2), 4.64 (bs, 1H, H-4), 4.41 (bs, 1H, H-5), 4.16 (d, 1H,
J6a,6e = 12.4 Hz, H-6a), 3.89 (d, 1H, H-6e), 3.82 (s, 3H,
OCH3), 2.83 (s, 3H, COCH3). 1H NMR (500 MHz) d: 7.92
(d, 2H, o-SPh), 7.68 (t, 1H, p-SPh), 7.58 (t, 2H, m-SPh),
7.44–7.35 (m, 4H, Ph), 5.87 (dd, 1H, J2,3 = 11.1 Hz, J3,4 =
3.4 Hz, H-3), 5.52 (s, 1H, CHPh), 5.13 (d, 1H, J1,2 = 6.3 Hz,
H-1), 4.66 (dd, 1H, H-2), 4.64 (bs, 1H, H-4), 4.35 (bs, 1H,
H-5), 4.06 (d, 1H, J5,6a = 1.3 Hz, J6a,6e = 12.8 Hz, H-6a),
3.99 (d, 1H, J5,6e = 1.2 Hz, H-6e), 3.82 (s, 3H, OCH3), 2.17
(s, 3H, COCH3). 13C NMR d: 170.1 (C=O), 138.8, 137.3,
134.4, 129.4, 128.9, 128.4, 126.1 (Ph), 100.9 (CHPh), 89.9
(C-1), 72.7 (C-4), 69.9 (C-3), 68.9 (C-6), 67.1 (C-5), 56.3
(C-2), 21.1 (COCH3). MS (ESI, m/z) calcd. for
[C21H21N3O7S + Na]+: 482.0; found: 482.0. HR-MS (EI, m/z)
calcd. for [C21H21N3O7S – C6H5O2S]+: 318.1090; found:
318.1092.

(RS) Phenyl 3-O-acetyl-2-azido-2-deoxy-4,6-O-(p-
methoxybenzylidene)-1-thio-a-D-galactopyranoside S-oxide
(9R) and (SS) phenyl 3-O-acetyl-2-azido-2-deoxy-4,6-O-(p-
methoxybenzylidene)-1-thio-a-D-galactopyranoside S-oxide
(9S)

Following the same procedure as for compound 6, com-
pounds 9R and 9S were obtained from compound 8
(0.30 g), m-chloroperbenzoic acid (0.13 g), and sodium hy-
drogen carbonate (0.07 g), followed by separation by col-
umn chromatography on silica gel using the same solvent
system.

Compound 9R was crystallized from ethanol–chloroform
to give colorless needles; yield: 0.22 g (70%); mp 161.5–
163.0 8C. ½a�23

D +44.48 (c 0.3, chloroform). Rf = 0.17 (ethyl
acetate – hexanes, 1:2). 1H NMR d: 7.71–6.89 (m, 9H, aro-
matic protons), 5.76 (dd, 1H, J2,3 = 11.0 Hz, J3,4 = 3.7 Hz,
H-3), 5.48 (s, 1H, CHPh), 4.95 (d, 1H, J1,2 = 5.5 Hz, H-1),
4.64 (dd, 1H, H-2), 4.60 (bd, 1H, J4,5 < 1 Hz, H-4), 4.08 (bs,
1H, H-5), 4.10, 3.98 (2H, AB part of ABX pattern, J5,6a =
1.2 Hz, J5,6b = 2.4 Hz, J6a,6b = 12.5 Hz, H-6a, H-6b), 3.80
(s, 3H, OCH3), 2.16 (s, 3H, COCH3). 13C NMR d: 170.2
(C=O), 160.3, 141.4, 131.4, 129.7, 129.2, 127.4, 124.9,
113.7 (Ph), 100.8 (CHPh), 96.3 (C-1), 72.7 (C-4), 70.4 (C-
3), 68.9 (C-6), 67.6 (C-5), 57.9 (C-2), 55.3 (OCH3), 20.9
(COCH3). HR-MS (EI, m/z) calcd. for [C22H23N3O7S –
C6H5OS]+: 348.1195; found: 348.1188.

Compound 9S was crystallized from ethanol–chloroform
to give colorless needles; yield: 56 mg (19%); mp 224.0–
224.5 8C. [a] +153.88 (c 0.3, chloroform). Rf = 0.30 (ethyl
acetate – hexanes, 1:2). 1H NMR d: 7.65–7.54 (m, 5H, PhH),
7.36, 6.87 (2d, 4H, PhH), 5.86 (dd, 1H, J2,3 = 11.0 Hz, J3,4 =
3.4 Hz, H-3), 5.47 (s, 1H, CHPh), 5.14 (d, 1H, J1,2 = 6.3 Hz,
H-1), 4.65 (dd, 1H, H-2), 4.61 (bd, 1H, J4,5 < 1 Hz, H-4),
4.43 (bs, 1H, H-5), 4.02, 3.98 (2H, AB part of ABX pattern,
J5,6a = 1.5 Hz, J5,6b = 1.6 Hz, J6a,6b = 12.8 Hz, H-6a, H-6b),
3.79 (s, 3H, OCH3), 2.16 (s, 3H, COCH3). 13C NMR d:
170.3 (C=O), 160.4, 138.7, 134.4, 129.8, 129.4, 128.9,
127.6, 113.8 (Ph), 100.9 (CHPh), 89.9 (C-1), 72.7 (C-4),
69.9 (C-3), 68.8 (C-6), 67.1 (C-5), 56.2 (C-2), 55.5 (OCH3),
21.1 (COCH3).

Phenyl 3,4,6-tri-O-acetyl-2-deoxy-2-phthalimido-1-thio-b-
D-glucopyranoside (17)

1,3,4,6-Tetra-O-acetyl-2-deoxy-2-phthalimido-b-D-gluco-
pyranose45–47 (72.2 g, 0.15 mol) was treated with thiophenol
and boron trifluoride etherate to give the title compound as a
solid that was crystallized from 15% ethyl acetate in hex-
anes; yield: 64.4 g (81%); mp 140–141 8C, lit.value48 mp
145–146 8C. ½a�25

D 49.48 (c 0.88, chloroform); lit. value48

½a�25
D 53.08.

(SS) Phenyl 3,4,6-tri-O-acetyl-2-deoxy-2-phthalimido-1-
thio-b-D-glucopyranoside S-oxide (18S)

A solution of m-chloroperbenzoic acid (0.60 g, 70%,
3.4 mmol, 1.0 equiv) in dry dichloromethane (7 mL) was
added to a precooled solution of compound 17 (1.22 g,
2.31 mmol) in dichloromethane (18 mL) at –78 8C. The re-
action mixture was stirred at –78 8C for 26 h and then al-
lowed to warm to RT over 12 h. The mixture was washed
with saturated sodium bicarbonate solutions (3 � 25 mL)
and water (25 mL), and then dried (sodium sulphate), fil-
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tered, and concentrated to give a bright yellowish solid.
Separation by flash column chromatography (ethyl
acetate – hexanes, 1:1) gave the starting material (0.22 g)
and colorless crystals of the product (0.95 g, 92% based on
starting material consumed). Further fractionation using
flash column chromatography (5% acetone in chloroform)
gave 18S as fluffy crystals that were recrystallized from 1%
ethanol in hexanes to give clear colorless needles; mp 124–
126 8C. ½a�25

D +1138 (c 0.6, chloroform). Rf = 0.68 (5% ace-
tone in chloroform). 1H NMR (400 MHz) d: 7.68 (bd s, 2H,
Phth-H), 7.84–7.60 (very bd s, 2H, Phth-H), 7.49 (d, 2H, J =
7.5 Hz, o-Ar H), 7.21 (t, 2H, J = 7.5 Hz, m-Ar H), 7.13 (t,
1H, J = 7.3 Hz, p-Ar H), 5.77 (t, 1H, J2,3 = J3,4 = 9.7 Hz, H-
3), 5.40 (d, 1H, J1,2 = 10.1 Hz, H-1), 5.16 (t, 1H, J3,4 = J4,5 =
9.7 Hz, H-4), 4.89 (t, 1H, H-2), 4.20 and 4.28 (AB part of
ABX pattern, 2H, J6a,6b = 12.3 Hz, J5,6a = J5,6b = 4.9 Hz, 2
H-6), 3.91 (m, 1H, H-5), 2.09, 2.05, 1.85 (3s, 9H, 3 Ac). 13C
NMR (100 MHz) d: 170.1, 169.8, 168.9 (3 Ac C=O), 167.6
(2 phth C=O), 138.8, 130.2, 128.4, 123.0 (S-Ph C), 133.9,
130.8, 123.9 (Phth C), 89.1 (C-1), 76.0 (C-5), 71.1 (C-3),
67.6 (C-4), 61.4 (C-6), 47.4 (C-2), 20.4, 20.2, 20.0 (Ac Me).

The second fraction was obtained as colorless fluffy crys-
tals that decomposed on standing or on attempted recrystal-
lization, Rf = 0.54 (5% acetone in chloroform). 1H NMR
(400 MHz) d: 7.90 (half of AA’BB’ pattern, 2H, o-Phth-H),
7.90 (d, 2H, o-Ph H), 7.76 (half of AA’BB’ pattern, 2H,
Phth-H), 7.70 (t, 1H, J = 7.5 Hz, p-Ar H), 7.58 (t, 2H, J =
7.7 Hz, m-Ar H), 5.81 (t, 1H, J2,3 = J3,4 = 9.7 Hz, H-3), 5.51
(d, 1H, J1,2 = 10.6 Hz, H-1), 5.02 (t, 1H, J3,4 = J4,5 = 9.7 Hz,
H-4), 4.62 (t, 1H, H-2), 4.13 and 4.21 (AB part of ABX pat-
tern, 2H, J6a,6b = 12.8 Hz, J5,6a = J5,6b = 4.8 Hz, 2 H-6), 3.88
(m, 1H, H-5), 2.01, 2.00, 1.99 (3s, 9H, 3 Ac). 13C NMR
(100 MHz) d: 170.0, 169.8, 168.9 (3 Ac C=O), 167.9 (2
phth C=O), 137.9, 130.1, 128.6, 123.4 (S-Ph C), 134.2,
131.3, 124.4 (Phth C), 86.1 (C-1), 76.3 (C-5), 71.2 (C-3),
67.8 (C-4), 61.4 (C-6), 49.4 (C-2), 20.3, 20.2, 20.0 (Ac Me).

This compound decomposed on standing into a compound
(Rf = 0.82, 5% acetone in chloroform) that was purified by
flash chromatography on silica gel (3% acetone in dichloro-
methane) as a syrup, identified as 3,4,6-tri-O-acetyl-2-
deoxy-2-phthalimido-D-glucal; ½a�25

D – 15.78 (c 5.1, chloro-
form), lit.67 [a]D – 15.08. 1H NMR (250.13 MHz) d: 7.96–
7.74 (AA’BB’ pattern, 4H, Phth-H), 6.78 (s, 1H, H-1), 5.61
(d, 1H, J3,4 = 4.0 Hz, H-1), 5.33 (t, 1H, J4,5 = 4.4 Hz, H-4),
4.54 (m, 2H, H-5, H-6a), 4.40 (m, 1H, H-6b), 2.16, 2.14,
1.94 (3s, 9H, 3 Ac). 13C NMR (100 MHz) d: 170.1, 169.9,
168.9 (3 Ac C=O), 167.9 (2 phth C=O), 148.2 (C-1), 134.3,
131.6, 123.7 (Phth C), 105.6 (C-2), 74.6 (C-5), 67.3 (C-3),
65.7 (C-4), 61.1 (C-6), 20.8, 20.6, 20.2 (Ac Me). HR-MS
(EI) m/z calcd. for C20H19NO9: 417.1059; found: 417.1045.
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(56) Tvaroška, I.; Bleha, T. Can. J. Chem. 1979, 57 (4), 424.
doi:10.1139/v79-069.
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A general measure of conjugation in biphenyls
and their radical cations

Lei Zhang, Gilles H. Peslherbe, and Heidi M. Muchall

Abstract: Changes in the amount of conjugation in the biphenyl system upon torsion have been investigated with quantum
chemistry computations. For the unsubstituted biphenyl and its radical cation, the change in the energy for the first elec-
tronic transition as determined from time-dependent density functional theory, specifically TD-B3LYP, upon an imposed
change in torsion angle appears to provide a good general measure of the delocalization of the p-electrons. Upon substitu-
tion, though, a relationship could not be established between the excitation energy and the twist across the C–C bond con-
necting the two phenyl rings. In contrast, the p-interaction energy, i.e., the p–p interaction across the central C–C bond,
determined from a natural bond orbital analysis, provides a uniform description of conjugation in the electronically differ-
ent systems, for an imposed twist as well as upon substitution. Substituent effects are found to be larger and more varied
for the biphenyl radical cations. Of particular interest is the introduction of the oxidizable substituents OCH3 (methoxyl)
and SCH3 (methylthio), as this leads to the smallest changes in torsion angle in the biphenyl unit upon removal of an elec-
tron from the molecule. The findings of this work could ultimately prove useful for the rational design of conductive poly-
mer materials.

Key words: biphenyl, conjugation, substituent effect, electronic excitation, p-interaction energy.

Résumé : Des calculs de chimie quantique, utilisant la théorie de la fonctionnelle de la densité dépendante du temps, spé-
cifiquement TD-B3LYP, ont été effectués afin d’évaluer les variations de conjugaison dans le système biphényle en fonc-
tion de sa torsion. Pour le biphényle non substitué et son cation radicalaire, l’énergie correspondant à la première
transition électronique suivant la torsion imposée semble fournir une mesure adéquate de la délocalisation des électrons p.
Par contre, pour les biphényles substitués, il n’est pas possible d’établir une relation entre l’énergie d’excitation et l’angle
de torsion au niveau de la liaison C–C qui relie les deux phényles. Toutefois, l’énergie d’interaction p, c’est-à-dire l’inter-
action p–p le long de la liaison C–C centrale, telle que déterminée par une analyse des orbitales naturelles de liaison,
fournit une description uniforme de la conjugaison dans des systèmes électroniquement différents, que ce soit par torsion
imposée ou par substitution. De plus, les effets de substitution sur la conjugaison sont plus prononcés et plus variés pour
les cations radicalaires des biphényles. Il est particulièrement intéressant de noter que l’introduction de substituants oxyda-
bles, tels que OCH3 (méthoxyle) ou SCH3 (méthylthio), entraine la plus faible variation de l’angle de torsion de l’unité bi-
phényle lorsqu’elle perd un électron. Les résultats de ces travaux pourraient éventuellement aider à mieux prédire les
propriétés de nouveaux matériaux à base de polyméres conducteurs.

Mots-clés : biphényle, conjugaison, effet de substituant, excitation électronique, énergie d’interaction p.

Introduction
Conjugation, the delocalization of p-electrons, is related

to important chemical and physical phenomena, such as aro-
maticity, spectral shifts, and electronic conductivity. Con-
ductive polymers, especially oligo- and poly-para-
phenylenes, have found widespread attention as active mate-
rials in light-emitting diodes and polymer lasers.1–5 The
properties of a conducting polymer are usually modified by
manipulating their chemical structures, for example through
substitution, to allow improved application in a particular
optoelectronic device.6–8 Whereas conjugation results in sta-
bilization of a system through p-electron delocalization,

which is usually associated with the planarity of the system
which guarantees maximum overlap between p-orbitals,
steric effects9 from substituents often induce a twist away
from the planar conformation. The rational design of con-
ductive polymers therefore requires a general measure of
conjugation for an understanding of the structure–property
relationships in both neutral (all-electron) and charged (rad-
ical cation) species.

The biphenyl unit (C6H5–C6H5) is ubiquitous in nature,
and in the above context constitutes the smallest oligo-para-
phenylene. Its planar geometry has been observed experi-
mentally in the crystalline phase,13–10 whereas a nonplanar

Received 28 April 2010. Accepted 29 July 2010. Published on the NRC Research Press Web site at canjchem.nrc.ca on 5 November
2010.
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geometry has been observed in solutions14–16 and in liquid17

and gaseous14,18–20 phases. A relationship between geometry
and electronic structure has been established for the all-
electron biphenyls.21,22 In addition, experimental and theo-
retical studies have been carried out on halogenated bi-
phenyl radical cations to determine how the type and
position of substituents influence the geometry, optical ab-
sorption characteristics, ionization potentials, electron affin-
ities, and decay kinetics of these radical cations.23–27

Vibrational frequencies of the biphenyl radical cation have
been calculated28,29 and compared with those measured by
Raman spectroscopy30–32 to address geometrical changes
upon ionization.

Whereas the geometry of an all-electron system is readily
determined experimentally from diffraction studies, spectro-
scopic properties have to be employed to unveil information
on the geometry and electronic structure of charged and rad-
ical species. Even for all-electron systems, though, elec-
tronic spectra are often consulted to determine an increase
in conjugation. Yet, for subtle changes in geometry, as can
be expected upon substitution in the biphenyl system, it
might be difficult to distinguish between a shift in the ap-
propriate absorption maximum owing to a change in conju-
gation between the two rings versus a shift from a simple
change in chromophore upon substitution. Alternative pa-
rameters that have been traditionally considered to evaluate
the p-electron delocalization in conjugated systems are the
bond length, the electron density, and the ellipticity at its
bond critical point (as determined within the quantum theory
of atoms in molecules33). None of these is suitable as a gen-
eral measure of p-electron delocalization, as will be shown
below.

In this work, we establish that the p-interaction energy,
given by the p–p interaction across the central C–C bond
and evaluated with the natural bond orbital approach, yields
consistent results for forced twists of the unsubstituted bi-
phenyl and its radical cation, as well as for a variety of
monosubstituted biphenyls and their radical cations (Chart
1), which exhibit inherent twists over a wide range of tor-
sion angles. This should prove of particular value with re-
spect to the need for the rational design of materials.

Computational details
Our previous benchmark calculations on substituted phe-

nols suggest that time-dependent density functional theory
(TD-DFT)34 gives accurate results for excitation energies as-
sociated with electronic transitions from the ground state to
the first two low-lying excited states, which correspond to
absorption in the UV spectral region.35 The same method
has been used to accurately reproduce the absorption spectra
of methoxyl- and methyl-substituted phenol radical cations36

and phenoxyl radicals,37 and to identify the source of sub-
stituent effects that cause significant band shifts in their ex-
perimental spectra. TD-DFT has also been used successfully
to predict the electronic transition energies of polycyclic ar-
omatic hydrocarbons,38 and is therefore employed for the
calculation of the excitation energies of biphenyl systems in
this work. For comparison and further validation, excitation
energies for the biphenyl radical cation were also deter-
mined with the multi-configuration complete active space

second-order perturbation theory (CASPT2),39 using the
MOLPRO quantum chemistry package.40

All TD-DFT calculations were performed with the Gaus-
sian 03 quantum chemistry package.41 Ground-state equili-
brium geometries were located by full optimization with
Becke’s three-parameter hybrid exchange functional and the
Lee, Yang, and Parr correlation functional, commonly re-
ferred to as B3LYP,42–44 with the 6–31G(d) basis set.45,46

This method and basis set have been shown to produce re-
sults with an accuracy close to that of calculations with the
quadratic configuration interaction with single, double, and
perturbative triple excitations (QCISD(T)) level of theory in
the forced torsion of the 1,3-butadiene radical cation.47 Vi-
brational frequency calculations using the same model
chemistry were performed to confirm that all stationary
points are minima on the potential energy surface. Torsional
profiles were obtained by constraining the torsion angle be-
tween the two phenyl rings and relaxing all other geometri-
cal parameters. More specifically, both C2–C1–C1’–C2’ and
C6–C1–C1’–C6’ torsion angles (see Chart 1 for atom num-
bers) were constrained to the same value to avoid the pyra-
midalization of C1 and C1’ that has been observed earlier in
the torsion of the 1,3-butadiene radical cation.47 Vertical ex-
citation energies were calculated for ground-state geometries
using TD-B3LYP and CASPT2 (with an active space con-
sisting of nine ring electrons distributed into five occupied
and two virtual p-type orbitals) with the 6–311++G(d,p) ba-
sis set.48,49

A topological analysis of the electron density was per-
formed for all substituted biphenyls and their radical cations
with the quantum theory of atoms in molecules.33,50 The
electron density and ellipticity at the bond critical point (the
point between two nuclei where the gradient vector field of
the electron density is zero with two negative and one posi-
tive curvature) of the central C–C bond were obtained from
the B3LYP/6–31G(d) electron density using the AIM2000
package.51

The p-interaction energies were estimated from the orbital
energy difference between the ‘‘filled’’ (donor) Lewis-type
natural bond orbital (NBO) corresponding to the p-orbital
of one C=C bond in one ring and the ‘‘empty’’ (acceptor)
non-Lewis NBO corresponding to the p*-orbital of its con-
jugated C=C bond in the other ring, the electron occupancy
of the donor Lewis-type NBO and the off-diagonal Fock (or
Kohn–Sham) matrix element by natural bond orbital (NBO)
analysis,52–57 using the NBO version 3.1 program embedded
in the Gaussian 03 package. Because the NBO procedure lo-
calizes p-bonds in the aromatic ring, artificially distinct s-
cis and s-trans interactions across the central C–C bond can

Chart 1.
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Table 1. Total energies (Etotal, hartree; not zero-point energy corrected), p-interaction energies (Einter, kcal/mol), and torsion angles (4, 8) of equilibrium geometries of biphenyls
(C6H5–C6H4R) and their radical cations.

Biphenyls Biphenyl radical cations

Einter Einter

R Etotal 4 s-trans s-cis Avg. Etotal 4 s-trans s-cis Avg. D4

H –463.306 078 38.4 10.0a 9.6 9.8 –463.026 794 19.5 7.9 7.0 7.5 18.9
o-CN –555.546 725 46.6 7.7a 7.6 7.7 –555.251 042 31.6 6.7 6.2 6.4 15.0
o-Me –502.619 912 55.3 5.1 5.8a 5.4 –502.341 401 34.1 6.2 5.9 6.1 21.2
o-Et –541.930 967 56.4 4.7 5.5a 5.1 –541.653 563 35.3 6.0 5.8 5.9 21.1
o-Cl –922.897 329 54.6 5.2 6.0a 5.6 –922.610 806 36.5 5.7 5.6 5.6 18.1
o-OMe –577.825 170 45.6 7.6 8.0a 7.8 –577.561 730 32.2 6.3 6.1 6.2 13.4
o-SMe –900.801 899 58.7 4.3a 5.0 4.6 –900.540 032 44.6 4.4 4.4 4.4 14.1
o-t-Bu –620.546 539 86.3 0.0 0.0a 0.0 –620.266 370 41.3 4.7 5.0 4.9 45.0
o-Adamantyl –852.818 301 62.6 3.1a 3.9 3.5
m-CN –555.549 339 38.4 9.9a 9.5 9.7 –555.252 953 19.7 7.9 7.0 7.4 18.6
m-Me –502.624 061 38.4 9.9a 9.7a 9.8 –502.349 188 20.2 7.8a 7.0 7.4 18.2
m-Etb –541.935 838 38.3 9.8 9.5 9.7 —

–541.935 806 38.5 9.7 9.5 9.6 –541.663 232 20.4 7.8 6.9 7.3 18.1
m-Cl –922.902 199 38.3 9.8 9.6 9.7 –922.615 920 20.4 7.7 6.8 7.3 17.8
m-CF3

b –800.343 800 38.0 10.0a 9.8a 9.9 –800.053 770 19.1 8.0 7.1a 7.6 18.9
–800.343 640 38.1 9.9 9.7a 9.8 —

m-OMeb –577.828 675 38.4 9.7 9.5a 9.6 –577.560 730 25.6 7.1 6.4a 6.7 12.7
–577.828 617 37.9 9.7 9.6a 9.6 —

m-SMeb –900.806 752 39.0 9.6 9.5a 9.5 –900.541 752 28.9 6.6 6.2 6.4 10.1
–900.806 676 38.6 9.7a 9.4 9.6 —

m-t-Bub –620.560 970 38.4 9.9a 9.7a 9.8 –620.288 898 21.0 7.8 6.9 7.3 17.4
–620.560 910 38.4 9.7 9.6a 9.7 —

p-CN –555.550 019 37.7 10.1 9.8 9.9 –555.255 605 19.9 8.0 7.1 7.5 17.7
p-Me –502.624 177 37.8 10.0 9.9a 9.9 –502.353 162 18.9 8.0 7.1 7.5 18.9
p-Et –541.936 041 37.6 10.0 9.9a 10.0 –541.666 785 19.0 8.0 7.1 7.5 18.6
p-Cl –922.902 269 38.2 9.9 9.7 9.8 –922.621 961 19.6 7.9 7.0 7.5 18.5
p-CF3 –800.344 027 38.1 9.9 9.7 9.8 –800.052 650 19.3 8.0 7.1 7.5 18.8
p-OMe –577.828 802 37.5 10.1 10.0a 10.0 –577.570 798 20.3 7.8 6.9 7.4 17.2
p-SMe –900.807 057 37.0 10.3 10.0a 10.2 –900.551 358 22.5 7.5 6.7 7.1 14.5
p-t-Bu –620.561 232 37.3 10.1 9.9a 10.0 –620.292 925 18.8 8.0 7.1 7.6 18.5

aFrom NBO 4.M.
bTwo equally populated biphenyl rotamers are found as minima, differing in the orientation of the substituent. A unique global minimum is found for their corresponding radical cations.
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be characterized. As these carry different energy values, a
phenomenon reflective of the differences in the electronic
excitation for cisoid and transoid dienes, both energies were
evaluated. When NBO 3.1 would not provide a given p-
interaction energy (s-cis or s-trans) by default for the mono-
substituted biphenyls included in this study (Chart 1), that
particular Lewis structure (indicated in the footnote of Ta-
ble 1) was analyzed with the stand-alone NBO 4.M pro-
gram.58

Results and discussion

Biphenyl and its radical cation
The energy barrier for torsion in biphenyl was determined

to be about 1–2 kcal/mol (1 cal = 4.184 J) by nuclear mag-
netic resonance (NMR) and Raman spectroscopic techni-
ques.18,19,59,60 Such a small torsional energy barrier has been
a challenge for molecular mechanics owing to the improper
parameterization of the torsional term in force fields,61,62

and characterizing the torsional potential energy profile of
biphenyl from quantum chemistry calculations has been the
central topic of many reports.63–66

The torsional potential energy profiles for biphenyl and its
radical cation in the range 08 to 908 are shown superim-
posed in Fig. 1. For biphenyl, the calculated energy barriers
of 2.1 kcal/mol (08) and 2.5 kcal/mol (908) are comparable
to the experimental values of DE0 = 1.4 ± 0.5 kcal/mol and
DE90 = 1.6 ± 0.5 kcal/mol,18 and to the calculated values of
2.0–3.9 kcal/mol for DE0 and 1.2–2.4 kcal/mol for DE90 in
previous reports.22,64,67–70 In contrast to these small barriers,
the calculated torsional potential energy profile for the bi-
phenyl radical cation exhibits an energy barrier as high as
18.3 kcal/mol, corresponding to the 908 conformation.
Although there is a lack of direct experimental evidence for
the size of the barrier in the biphenyl radical cation itself, a
similarly high torsional energy barrier (>10 kcal/mol) has
been reported for the related 3,3’-dimethyl-4,4’-dihydroxybi-
phenyl radical cation from the temperature dependence of
the electron spin resonance (ESR) signal.71 The torsional po-
tential energy profile for the biphenyl radical cation beyond
908 (up to 1808) was also evaluated; it was found to be
smooth and symmetric about the 908 mark without evidence
for a jump to a higher energy surface beyond 908, as had
been a concern for the related 1,3-butadiene radical cation.47

The torsion angle of the equilibrium geometry changes
from 38.48 in biphenyl to 19.58 in its radical cation. Such a
partial planarization upon removal of one electron has also
been found for 4,4’-dihydroxybiphenyl and for halogenated
biphenyls.23–25,72,73 Accordingly, for the unsubstituted bi-
phenyl radical cation, the planar conformation is only
0.3 kcal/mol (1.1 kcal/mol if corrected for zero-point vibra-
tional energies) higher in energy than the equilibrium geom-
etry. This very small barrier to planarity is an indication of
the importance of increased conjugation in the stabilization
of the biphenyl radical cation. Given the very small energy
difference, and in view of computational accuracy, although
the calculated equilibrium geometry is nonplanar, a planar
structure might well be found experimentally. In fact, the
ESR spectrum of the biphenyl radical cation in solution
does not provide any evidence for nonplanarity.74

Energy of the first electronic transition
It is generally accepted that an increase in conjugation

leads to an energetic destabilization of the highest occupied
molecular orbital (HOMO) and stabilization of the lowest
unoccupied molecular orbital (LUMO). The resulting de-
crease in the HOMO–LUMO gap can be probed spectro-
scopically, and a shift of the corresponding absorption
maximum (lmax) to longer wavelengths is indeed observed
for more highly conjugated systems.75,76 The energy of the
first electronic transition, expressed in nm, is plotted as a
function of torsion angle in Fig. 2. Numerical data are pro-
vided in Table S1 of the Supplementary data. Figure 2a
shows the expected shift to longer wavelengths (batho-
chromic or red shift for the corresponding absorption wave-
length, lmax) for the all-electron biphenyl system upon
planarization. As expected, this absorption band results
from a transition from the HOMO to the LUMO. These or-
bitals, obtained from B3LYP/6–31G(d) calculations for the
planar conformation, are shown in Chart 2.

In contrast, an increase in conjugation in the biphenyl rad-
ical cation leads to a shift of the first electronic excitation to
shorter wavelengths (hypsochromic or blue shift for the cor-
responding lmax, Fig. 2b). This fundamentally different be-
haviour of the excitation energy upon torsion from that in
biphenyl takes its roots from the molecular orbitals (MOs)

Fig. 1. Torsional potential energy profiles for biphenyl (*) and the
biphenyl radical cation (*) from B3LYP/6–31G(d) calculations.

Chart 2. Molecular orbitals for the lowest energy electronic transi-
tion for (a) biphenyl and (b) the biphenyl radical cation (planar
conformations) from B3LYP/6–31G(d) calculations.
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implicated in the electronic transition. In contrast to bi-
phenyl, where the absorption maximum corresponds to the
HOMO–LUMO transition, for the biphenyl radical cation,
the absorption involves a transition from a lower lying dou-
bly occupied molecular orbital to the singly occupied molec-
ular orbital (SOMO, which is still the highest occupied
MO). The SOMO and the third lower-lying doubly occupied
MO (HOMO-3) are shown in Chart 2b for the planar confor-

mation of the biphenyl radical cation. Because the SOMO of
the radical cation has the same character as the HOMO of
biphenyl, it is also destabilized upon planarization, whereas
the favourable interaction between the two rings in the
HOMO-3 is facilitated, leading to a stabilization of this orbi-
tal. As a result, the largest HOMO-3–SOMO gap, and there-
fore the largest excitation energy or the shortest wavelength
of excitation, is found for the planar conformation. The
character of the lower-lying doubly occupied MO implicated
in the electronic transition remains upon torsion, but the
orbital energy ordering changes smoothly with the torsion
angle, as the MO shifts from HOMO-3 at 08 to HOMO-1 at
908. Yet, even if the HOMO-1 to SOMO electronic excita-
tion is considered throughout the torsion, increasing planar-
ity still leads to this blue shift (Fig. 2b). High-accuracy
CASPT2 calculations (Fig. 2c) confirm that the excitation
energies for the more highly-twisted conformations lie in
the near-IR spectral region and that these are not long-wave-
length artifacts of the TD-B3LYP method. Finally, the cal-
culated excitation energy, expressed in nm, for the
minimum geometry resembles the experimental lmax value
of 670 nm.77

According to the monotonic behaviour of the torsional
plots determined above in the range of 08 to 908 for bi-
phenyl and its radical cation, the energy of the first elec-
tronic transition appears to reflect the extent of the
delocalization of p-electrons, at least for these unsubstituted,
electronically different systems.

Bond length, electron density, and ellipticity of the central
C–C bond

Planarization in the biphenyl system favors a maximum
overlap between the p-orbitals, leading to a shorter central
C–C bond with more double-bond character owing to in-
creased delocalization of p-electrons between the two rings.
In general, changes in p-character can be probed conven-
iently by the quantum theory of atoms in molecules33,50

through the values of the electron density and ellipticity at
the bond critical point.54 The relationships involving bond
length, bond-critical-point electron density, and ellipticity
are shown in Fig. 3, while the numerical data are provided
in Table S2 of the Supplementary data. For biphenyl and its
radical cation, the bond length and bond-critical-point elec-
tron density (Figs. 3a and 3b) do not vary monotonically in
the twist range of 08 (planar) to 908 (perpendicular), so nei-
ther can provide a reasonable measure of conjugation in bi-
phenyl systems.

Derived from the two negative curvatures of the electron
density at the bond critical point, the ellipticity quantifies
the deviation from cylindrical symmetry of a bond.54

Figure 3c shows a good correlation between the ellipticity
and the torsion angle for both the all-electron and radical
cationic biphenyls. Figure 3c also clearly shows that the p-
bond character of the central C–C bond increases along with
the conjugation and upon removal of an electron, in agree-
ment with earlier reports on halogenated and hydroxyl-
substituted biphenyls.67,76 The ellipticity thus also proves to
provide a general measure of delocalization for the unsubsti-
tuted biphenyl and its radical cation.

Fig. 2. Excitation energy versus torsion angle for (a) biphenyl and
(b) and (c) the biphenyl radical cation. In (b) and (c), the energies
are given for the first observable electronic excitation (*) and for
the electronic excitation from HOMO-1 to SOMO (�); (a) and (b)
are from TD-B3LYP/6–311++G(d,p) calculations and (c) from
CASPT2/6–311++G(d,p) calculations.
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p-Interaction energy
The p-interaction energy for the p–p interaction across

the central C–C bond connecting the two phenyl rings is
plotted as a function of torsion angle in Fig. 4, and numeri-
cal data are provided in Table S1 of the Supplementary data.
As one might expect, for both biphenyl and its radical cat-
ion, the p-interaction energy decreases monotonically with
an increase in torsion angle from 08 to 908. The p-interaction
energy therefore also captures changes in the delocalization
of p-electrons in these electronically different systems.

As noted above, since the NBO treatment localizes p-

bonds in the phenyl rings, both artificial s-cis and s-trans in-
teractions are possible across the central C–C bond. For the
planar conformation of biphenyl, the s-trans p-interaction
energy is 2.4 kcal/mol larger than the s-cis p-interaction en-
ergy (the difference is only 1.3 kcal/mol in the planar bi-
phenyl radical cation), which is comparable to the size of
the largest change in the p-interaction energy upon a 108
twist in the region of 458 (Fig. 4). A crossover occurs at a
torsion angle of about 408, and the s-cis p-interaction en-
ergy becomes slightly larger than the s-trans p-interaction
energy for torsion angles in the range 45–908 (numerical
data are given in Table S1 of the Supplementary data). In
view of the fact that s-trans and s-cis p-interactions contrib-
ute almost equally to the stability of biphenyl systems, the
average value of the p-interaction energy is adopted in the
following discussion to characterize monosubstituted bi-
phenyl systems, while both s-cis and s-trans numerical data
are reported in Table 1 and provided in Fig. S1 of the Sup-
plementary data.

Substituted biphenyls and their radical cation
The calculated torsion angle at the equilibrium geometry

of gas-phase biphenyl is 38.48. The twist is more or less
controlled by the steric effect of the ortho-hydrogen
atoms.78–80 In the monosubstituted biphenyls included in
this study (Chart 1), one hydrogen atom is replaced by a
substituent, differing in size and electronic property. While
its size might be of principal importance in the ortho posi-

Fig. 3. Properties of the central C–C bond. (a) Bond length, (b)
electron density, and (c) ellipticity at the bond critical point versus
torsion angle for biphenyl (~) and the biphenyl radical cation (~)
from B3LYP/6–31G(d) calculations.

Fig. 4. p-Interaction energy versus torsion angle for (a) biphenyl
and (b) the biphenyl radical cation (*, s-cis, and *, s-trans p-
interaction, across the central C–C bond) from B3LYP/6–31G(d)
calculations.
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tion, its electronic properties might be expected to surface in
meta and para positions, thus leading to a different torsion
angle for the respective equilibrium geometry. It is therefore
desirable to identify a suitable parameter that can describe
changes in conjugation in the presence of these factors.

Energy of the first electronic transition
In UV–vis spectroscopy, for a variety of parent chromo-

phores, it is well established that, and how, lmax for the low-
est energy p?p* transition varies with substitution.
Conversely, for substituted phenoxyl radicals and phenol
radical cations, lmax can vary in a seemingly unpredictable
way.13 Thus, for a molecular system in which conjugation
can be removed or increased through torsion, such as in the
biphenyls, substitution constitutes a second, independent fac-
tor affecting the energy of absorption. An experimentally
observed lmax or a corresponding calculated excitation en-
ergy consequently might not be a suitable measure for the
change in conjugation.

The energy of the first electronic excitation is plotted as a
function of torsion angle in Fig. 5, and the numerical data
are provided in Table S3 of the Supplementary data. It is

evident from Fig. 5 that a correlation between the lowest ex-
citation energy for a p?p* transition and the size of the
torsion angle does not exist for substituted biphenyls or their
radical cations.

Ellipticity at the bond critical point of the central C–C
bond

The relationship between the ellipticity at the bond crit-
ical point of the central C–C bond and the torsion angle is
shown in Fig. 6, and the numerical data are provided in Ta-
ble S3 of the Supplementary data. Figure 6 exhibits a small
set of data points that could have been considered outliers to
an otherwise good correlation between the ellipticity and the
torsion angle. However, those data points stem entirely from
the ortho-substituted biphenyl radical cations, and therefore
the ellipticity fails to provide a general measure of delocali-
zation for both substituted all-electron and radical cationic
biphenyls.

p-Interaction energy

Substituted biphenyls
The equilibrium-geometry torsion angles and p-interac-

tion energies for substituted biphenyls are provided in Ta-
ble 1, and the p-interaction energies are plotted as a
function of torsion angle in Fig. 7. In general, the relation-
ship between the p-interaction energy and the torsion angle
at the equilibrium geometry for the substituted biphenyls
(Fig. 7a) is similar to that for torsion of the unsubstituted bi-
phenyl (Fig. 4a). As expected, the steric effect at the ortho
position is pronounced and results in torsion angles of
around 458 for a small substituent, around 558 for medium-
sized substituents, and up to 868 for the bulky tert-butyl
substituent. Qualitatively, the similar-size chloro- and
methyl-substituents lead to comparable torsion angles, as
does the ethyl group, which exercises a steric hindrance
comparable to that of the methyl group.81 This assessment
fits well with the results from a recent attempt at quantifying
steric effects in the biphenyl system.82

Any steric effect for meta-substitution has to be transmit-
ted through a change in bond angle on the adjacent ortho-
carbon atom. Figure 7a shows that, if present, the increased
hindrance between ortho-H atoms in meta-substituted bi-

Fig. 5. Excitation energy versus torsion angle for (a) monosubsti-
tuted biphenyls (first observable electronic excitation) and (b)
monosubstituted biphenyl radical cations (electronic excitation from
HOMO-1 to SOMO) from TD-B3LYP/6–311++G(d,p) calculations.
The unsubstituted species are included for reference and pointed out
by the arrows (*, ortho-substituted; ~, meta- or para-substituted;
and �, unsubstituted).

Fig. 6. Ellipticity at the bond critical point of the central C–C bond
versus torsion angle for substituted biphenyls (~) and substituted
biphenyl radical cations (~) from B3LYP/6–31G(d) calculations.
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phenyls is negligible, as their torsion angles fall into the nar-
row range of 37.9 to 39.08 (Table 1), which is close to the
torsion angle in the unsubstituted biphenyl. All torsion an-
gles of para-substituted biphenyls also fall into this general
range (37.0–38.28). The values are somewhat smaller than
those found for meta-substitution, which is a reflection of
the small electronic effect the para-substituents exercise. In
fact, Fig. 7b shows that the equilibrium data for the substi-
tuted biphenyls from Fig. 7a are superimposed with the cor-
responding data for the unsubstituted biphenyl torsion
(Fig. 4a), which further confirms that the steric effect, con-
trolled by the size of the ortho-substituent, dominates over
any electronic effect.

Substituted biphenyl radical cations
The equilibrium-geometry torsion angles and p-interaction

energies for the substituted biphenyl radical cations are pro-
vided in Table 1, and the p-interaction energies are plotted
as a function of torsion angle in Fig. 8. Similarly to what
was observed for the unsubstituted biphenyl and its radical
cation, the p-interaction energy decreases, as expected, with
an increase in torsion angle (Fig. 8a), and all substituted
radical cations are more planar than their corresponding all-
electron counterparts. The changes in torsion angle between
substituted all-electron biphenyls and their radical cations,

given in Table 1, are consistent with the differences in the
electronic properties of the substituents. The decrease in tor-
sion angle (D4) upon ionization is in the range 10.1 to 21.28
for all substituted biphenyls, except for the tert-butyl substi-
tuted system with a sizeable D4 of 45.08. As a consequence,
and in contrast to the all-electron system, the ortho-tert-butyl
biphenyl radical cation does not exhibit the largest torsion
angle in the series. In fact, a marginally larger torsion angle
is found for ortho-methylthio (SMe) substitution (Table 1).
One important difference between these two substituents is
clearly the fact that the sulfur atom possesses electron lone
pairs and can thus be easily oxidized, whereas low-energy
ionization for the tert-butyl system can only be achieved by
removal of electrons from the aromatic rings. Because the
tert-butyl group is electronically simply an observer in the
oxidation, the biphenyl unit experiences an increased need
for p-electron delocalization, similar to that in the unsubsti-
tuted biphenyl radical cation itself, which is counteracted by
the size of the tert-butyl group. In short, for ortho-substituted
biphenyl radical cations, although steric effects still control
the equilibrium-geometry torsion angle, electronic effects
become apparent.

For the meta- and para-substituted biphenyl radical cati-

Fig. 8. (a) Average p-interaction energy versus torsion angle for
monosubstituted biphenyl radical cations from B3LYP/6–31G(d)
calculations. (b) Superposition of the data from (a) with the trend
line obtained from the biphenyl radical cation torsion profile. The
unsubstituted biphenyl radical cation is included for reference and
is pointed out by the arrow (*, ortho-substituted; ~, meta- or
para-substituted; and �, unsubstituted).

Fig. 7. (a) Average p-interaction energy versus torsion angle for
monosubstituted biphenyls from B3LYP/6–31G(d) calculations. (b)
Superposition of the data from (a) with the trend line obtained from
the biphenyl torsion profile. The unsubstituted biphenyl is included
for reference and is pointed out by the arrow (*, ortho-substituted;
~, meta- or para-substituted; and �, unsubstituted).
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ons, a much wider range of torsion angles is found when
compared with their all-electron counterparts (a range of
108 versus 28 for the biphenyls), and this can be ascribed to
electronic effects. As was observed for the substituted bi-
phenyls, all torsion angles for the para-substituted radical
cations are similar to or only slightly smaller than those
found for meta-substitution, with two notable exceptions.
For methoxyl (OMe) substitution the difference is 5.38 and
for methylthio (SMe) substitution it is 6.48. The D4 values
in Table 1 suggest that the two meta-substituted species are
not planarized to the same extent as most other biphenyl
radical cations. In other words, delocalization across the
two aromatic rings is less important in these two cases be-
cause of the role of the substituent. Overall, for meta- and
para-substitution, electronic effects govern the control of the
geometry, and deviations from the torsional profile of the
unsubstituted biphenyl radical cation are observed (Fig. 8b).
The data show that substitution with electron-donating
groups leads to less planarization upon removal of one elec-
tron from the molecule. These radical cations remain in more
highly twisted equilibrium geometries, with the methylthio-
substituted biphenyl radical cations exhibiting the largest
torsion angles in their respective series (Table 1). Upon ion-
ization of these biphenyls, in contrast to alkyl-substituted bi-
phenyls, the electron can be removed mainly from the
substituent electron lone pairs. As a consequence, the aro-
maticity of the phenyl rings is less disrupted, and the pro-
pensity for planarization in the radical cation is decreased.
This is particularly pronounced in the meta-substituted ser-
ies, where methylthio substitution results in a torsion angle
that is larger than that for tert-butyl substitution by 88
(Table 1). The spin density plots from B3LYP/6–31G(d) cal-
culations in Chart 3 confirm that the electron is mainly
removed from the electron lone-pairs of sulfur for meta-
methylthio substitution, while it is mainly removed from the
phenyl rings for the meta-tert-butyl biphenyl radical cation.

Conclusions
Although at times the spectroscopic behaviour in the UV

and visible spectral regions can be used to evaluate the ex-
tent of conjugation in organic molecules, the dependence of
the energy of the first electronic excitation on the torsion ap-
pears to provide a general measure of conjugation only for
the unsubstituted biphenyl and its radical cation. General
correlations between the excitation energy and the amount

of twist in substituted biphenyls and their radical cations are
absent. Equally unsuitable as general measures of conjuga-
tion are the bond length and the bond-critical-point electron
density of the central C–C bond. The ellipticity at the bond
critical point of the central C–C bond only provides a good
measure of conjugation for unsubstituted biphenyl species,
not for substituted ones.

In contrast, the p-interaction energy, calculated from the
p–p* orbital interaction across the central C–C bond
connecting the two phenyl rings, provides a good general
measure of the delocalization of the p-electrons, as in-
creased p-interaction energies are obtained upon planariza-
tion of both the biphenyls and their radical cations.
Whereas steric effects controlled by the size of the substitu-
ent at the ortho-position prevail over electronic effects for
the biphenyls, in the radical cations, electronic effects play
an increased role in dictating the twist.

This work suggests that, where traditional indicators fail,
the calculated p-interaction energy can be used as a measure
of conjugation. Assessing the amount of conjugation is in-
deed important given the relationship between conjugation
and propensity for radical cation formation within systems
containing biphenyl templates, such as conducting polymers
or natural polymers like lignin.

Supplementary data

Supplementary data for this article are available on the
journal Web site (canjchem.nrc.ca) (tables of vertical excita-
tion energies, absorption wavelengths, and p-interaction en-
ergies of biphenyl and its radical cation upon forced torsion;
electron densities and ellipticities at the bond critical point
of the central C–C bond, and C–C bond lengths for substi-
tuted biphenyls and their radical cations; and correlation
diagrams for s-cis and s-trans p-interaction energies of
monosubstituted biphenyls and their radical cations).
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Nonlinear time-dependent density functional
theory investigation and visualization of
ionizations in CO2 — Effects of laser intensities
and molecular orientations

Emmanuel Penka Fowe and André Dieter Bandrauk

Abstract: Time-dependent density functional theory (TDDFT) studies of the ionization of CO2 by intense laser pulses Io ‡
1 � 1014 W/cm2, at 800 nm are presented using the LB94 and the LDA potentials. Results reveal that for lower laser peak
intensity, Io = 3.5 � 1014 W/cm2, the highest occupied molecular orbital (HOMO) contributes significantly to ionization
owing to its lower ionization potential (IP), whereas the inner orbitals play the important role for higher laser peak inten-
sities. Even though such lower orbitals have higher IP, the ionization process occurs when orbital densities are maximum
along the direction of the laser field polarization. These findings are confirmed through the analysis of the images from
the time-dependent electron localization function (TDELF) and the spectra of higher order harmonic generation (HOHG).
Additionally, in spite of the IP difference between Kohn–Sham orbitals from LDA and LB94 potentials, our results show
almost the same trend for both.

Key words: TDDFT, orbital ionization, TDELF, HOHG.

Résumé : On rapporte les résultats d’études faites en utilisant le potentiel LB94 et LDA et la théorie de la densité fonc-
tionnelle dépendante du temps (TDFDT) sur l’ionisation du CO2 en champ laser intense, Io ‡ 1 � 1014 W/cm2, à 800 nm.
Les résultats démontrent que, pour une intensité plus faible du pic laser, intensités Io = 3,5 � 1014 W/cm2, à 800 nm, l’or-
bitale moléculaire hautement occupée (OMHO), contribue d’une façon significative à l’ionisation en raison de son poten-
tiel d’ionisation (PI) plus faible, alors que pour les intensités de pics laser plus élevées, ce sont les orbitales internes qui
jouent le rôle principal. Bien que les orbitales inférieures soient caractérisées par des potentiels d’ionisation, PI, plus éle-
vés, le processus d’ionisation se produit quand les densités d’orbitales sont maximal dans la direction du champ de polari-
sation du laser. Ces observations sont confirmées par une analyse des images obtenues à partir de la fonction de
localisation de l’électron dépendante du temps (FLEDT) et des spectres de génération d’harmonique d’ordre élevé
(GHOE). De plus, malgré la différence de potentiels d’ionisation entre les orbitales Kohn Sham obtenues à l’aide des po-
tentiels LB94 et LDA, les résultats présentés dans ce travail montrent la même tendance pour les deux.

Mots-clés : théorie de la densité fonctionnelle dépendante du temps (TDFDT), ionisation d’orbitale, fonction de localisa-
tion de l’électron dépendante du temps (FLEDT), génération d’harmonique d’ordre élevé (GHOE).

Introduction
In recent years, the interaction of atoms and molecules

with intense laser pulses has attracted widespread research.
One of the reasons is that laser fields induce interesting non-
linear electron dynamics such as multiphoton ionization1

(MPI), above threshold ionization2 (ATI), and tunnelling
ionization3 (TI). Numerous experiments on molecular ion-
ization have been performed4 thanks to the refinement of
the techniques5 of molecular orientation and alignment.
While experimental efforts for better understanding of the
ionization processes are growing, theoretical investigations
are still limited, even though computational power is in-
creasing rapidly. The first step for a one-electron system is

accurate numerical solution of the time-dependent multidi-
mensional Schrödinger equation (TDSE), followed by prop-
agation of pulses in molecular media through Maxwell’s
equations.6 The major difficulties in the theoretical study of
molecular systems in a laser field reside on the multi-centre
nature of the molecule including the treatment of the electron–
electron interactions.7–9 In the present work, we focus on
time-dependent density functional theory (TDDFT) methods
as one tool for studying the nonlinear nonperturbative re-
sponse of molecules to intense ultrashort laser pulses.10 As
an example, simple TDDFT functionals have been used to
characterize pulses interacting with metal surfaces.11 Density
functional theory (DFT) has become an ubiquitous method
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of solving ground-state electronic problems in atoms and
molecules.12

For the visual understanding of the electron motion in
CO2 during the time propagation under strong laser pulses,
we used the time-dependent approach of the electron local-
ization function (ELF).13 Conceptually, the physical idea is
based on the fact that a highly localized electron repels other
electrons more strongly. Then the ELF makes use of the
probability to find a second like-spin electron in the vicinity
of the first one as a measure for electronic localization. Nu-
merical values of the probability are conveniently mapped
on the interval ]0,1] facilitating analysis and interpretation.
So, in areas where two electrons of the same spin have a
high probability to be found (with respect to the homogene-
ous gas) the function should tend to 0 by construction. It fol-
lows that, in areas where the probability of finding two
electrons of opposite spin (when present) is smaller than the
one of finding two electrons of same spin, the function tends
to 1. As such, a region of the space with a high value of
ELF corresponds to a region where it is more likely to local-
ize an electron or a pair of electrons in relation to the origi-
nal Lewis original definition of bonding. When applied to
molecules, the advantage of ELF is to show a clear separa-
tion between the core and valence electrons, and thus, it
shows covalent bonds and lone pairs, in the spirit of valence
shell electron pair repulsion theory (VSEPR).14 Here, our
goal is to shed light onto the effect of different laser inten-
sities on the molecular regions (bond, lone pair).

Methods

Nonpertubative TDDFT Kohn–Sham formalism
The TDDFT method provides the most detailed and feasi-

ble ab initio approach for tackling many-body problems.
DFT as first introduced by Hohenberg and Kohn15 and ex-
tended by Kohn and Sham16 (KS) is based on the existence
of an exact mapping between one-particle density and exter-
nal potentials. This leads to the density of the interacting
system being obtained from the density of an auxiliary sys-
tem of noninteracting particles moving in an effective local
single-particle potential. A time-dependent generalization of
DFT was provided by Runge and Gross,17 showing that
there is a one-to-one correspondence between the external
(time-dependent) potential (vext(r, t)) and the time-dependent
one-electron density (n(r, t)) for many-body systems evolv-
ing from a fixed initial state. The time-dependent electronic
density is written as:18

½1� nðr; tÞ ¼
X
s¼";#

nsðr; tÞ ¼
X
s¼";#

XNs

i

jjiðr; tÞj2

where Ns is the number of the occupied KS orbital in the
spin state s and jis(r, t) is the orbital obtained through the
time-dependent KS equations (in au):

½2� i
@

@t
jisðr; tÞ ¼ � 1

2
r2 þ yeffðr; tÞ

� �
jisðr; tÞ

where

½3� yeffðr; tÞ ¼ yextðr; tÞ þ yhðr; tÞ þ yxc;sðr; tÞ

the first term is the external potential owing to the interac-
tion of the electron with an external laser field and the nu-
clei, the second term accounts for the classical Hartree
electrostatic interaction between electrons, and the third
term is the exchange correlation (xc) potential that includes
all non-trivial many body effects, and has an extremely
complex (and essentially unknown) functional16,19 depen-
dence on the density. When an intense electric with a low
frequency field is applied to a molecule, electrons tend to
be displaced out by ionization; thus, the higher the ioniza-
tion potential (IP) or barriers, the more this electronic dis-
placement will be hindered. Therefore, the choice of an
approach that accurately reproduces the experimental IP is
useful for our analysis. For this work, we have used the lo-
cal density approximation (LDA), which has been widely
used in strong fields10 owing to its simplicity and applicabil-
ity to various systems with relatively lower computational
cost. However, LDA is constructed from homogenous gas sys-
tems and suffers from the wrong asymptotic behavior originat-
ing from the incomplete cancellation of the self-interactions.
For these reasons, we have also used the Van Leeuwen and
Baerends20 potential (LB94) for comparison, which intro-
duces a gradient correction to the LDA exchange correlation
so as to reproduce the Coulomb asymptotic behavior of the
potential. A convenience of the LB94 potential lies in its ex-
plicit dependency on the local density and its gradient. This
potential yields good estimates of the IP for atoms and small
molecules, especially in the framework of the linear re-
sponse TDDFT excitation energy.21 This model potential
significantly corrects the higher moments of the density, no-
tably for diffuse outer orbitals involved in excitations and in
our case in ionization. The LB94 also includes partial and
considerable self-interaction correction (SIC), resulting from
an interaction of an electron with itself, of importance to
electronic transport.22 Such corrections are known to pro-
duce spurious oscillations in photoionization calculations,23

but little is known about the corrections for strong fields in
the nonpertubative regime. Our results show that the LB94
potential offers accurate IPs for all orbitals; an essential
starting point for accurate ionization.

Time-dependent electron localization function (TDELF)
The ELF is a method for the mapping of electron pair

probability in multi-electron systems. It was first introduced
by Becke and Edgecombe24 as a descriptor of electronic local-
ization, using arguments based on the conditional same-spin
pair probability function. Here, we briefly recall the definitions
of the extension of the ELF for time-dependent processes.13

The time-dependent ELF or TDELF (h(r, t)) is given as

½4a� hðr; tÞ ¼ 1

1þ Cðr;tÞ
Chðr;tÞ

h i2

where

½4b� Cðr; tÞ ¼
X
s

XNs

i¼1

jrjisðr; tÞj2 �
1

4

½rnsðr; tÞ�2
nsðr; tÞ

(

� j2sðr; tÞ
nsðr; tÞ

)
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½4c� Chðr; tÞ ¼
3

5
ð6p2Þ2=3nsðr; tÞ5=3

where j2s is the squared modulus of the current density and
C(r, t) measures the probability of finding one electron in
the near vicinity of a reference like-spin electron at position
r and time t. Thus, the Pauli repulsion between two like-spin
electrons, described by the smallness of C(r, t), is taken as a
measure of the electron localization. Ch(r, t) is the corre-
sponding factor found for uniform electron gas, i.e., a homo-
geneous electron gas whose density is the same as that of the
real system. Equation [4b] is valid only for one-determinantal
wave functions, and therefore lends itself to be used within
the context of HF or DFT. The TDELF will be used for the
time-resolved observation of the molecular ionization and
can thus provide a visual understanding of the particle dy-
namic (most notably lone pair and bond electrons) under
strong laser pulses.

Computational details
In the present work, the TDDFT KS equation (eq. [2])

was discretized in space using finite-difference (FD) grid
techniques. For numerical reasons we represent the elec-
tron–ion interaction by the norm conserving nonlocal Troul-
lier–Martins pseudopotential,25 which allows explicit
treatment of many fewer electrons and avoidance of the fast
oscillations produced by the core electrons. The pseudopo-
tentials are generated such that the pseudo-wave functions
imitate the all-electron atomic wave functions. The C–O
bond length is set to its experimental26 value, CO =
0.1162 nm, and the CO2 molecule is placed in a large
three-dimensional (3D) cubic grid cell (atomic units (au)
are used) of dimension |zmax| = 40 au (1 au = 0.0529 nm).
The uniform FD grid spacing (Dz = 0.28 au) was used and
the convergence of the calculations was checked against re-
sults making use of a smaller grid spacing. The size of the
grid is determined by the maximum radius a = E0/mu2 of
an electron in a time-dependent electric field of maximum
amplitude E0. Thus, at E0 = 0.1 au corresponding to an inten-
sity Io = 3.50 � 1014 W/cm2 (1 au: Io = 3.50 � 1016 W/cm2,
E0 = 5 � 109 V/cm), a = 30 au at l = 800 nm, u = 0.057
au. The external potential created by an intense laser field is
assumed to arise from an oscillating electric field with a co-
sine envelope. When the laser is polarized parallel to the
molecular axis z, vext(r, t) is given by

½5� yextðr; tÞ ¼ zE0cos 2 pt

T

� �
sin ðutÞ ð0 � t � TÞ

where T determines the laser pulse duration. The laser inten-
sity is related to the field strength by l ¼ 1

2
30cE

2
0, where 30

is the permittivity of free space and c is the speed of the
light. The angle (q) between the linear polarized laser and
the main molecular axis varies from 08 to 908. The total

area condition
Rþ1
�1

EðtÞdt = 0 is verified to ensure that there

are no spurious static effects.3,9 The time-dependent equa-
tion (eq. [2]) are solved using the Crank–Nicholson
scheme27 with Dt = 0.02 au (1 au = 24 � 10–18 s) as the
time step. All calculations use an eight optical cycle pulse
duration.

Orbital ionization
To absorb the ionized charge density and avoid reflections

at the boundary of the box owing to ionization during the
propagation, we employed a mask function. By using this
technique, the KS wave function is multiplied in each time
step by a function M(z), which is 1 in the inner simulation
region and gradually goes to 0 at the borders. The masking
function in one dimension is defined as

½6� MðzÞ ¼ sin

1

4
zmax � jzj

2a
p

� �
ðzmax � jzj � aÞ

1 ðotherwiseÞ

8><
>:

where zmax = 40 au is the extension of the box in the z direc-
tion and a = 6 au is the width of the mask function. It is
assumed that the electrons in the zmax � jzj domain are com-
pletely ionized and cannot return to the nuclei. A different
approach to remove outgoing flux density consists of an ad-
dition of an imaginary potential28 that causes an exponential
decay of the wave function or in using the exterior complex
scaling coordinate transformation as the absorbing bound-
ary.29 The time-dependent ionization probability (Pi,s(t)) of
an individual spin-orbital population is calculated as10

½7� Pi;sðtÞ ¼ 1� Ni;sðtÞ

where Ni,s(t) = hji;sðr; tÞjji;sðr; tÞi is the time-dependent po-
pulation (survival probability) of the i,s-th spin population.

Higher order harmonic generation
Molecular high order harmonic generation9 (MHOHG) is a

highly nonlinear nonperturbative effect resulting from two
essential steps: (i) ionization at the peaks of an electromag-
netic pulse E(t) of maximum amplitude E0 (eq. [4]), followed
by (ii) laser-induced recollision after 2/3 of a cycle with max-
imum energy of harmonics of order Nm, Nmu = IP + 3.17UP
where Nm is the order of the harmonics and Up = I0/4mu2 is
the ponderomotive energy.30 Calculations of MHOHG with
ultrashort (a few cycles) intense I0 ‡ 1014 W/cm2 requires
special attention to grid sizes and gauges as mentioned in re-
cent works.31 In the present work, the MHOHG is calculated
during the dynamical propagation as follows.10 The time-
dependent dipole d

!
ðtÞ ¼ e nð r!; tÞ r! d3r is recorded at time

intervals Dt = 0.02 au. Recent works have shown that the
most accurate method for generating the MHOHG spectra
when dealing with molecular systems9,31 is to calculate the
dipole acceleration ( €dz(t)), according to Ehrenfest’s theo-
rem.8 The power spectrum of €dz(t) in a given direction yields
to the predicted High order harmonic generation (HHG)
spectra:31

½8� SzðuÞ / jaðuÞj2 ¼
Z

d2

dt2
dzðtÞ

� �
eiutdt

����
����
2

Results and discussion

Electronic analysis and IP
The relevant information about the ground-state geometry

of CO2 is that the molecule is linear with an equilibrium C–
O bond length R = 0.1162 nm. The analysis of the electronic
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structure from the DFT–KS calculation is depicted in Fig. 1,
where the three highest occupied KS molecular orbitals
(HOMO, HOMO-1, and HOMO-2), with their phases, are
presented. The nodal properties that correctly reflect the g
and u symmetry character of the orbitals are visible. One
finds that the HOMO is the antibonding (1pg) formed of p
lobes lying perpendicular to the internuclear axis and located
on the oxygen atoms. The computed eigenvalue of the rele-
vant HOMO, HOMO-1, and HOMO-2 are 9.25, 12.84, and
13.01 eV, respectively, for LDA and 13.62, 16.96, and
17.21 eV, respectively, for the LB94 potential. Comparison
with the experimental values of 13.8. 18.1, and 17.6 eV re-
veals32 the expected underestimation of the HOMO eigen-
value by the LDA, the computed value being ~43% lower
when compared with the experimental data. The origin of
this large discrepancy lies in the wrong asymptotic behav-
iour of the LDA. The LB94 potential, on the other hand,
performs much better, the global agreement with the experi-
ment being within 5%. We note a near constant (~4 eV) dif-
ference between the LDA and LB94 IPs.

KS orbital ionization
Our time-dependent calculation allows a detailed analysis

of the ionization process as it evolves with time. From the
initial ground state, we have propagated in time the KS orbi-
tals with different laser peak intensities (3.50 � 1014, 7.90 �
1014, 1.40 � 1015, and 2.99 � 1015 W/cm2) at the 800 nm
wavelength. The calculations used eight optical cycle pulse
duration. Two molecular orientations have been considered,
q = 08 and 908. Figures 2a and 2b show the results with the
LDA and the LB94 potentials, respectively, for the selected
KS orbitals. For q = 08, the two degenerate components of
each p orbital have the same behaviour, whereas the sym-
metry is broken for the other orientations.

We have renamed those KS orbitals as 1pgx and 1pgy for
1pg and we did the same for the 1pu components. From the
figures, one clearly notes a strong dependence of the orbital
electron population (Ni,s(t)), with the laser intensities. There-
fore, the higher the laser intensity, the lower the remaining
electron population. One also finds that the ionization is sen-
sitive to the orientation (q) of the molecule with respect to
the laser field. Similar results have been observed in H2

+

from exact TDSE calculations.7,8 It also emerges, as ex-

pected, that the KS orbital ionization yield computed using
the LDA functional is larger than what was obtained from
the LB94 potential because of its lower IP. A close look at
these figures reveals that for the lowest laser intensity
(3.50 � 1014 W/cm2) independent of the potential used and
the orientation q, the HOMO, 1pg, molecular orbital shows
the dominant response to the laser field. It is followed by
the inner 3su, HOMO-1 when q = 08 and by the 1pu KS or-
bital when q = 908. By increasing the laser peak intensity to
7.90 � 1014 W/cm2, the result is almost the same as the pre-
vious peak intensity when q = 08, but with q = 908 the
HOMO 1pg shows the dominant response to the laser field
followed by the HOMO-2 1pu with the LB94, whereas the
opposite trend is observed with the LDA potential. This be-
haviour is related to the lower IP of the HOMO-2 for the
LDA potential 13.01 eV compared with 17.21 eV for the
LB94 potential. For the 1.40 � 1015 laser peak intensity,
one notices the KS molecular orbital ionization enhancement
with both potentials, the bonding 1pg and the 3su (3su is
still more pronounced) when q = 08, whereas the HOMO-2
1pu shows the dominant response to the field for q = 908.
Finally, with the 2.99 � 1015 W/cm2 laser intensity, our re-
sults reveal that the inner 3su molecular orbital presents the
dominant response to the field, whereas the effect of the va-
lence 1pg orbital on the ionization process decreases and is
getts closer to that of the 1pu orbital for q = 08. This is re-
lated to the symmetry of the 3su whose electron density is
along the molecular axis; this gives rise to a high ionization
yield when aligned parallel to the laser electric field. When
q = 908, the HOMO-2 1pu shows the dominant response to
the laser field, this comes from the bonding character (ion-
ization enhancement) of the HOMO-2 1pu, which possesses
the right symmetry and maximum density to interact more
properly with the laser polarized perpendicularly to the mo-
lecular axis. Although this orbital has a larger IP than the
HOMO 1pg, its density dominates at 908, whereas the
HOMO, 1pg has a node (zero density) at 908 in the centre
of the molecule. In general, one finds that the main differ-
ence between the results for the LDA and LB94 potentials
comes only from the ionization slope that lies only in their
IP difference. We conclude that for the two potentials, orbi-
tals that have maximum density in the direction of laser po-
larization will influence or dominate in ionization. This will

Fig. 1. DFT images of the molecular orbitals of CO2. Only the three highest relevant occupied molecular orbitals (HOMO, HOMO-1, and
HOMO-2) are shown.
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be checked in the TDELF processes and in the MHOHG
spectrum as follows.

TDELF analysis
The ground-state ELF pictures are shown in Fig. 3a for

h = 0.8 (left) and the two-dimensional representation of the
ELF isosurfaces in the plane containing the three atoms of
the molecule (right). At h = 0.8 (left), the image exhibits
only the lone pair (noted a) of the oxygen atom, whereas
the C–O bond localization is absent; this is because the lone
pair electron on the oxygen is the most localized in the CO2
molecule. By representing the ELF from the plane contain-
ing the three atoms (right), one can easily identify the C–O
chemical bond region (note b). From the electronic structure
analysis (Fig. 1), it is evident that the HOMO, 1pg is essen-
tially located in region (a), whereas the HOMO-1, 3su, and
the HOMO-2, 1pu are essentially located in region (b). Such
clear separation between HOMO and relevant inner orbitals
can enable us to get a deep insight on the main factors
(shape and IP) of the KS ionization process as described in
the KS orbital ionization section). Figures 3b and 3c repre-
sent the TDELF images for q = 08 and 908 using two differ-
ent laser peak intensities, 3.50 � 1014 and 2.99 � 1015 W/cm2

with the LB94 potential; the corresponding time propagation
is also shown.

For the 3.50 � 1014 W/cm2 laser peak intensity, when
q = 08, the first major perturbation occurs after 1.75 optical
cycles (oc). Note that the dissymmetric distribution of the
electron density on the two oxygen atom shows that the two
atoms do not simultaneously experience the same laser field
strength, and that depending on the sign of the electric field,
the perturbation successively affects each of the oxygen
atoms (Fig. 3 shows that at 1.75 oc, the oxygen atom at the

left-hand side is the most affected, whereas at 2.25 oc, the
oxygen atom of the right-hand side shows the dominant re-
sponse to the field). As expected from the previous KS ion-
ization analysis, the figure shows that the major part of the
perturbation is located in the region corresponding to the
lone pair region (1pg). As our propagation evolves the inten-
sity of the perturbation on the lone pair domain increases as
well, reaching a maximum for the extrema (minimum,
3.75 oc, or maximum, 4.25 oc) of the external electric field
and seeming to disappear around zero values of the external
field (e.g., at 3.0 oc). The weak deformation on the C–O
bond domain reflects the contribution of the inner orbital
into the molecular ionization process in agreement with the
previous KS ionization finding. For q = 908, the first notice-
able perturbation occurs after 1.75 oc and corresponds to the
lengthening of the lone pair region on the oxygen atoms of
CO2. The perturbation is symmetrically distributed on the
system; this effect reflects the fact that the two oxygen
atoms simultaneously feel the same effect of the perpendic-
ular laser field. As the time propagation evolves (3.75 and
4.25 oc), one also sees that the dominant response comes
from the lone pair region. Most notably, one observes that
during the propagation, the electronic perturbation is mainly
characterized by an interaction between the lone pair and the
bonding C–O region. This may be regarded as the manifes-
tation of the enhancement of the ionization of the bonding
1pu molecular orbital located on the C–O bond region. Evi-
dence of the laser field intensity is noticeable, the stronger
the intensity peak value and the higher the perturbation.
One remarks that the electron density perturbation does not
disappear around the zero values of the laser field. Results
using the 2.99 � 1015 W/cm2 laser peak intensity are de-
picted in Fig. 3c.

Fig. 2. (a) Time-dependent Kohn–Sham orbital population, Ni,s(t), using Local density approximation (LDA) potential at Io = 3.50 � 1014,
7.90 � 1014, 1.40 � 1015, and 2.99 � 1015 W/cm2 laser peak intensities for q = 08 and 908. (b) Time-dependent Kohn–Sham orbital popu-
lation, Ni,s(t), using LB94 potential at Io = 3.50 � 1014, 7.90 � 1014, 1.40 � 1015, and 2.99 � 1015 W/cm2 laser peak intensities for q = 08
and 908. q is the angle between the molecular axis and the laser polarization direction. Only the relevant Kohn–Sham orbitals that possess
an important response to the laser field are shown with their labels.
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For q = 08, one finds that the first major perturbation
starts closer to the beginning of the propagation and it is
mostly localized on one of the lone pair regions of the mol-
ecule. Thereafter, the disymmetric perturbation appears in-
stantaneously on the C–O bond and the lone pair domain
(1.75 oc), its effect increasing with the duration of the prop-
agation. Therefore, it is difficult to identify which part of the
system presents the dominant response to the field; this re-
flects the contribution of both the HOMO KS orbital (owing
to its lower IP) and the inner 3su MO (owing to its shape or
its electron density, which is maximal along the polarization
of the electric field). These results corroborate our finding in
the previous section concerning the KS ionization. When q =
908, at the beginning of the propagation, the electron deple-
tion occurs on the lone pair region and is characterized by
lengthening of this region. The image shows that at 1.75 oc,

the interaction between the lone pair density and that of the
C–O bond is visible, and an amount of electron depletion is
noticeable in the lone pair region. The symmetry distribution
of the electron density perturbation in the two oxygen atoms
is clearly evident. As the propagation evolves, the bi-partition
of the perturbation domain of the lone pair orbital of each
oxygen atom is observable and tends to enhance the overlap
between the lone pair and the C–O bonding region. This can
be seen as the strong perturbation (ionization) of the inner
1pu KS orbital. These observations are consistent with our
results in Figs. 2a and 2b, which show that the IP and the
shape of the KS orbital are the main factors that define its
ionization. At lower laser peak intensity, the IP is the main
factor, whereas at higher laser peak intensity, the ionization
of the KS orbital is influenced by its shape.

Fig. 3. (a) DFT/LB94 representation of the electron localization function ground state of the CO2 molecule. (b) Snapshot of the isosurface
of the time-dependent electron localization function (TDELF) images for Io = 3.5 � 1014 W/cm2 as the CO2 molecule evolves in the laser
field. (c) Snapshot of the isosurface of the TDELF images for Io = 2.99 � 1015 W/cm2 as the CO2 molecule evolves in the laser field.
Calculations are done for q = 08 and 908.
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Higher order harmonic generation
In Figs. 4a and 4b, we present the MHOHG power spec-

tra, eq. [8] emitted by CO2 computed with the LB94 poten-
tial. Two angular orientations of the molecule (q = 08 and
908) with respect to the laser field polarization axis are con-
sidered. Calculations are done at the lower 3.50 � 1014 and
the higher 1.40 � 1015 W/cm2 laser intensities to observe
the effect of inner orbitals. An overview of these pictures
shows that in general, the overall shapes of the power spec-
tra for these two laser intensities are similar.

For the two orientations, features of these spectra strongly
resemble those of harmonic spectra from atoms: a sharp
decrease after the first few harmonics, followed by a
‘‘plateau,’’ and ending with a ‘‘cut-off’’ that usually deter-
mines the highest harmonic order achievable. One also notes
that the cut-off is independent of the molecular orientation
and is located approximately at the 91st harmonic for the
3.50 � 1014 W/cm2 laser peak intensity and around the
237th harmonic order for 1.40 � 1015 W/cm2. For the latter,
one observes that the cut-off domain is not abrupt like that
of 3.50 � 1014 W/cm2. This is most probably related to the
size of our box, which is not large enough to allow the ion-
ized electron to acquire a maximum velocity in the contin-
uum. The figure shows that the power spectrum amplitude
is sensitive to the laser peak intensity. For q = 08 (Fig. 4a),
a close look at the plateau region shows thepresence of pro-
nounced minima (encircled in the graph) at the 27th and
67th harmonic order when Io= 3.50 � 1014 W/cm2, whereas
such minima are not clearly visible with 1.40 � 1015 W/cm2.
This minimum is due to a destructive resonance between the
recolliding electron wavepacket and the orbital; this phe-
nomenon has been observed experimentally.33 This has been
interpreted in terms of two centre interferences between the
contributions from the two atomic centres.34 In fact, with the
3.50 � 1014 W/cm2 laser peak intensity, owing to the domi-
nant effect of the HOMO, 1pg on the molecular ionization,
the CO2 molecule can be regarded as an elongated diatomic
molecule where the point emitters are located on the two O
nuclei. This phenomenon is less pronounced with the 1.40 �
1015 W/cm2 laser peak intensity owing to the contribution of
the 3su inner orbital. For q = 908 (Fig. 4b), in comparison
with q = 08, the absence of minima is evident and instead
one finds as expected that the HHG intensity increases with
the laser peak intensity.

One of the main observable differences among the two
plots is that the spectrum for 1.40 � 1015 W/cm2 laser peak
intensity is flatter than the one for a peak laser intensity of
3.50 � 1014 W/cm2 in the plateau region. This difference is
most probably related to the constructive interference be-
tween the contributions from the two atomic oxygen centres
(HOMO) at the 3.50 � 1014 W/cm2. This process is more
complicated at high laser peak intensity owing to the contri-
bution of inner orbitals.

Conclusion
In this work, KS time-dependent orbital populations,

Ni,s(r,t), and ionizations have been computed for the CO2
molecule with different laser intensities from a nonlinear
nonpertubative TDDFT approach.18,19 In view of all the re-
sults, we conclude that both the shape of the KS orbitals

and the laser intensities playa key role in the ionization
process. We showed that for 3.5 � 1014 W/cm2, the HOMO
provides the dominant response in the presence of the exter-
nal laser field owing to its lower IP, whereas for higher laser
peak intensities, the shape and the orientation of the KS or-
bitals vs the laser field polarization are the main factors in
their ionization. This has been confirmed by time-dependent
electron localization function images, which have shown
that the electronic perturbation is symmetric when the laser
electric is perpendicular to the molecular axis and disym-
metric when it is aligned along the molecular axis. As a
consequence of these perturbations, for 3.5 � 1014 W/cm2,
minima are found on the harmonic generation spectrum as a
function of harmonic order when the laser is aligned with
the molecular axis, whereas the harmonic generation spec-
trum exhibits higher intensities over a longer range of har-
monic orders when the laser is perpendicular to the
molecular axis.

Fig. 4. (a) Comparative TDDFT/LB94 harmonic spectra study for
q = 08 using two laser peak intensities, Io = 3.50 � 1014 and 1.40 �
1015 W/cm2. (b) Comparative TDDFT/LB94 harmonic spectra study
for q = 908 using two laser peak intensities, Io = 3.50 � 1014 and
1.40 � 1015 W/cm2.
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The 9-barbaralyl and related C9H9
+

carbocations — A QTAIM-DI-VISAB computational
study

Nick H. Werstiuk

Abstract: QTAIM-DI-VISAB analyses were used to characterize the bonding of the 9-barbaralyl cation, related C9H9
+ cat-

ions, and rearrangement transition states. These analyses involved obtaining quantum theory of an atom in a molecule
(QTAIM) molecular graphs and delocalization indexes (DIs) that were correlated with visualization of the proximities of
atomic basins (VISAB). This study provides new insights into the bonding of these species and cements the QTAIM-DI-
VISAB analysis as a method of choice for establishing the nature of the bonding in so-called nonclassical carbocations,
while obviating the need for dashed-line representations of bonding.

Key words: 9-barbaralyl and related C9H9
+ carbocations, couple-clustered method with single and double excitations

(CCSD) and density functioanl theory (DFT) calculations, molecular structure, QTAIM-DI-VISAB analyses.

Résumé : On a fait appel à des analyses faisant appel à la théorie quantique des atomes dans les molécules (TQADM), aux
indices de délocalisation (ID) et à la visualisation de la proximité des bassins atomiques (VISBA) pour caractériser la liaison
du cation 9-barbaralyle, apparenté aux cations C9H9

+, et les états de transition de son réarrangement. Les analyses impli-
quent l’obtention de graphiques moléculaires suivant la théorie quantique des atomes dans les molécules (TQADM) et d’in-
dices de délocalisation (ID) pour lesquels il a été établi une corrélation avec la visualisation des proximités des bassins
atomiques (VISBA). Cette étude a permis d’obtenir de nouvelles connaissances concernant les liaisons dans ces espèces et
confirme que l’approche TQADM-ID-VISBA est une méthode de choix pour établir la nature des liaisons dans les carbo-
cations dit non classiques tout en permettant d’éviter l’utilisation de représentations de liaisons par des lignes à traits tiretés.

Mots-clés : carbocations 9-barbaralyle et autres carbocations C9H9
+ apparentés, calculs selon la théorie de la fonctionnelle

de la densité (TFD) et de l’agrégat couplé avec des excitations simple et double (ACSD), analyses par une combinaison
de la théorie quantique des atomes dans les molécules, des indices de délocalisation et de la visualisation des proximités
des bassins atomiques (TQADM-ID-VISBA).

[Traduit par la Rédaction]

Introduction
The structure and bonding of the 9-barbaralyl cation

shown as 2 and related species on the C9H9
+ potential en-

ergy surface were the focus of many experimental1 and the-
oretical2 studies over several decades. The most recent
computational studies were carried out in 1993 by Cremer
et al.,3a,3b with the latter publication dealing exclusively
with the 1,4-bishomotropylium cation 4-Cs. This flurry of
activity followed the experimental work in the late 1960s in-
cluding NMR studies, which were carried out to detail its
structure and rearrangements. Four possible minima on the
C9H9

+ potential energy surface are displayed as ‘‘localized’’
structures 1, 2, 3, and 4, along with their ring-system labels.
A very complex array of dashed-line structures were used in
attempts to describe the bonding in these species and the
transition states for their rearrangements are seen in the first
1993 computational paper.3a Whereas two dashed-line struc-
tures shown as 3a-D3h and 3b-D3h

2a have been used to de-
scribe the bonding of the so-called nonclassical D3h

[3.3.1.0.0] cation, no dashed lines were used to describe the
bonding of 2-Cs. Dashed lines have also been used for the
[4.3.0] cation considered to be a bishomoaromatic species;
it is shown as 4-Cs in its usual dashed-line representation.
The computational studies by Cremer et al.3a,3b demonstrated
that defining the C9H9

+ potential energy surface is a very
challenging computational problem. It was established that
2-Cs was a minimum at the HF, MP3, and MP4 levels of
theory, but not at MP2; at this level, 2-Cs optimized to the
lower energy species 3-D3h. MP3 and MP4 energies were
obtained from single-point calculations on geometries ob-
tained from MP2 geometry searches. In the latter 1993 pa-
per,3b optimized geometries of 4-Cs were obtained at the
HF/6–31G(d) and MP2/6–31G(d) levels of theory: the for-
mer and latter are known to underestimate and overestimate
homoaromaticity, respectively. Our recent computational
studies4 on a number of intermediates, including the 2-
norbornyl, 7-norbornyl, and bicyclobutonium cations, estab-
lished that coordination based on the number of bond paths,
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as defined in a quantum theory of an atom in a molecule
(QTAIM)5 molecular graph, terminating at a nucleus in any
species (cation, carbanion, radical, or carbene) should be
used as the criterion of hypercoordination and hypervalency.
We argued that this approach should be used regardless of the
nature of the intermediate to obviate the confusion and inac-
curacies associated with arbitrarily using indicators such as
dashed lines, dotted lines, cross-hatched lines, hollow tubes,
and solid tubes in structural formulas, which have been used
extensively in publications to this point. In fact, we recently

showed that a QTAIM-DI-VISAB analysis is the method of
choice for characterizing the bonding of intermediates, mole-
cules at their equilibrium geometries, and Diels–Alder transi-
tion states.6–9 In such an analysis, in addition to using
molecular graphs to define molecular structure and examin-
ing the properties at extrema (bond critical points (CPs), ring
CPs, and cage CPs) in the topology of the density in a normal
QTAIM analysis, delocalization indexes (DIs) are evaluated
for pairs of atoms and correlated with a visualization of the
closeness of atomic basins (VISAB). Homoconjugative and
homoaromatic interactions between pairs of atoms are easily
quantified on the basis of DIs without resorting to complex
studies involving the nature of geometries, relative energies
of hypothetical species, and NMR chemical shifts.

Results of a QTAIM-DI-VISAB study on 2-Cs, 3-D3h, and
4-Cs and selected transition states, 1-C2v, TS-1, TS-2, and
TS-3, for their rearrangements at couple-clustered method
with single and double excitations (CCSD) and density func-
tional theory (DFT) levels of theory are presented and dis-
cussed in this paper.

Computational details

Our previous experiences with DFT calculations on carbo-
cations clearly showed that the B3PW91 hybrid functional is
superior to B3LYP in computing the geometries of delocal-
ized, so-called nonclassical species.4,8 Additional support for

Fig. 1. Selected internuclear distances (Å) of cations at CCSD(full)/
6–31+G(d,p) and B3PW91/aug-cc-pVTZ in parentheses.

Fig. 2. Selected internuclear distances (Å) of transition states at
B3PW91/aug-ccpVTZ.
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this finding was obtained as part of a previous study. Calcu-
lations were carried out on O-protonated 2,2-dimethyl-
oxirane, which was studied recently by Carlier et al.10 and
described as a particularly challenging computational prob-
lem, to compare results from B3LYP, B3PW91, PBE1PBE,
and CCSD calculations at the 6–311G(d,p) level as imple-
mented in Gaussian 03.11 The results clearly showed that
B3PW91 and PBE1PBE are expected to be superior to
B3LYP in cases where relatively weak polar bonds are in-
volved. Cation geometries were optimized at B3PW91/aug-
cc-pVTZ, MP2(full)/6–311+G(2d,p), and CCSD(full)/6–
31+G(d,p) levels with Chemcraft12 and GaussView13 being
used to fix symmetries where necessary. As found by
Cremer et al.,3a all optimizations of 2-Cs at the MP2 level
yielded 3-D3h. They also suggested that CCSD calculations
would be required to accurately define the C9H9

+ surface.

Consequently, the MP2 results were discounted and calcula-
tions were carried out on 2-Cs, 3-D3h, and 4-Cs at
CCSD(full)/6–31+G(d,p). Calculations were also carried out
at B3PW91/aug-cc-pVTZ on 2-Cs, 3-D3h, and 4-Cs so a
comparison could be made with the CCSD results. Calcula-
tions on the transition state (TS) for the degenerate rear-
rangement of 2-Cs (TS-1) and the TSs for the
rearrangements of 2-Cs to 3-D3h (TS-2) and 4-Cs (TS-3)
were only carried out at B3PW91/aug-cc-pVTZ because the
CCSD(full)/6–31+G(d,p) calculations were expected to be
prohibitively long. Selected internuclear distances of 2-Cs,
3-D3h, and 4-Cs given in angstroms are collected in Fig. 1;
for TS-1, TS-2, and TS-3, selected values are given in
Fig. 2. Cartesian coordinates of all geometrical structures
are collected in Tables 1S–11S in the Supplementary data.
Frequency calculations were carried out at B3PW91/aug-cc-

Table 1. Total and relative energies and thermochemical data of cations at B3PW91/aug-cc-pVTZ and CCSD(full)/6–
31+G(d,p).

Cation

Thermochemical data 2-Cs 3-D3h 4-Cs

Eelec
a –348.009 345 (0.00) –348.011 248 (DEelec = –1.19)b –348.029 748 (DEelec = –12.80)b

Eelec CCSDc –347.045 022 (0.00) –347.032 864 (DEelec = 7.63)b –347.059 782 (DEelec = –9.26)b

E0
d –347.858 527 (0.00) –347.860 414 (DE0 = –1.18) –347.877 661 (DE0 = –12.01)

Ee –347.851 937 –347.854 238 –347.870 990
H298

f –347.850 992 (0.00) –347.853 293 (DH298 = –1.44) –347.870 045 (DH298 = –11.95)
G298

g –347.888 693 (0.00) –347.888 375 (DG298 = 0.20) –347.908 334 (DG298 = –12.32)

Note: ZPE, zero-point energy. 1 cal = 4.184 J.
aEelec is the uncorrected total energy in hartrees.
bEnergies relative to 2-Cs in kcal mol–1.
cEelec CCSD is the uncorrected total CCSD energy in hartrees.
dE0 = Eelec + ZPE.
eE = E0 + Evib + Erot + Etrans.
fH = E + RT.
gG = H + TS.

Table 2. Total and relative energies and thermochemical data of transition states at B3PW91/aug-cc-pVTZ.

Cation

Themochemical data 1-C2v TS-1 TS-2 TS-3

Eelec
a –347.997 782 (264.0i)b –348.005 853 (208.0i)b –348.007 537 (272.1i)b –347.993 822 (397.8i)b

(DE 6¼elec = 5.06)c (DE 6¼elec = 2.19)d (1.13)d (9.74)d

Eelec CCSD –347.038 13 (158.4i)b

E0
e –347.847 496 –347.855 725 –347.857 380 –347.843 004

(DE 6¼0 = 5.16)c (DE 6¼0 = 1.76)d (0.72)d (9.74)d

Ef –347.841 251 –347.849 482 –347.851 433 –347.837 108
H298

g –347.840 307 –347.848 538 –347.850 489 –347.836 164
(DH 6¼298 = 5.16)c (DH 6¼298 = 1.53)d (0.31)d (9.30)d

G298
h –347.876 791 –347.885 213 –347.887 022 –347.872 668

(DG 6¼298 = 2.65)c (DG 6¼298 = 2.18)d (1.05)d (10.05)d

Note: ZPE, zero-point energy. 1 cal = 4.184 J.
aEelec is the uncorrected total energy in hartrees.
bThe imaginary frequency in cm–1.
cEnergy relative to TS-1 in kcal mol–1.
dEnergy relative to 2-Cs in kcal mol–1

.
eE0 = Eelec + ZPE.
fE = E0 + Evib + Erot + Etrans.
gH = E + RT.
hG = H + TS.
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pVTZ; CCSD(full)/6–31+G(d,p) calculations were expected
to be prohibitively long for all the species on the stationary
points to confirm them as energy minima or transition states.
CCSD(full)/6–31+G(d,p) frequency calculations were only
carried out in the case of 1-C2v to confirm that it is a TS.
Total energies and thermochemical data (DEelec, DE0,
DH298, and DG298) for 2-Cs, 3-D3h, and 4-Cs are collected
in Table 1. Total energies and thermochemical data (DE 6¼elec,
DE 6¼0 , DE 6¼298, DH 6¼298, and DG 6¼298) for 1-C2v, TS-1, TS-2, and
TS-3 are collected in Table 2. QTAIM analyses of the wave
functions to investigate the topologies of the electron den-
sities were carried out with AIM 200014 and values of r(r)
at selected bond critical points (bcps) given in atomic units
(1 au = e/ao

3 = 6.7483 e/Å3) are collected in Fig. 3. AI-
MALL15 was used to integrate atomic basins, to obtain
atomic populations, and total charges, as well as atomic
overlap matrices required for DI calculations. That the total
charges of 1-C2v, 2-Cs, 3-D3h, 4-Cs, TS-1, TS-2, and TS-3
obtained at the various levels of theory (data not included)
deviated by <1% from the expected value of +1.0 confirmed
the quality and validity of the QTAIM data. The program LI-
DICALC16 was used to obtain DIs; selected values for pairs
of atoms are listed in Table 3. Atomic basins were obtained
with AIM 200014 at a contour value of 0.005, which in-
cludes >95% of the electrons, using a mesh grid size of
0.125 and plotted.

Fig. 3. Molecular graphs of cations at CCSD(full)/6–31+G(d,p), along with values of the electron density (r(r)) at selected bond critical
points. Values in parentheses were obtained at B3PW91/aug-cc-pVTZ.

Table 3. Selected delocalization indexes for pairs of
atoms at CCSD(full)/6–31+G(d,p) and B3PW91/aug-
cc-pVTZ.

Cation

Atom pairs
(U and U’)

2-Cs 3-D3h 4-Cs

C1–C2 0.587
(0.702)a

0.658
(0.775)a

0.836
(0.979)a

C2–C3 0.904
(1.103)

1.091
(1.300)

1.291
(1.480)

C3–C4 1.398
(1.676)

—a 1.012
(1.256)

C4–C5 0.806
(0.930)

—a —a

C4–C6 0.073
(0.150)

—a —a

C1–C9 1.240
(1.472)

—a 0.849
(0.989)

C2–C8 0.889
(1.005)

—a —

C5–C9 0.879
(1.068)

—a —

C7–C9 0.024
(0.048)

0.040
(0.104)

0.109
(0.308)

C2–C9 — — 0.182
(0.308)

Note: The values are at CCSD(full)/6–31+G(d,p) and those
values in parentheses are at B3PW91/aug-cc-pVTZ.

aData for atom pairs related by symmetry not included.
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Results and discussion

Thermochemistry
At both levels of theory, 1-C2v is a transition state

(B3PW91/aug-cc-pVTZ imaginary frequency: 264.0i cm–1;
Table 2) on the bifurcation path on the C9H9

+ PE surface.
Based on intrinsic reaction coordinate (IRC) calculations
carried out in this study at B3PW91/aug-cc-pVTZ (data not
included), 1-C2v connects TS-1s exactly as concluded by
Cremer et al.3a Given the prohibitive length of the CCSD
calculations frequency, calculations were carried out only

on 1-C2v confirming that it is a transition state exhibiting an
imaginary frequency of 158.4i cm–1 (Table 2). Based on the
thermodynamic parameters, Eelec, E0, and H298, collected in
Table 2, 1-C2v is in the region of 5 kcal mol–1 (1 cal =
4.184 J) higher in energy than TS-1 at B3PW91/aug-cc-
pVTZ; based on G298, 1-C2v is only 2.65 kcal mol–1 higher
in energy than TS-1.

Whereas 3-D3h is found to be marginally lower in energy
than 2-Cs based on DEelec (–1.19), DE0 (–1.18), and DH298
(–1.44) at B3PW91/aug-cc-pVTZ, it is marginally higher in
energy (+0.20) based on DG298. At CCSD(full)/6–

Fig. 4. Molecular graphs of cations at B3PW91/aug-cc-pVTZ along with values of the electron density (r(r)) at selected bond critical
points. Selected delocalization indexes (DIs) for pairs of atoms are shown in parentheses in italics.

Fig. 5. Molecular graphs of cations at CCSD(full)/6–31+G(d,p) including selected delocalization indexes (DIs). The DI values in paren-
theses are obtained at B3PW91/aug-ccpVTZ.
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31+G(d,p), 3-D3h is significantly higher in energy
(+7.63 kcal mol–1) than 2-Cs, in keeping with the
MP4(SDQ) results reported by Cremer et al.3a 4-Cs is the
potential well at both levels of theory (Table 1), in keeping
with experimental results. IRC calculations on TS-1 (imagi-
nary frequency: 208.0i cm–1) that exhibits C2 symmetry con-
firmed that it is the TS for the degenerate rearrangement of
2-Cs. At B3PW91/aug-cc-pVTZ, DG 6¼298 is 2.18 kcal mol–1,
in line with a value of 3.6 kcal mol–1 for DE 6¼elec at
MP4(SDQ) based on HF/6–31G(d) geometries. That TS-2
(imaginary frequency: 272.1i cm–1) is the TS for the rear-
rangement of 2-Cs to 3-D3h was established by an IRC cal-
culation at B3PW91/aug-cc-pVTZ; the barrier, DE 6¼elec =

1.13 kcal mol–1, at this level of theory was significantly
lower than the MP4(SDQ) value of 8.1 kcal mol–1 obtained
from the MP2(FC)/6–31G(d) geometries. This is undoubt-
edly due to the fact that B3PW91 overestimates the stability
of 3-D3h. TS-3, which was confirmed with an IRC calcula-
tion and an imaginary frequency of 397.8i cm–1, was located
as the transition state for the rearrangement of 2-Cs to 4-Cs.
At B3PW91/aug-cc-pVTZ, DG 6¼298 was 10.05 kcal mol–1.

Molecular geometries of cations and transition states
Selected CCSD and B3PW91 (in italics) computed inter-

nuclear distances of 1-C2v, 2-Cs, 3-D3h, and 4-Cs are col-
lected in Fig. 1. B3PW91 (in italics) computed internuclear
distances of TS-1, TS-2, and TS-3 are displayed in Fig. 2.
On the whole, the CCSD and B3PW91 internuclear distan-
ces are similar except where through-space interactions are
involved: C7–C8 of 1-C2v and C4–C6 of 2-Cs. It is interest-
ing to note that the geometries of 4-Cs obtained at CCSD
and B3PW91 are similar to the geometry obtained by
Cremer et al.3b at MP2(FC)/6–31G(d) by fixing the folding
angle at the value estimated from limited scanning (the C2–
C9 distance was fixed) of the potential energy surface at
MP4(SDQ)/6–31G(d), even though MP2 is considered to
overestimate homoaromaticity. Surprisingly, the C2–C9 dis-
tance of 4-Cs is shorter at CCSD than at B3PW91, presum-
ably because the C1–C2 and C1–C9 distances are shorter in
the case of CCSD than B3PW91. The C2–C7 (C4–C9) dis-
tances of TS-1 are shorter (2.050 Å) than the C2–C7 (C4–
C9) distances of 1-C2v (2.469 Å). On the other hand, the
C7–C8 (C6–C9) distances (2.469 Å) increase slightly
(2.503 Å) in going from 1-C2v to TS-1. In the case of TS-2
that is the TS for the rearrangement of 2-Cs to 3-D3h, the
C4–C6 distance decreases from 2.382 to 1.934 Å and the
C2–C8 distance increases marginally from 1.453 to 1.506
Å. That TS-3 is the transition state for the rearrangement of
2-Cs to 4-Cs (this was a new finding) was confirmed with an
IRC calculation where optimization of the final forward and
reverse end-points yielded 2-Cs to 4-Cs, respectively, and
animation of the nuclear motion associated with the imagi-
nary frequency clearly showed that TS-3 connects 2-Cs to
4-Cs; rearrangement of 2-Cs to 4-Cs involves shifting the
C6–C5 (or C4–C5) bond (the C6–C9 or C4–C5 distance de-
creases from 2.472 to 2.050 Å in the TS) of 2-Cs to C9 and
cleaving the C2–C8 bond, which lengthens from 1.453 to
1.534 Å in the TS.

QTAIM-DI-VISAB analyses
The molecular graphs of 1-C2v, 2-Cs, 3-D3h, and 4-Cs

along with bcps (red spheres), ring critical points (rcps, yel-
low spheres), and cage critical points (ccps, green spheres)
obtained at the CCSD(full)/6–31+G(d,p) level are displayed
in Fig. 3, along with the values of the density (r(r)) at se-
lected bcps; for comparison purposes, the B3PW91/aug-cc-
pVTZ values are shown in parentheses in italics. All the mo-
lecular structures obey the Poincaré–Hopf equation (n (nu-
clei) – b (bcps) + r (rcps) – c (ccps) = 1).5 On the whole,
the values of r(r) at the bcps are similar at both levels of
theory. As expected, the C1–C2 and C1–C8 bonds of 2-Cs
are significantly weaker than the C2–C8 bond given that 2-
Cs cation includes the cyclopropyl carbinyl cation fragment.
The key point is that there are no bond paths between C4–

Fig. 6. Molecular graph and selected atom basins of 1-C2v at
CCSD(full)/6–31+G(d,p).
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C6 of 2-Cs or C3–C9, C3–C7, or C7–C9 of 3-D3h. This is
even the case for 4-Cs, which is considered to be a bisho-
moaromatic species that is usually represented with dashed
lines connecting C2–C9 and C5–C7.

Figure 4 displays the molecular graphs of TS-1, TS-2,
and TS-3, along with the bcps, rcps, and ccps obtained at
the B3PW91/aug-cc-pVTZ level. All these molecular struc-
tures also obey the Poincaré–Hopf equation.5 Also included
in Fig. 4 are the values of r(r) at selected bcps and the de-
localization indexes (DIs) for selected pairs of atoms in pa-
rentheses in italics. Whereas TS-2, which is the transition
state for the rearrangement of 2-Cs to 3-D3h, does not exhibit
a bond path between C4–C6, it possesses a significant DI
(0.387) between the atoms showing that there is substantial
homoconjugative interaction between the atoms. The DI is a
measure of the number of electron pairs delocalized between
atomic basins; for a ‘‘full single’’’ bond, DI = 1.0 and for a
‘‘full double’’ bond it is 2.0.

Figure 5 displays the DIs for selected pairs of atoms ob-
tained at CCSD(full)/6–31+G(d,p) and in italics at B3PW91/
aug-cc-pVTZ. In the case of 1-C2v, there is no significant
through-space interaction between C7–C8 (C6–C9) based on
a DI cutoff of 0.05.8 However, there is a marginal degree of
delocalization above the threshold between C2–C7 (C4–C6),
or C2–C8 (C4–C9). These conclusions are in keeping with
the displays of the C2–C8 (Fig. 6b) and C7–C8 (Fig. 6c) ba-

sins, which show that the basins do not significantly impinge
on each other.

As far as 2-Cs is concerned, based on the DI there is a
homoconjugative interaction above the threshold between
C4–C6 showing that 2-Cs is a homoaromatic species. This
contrasts with the conclusion reached by Cremer et al.3b

that 2-Cs, the 9-barbaralyl cation, was not homoaromatic.
Figure 7a displays its CCSD molecular graph. Figure 7b
shows the C4–C6 basins that are in close proximity to each
other and Fig. 7c shows the C6 basin with an arrow pointing
to the surface that is distorted by the closeness of the C4 ba-
sin. These results are in accord with the fact that there is an
above-threshold homoconjugative interaction between C4
and C6; Fig. 7d shows how the C5 basin intrudes between
the C4–C6 basins and precludes bond path formation.

Figure 8a shows the molecular graph of 3-D3h at CCSD;
Fig. 8b shows the C3–C9 basins that do not impinge on
each other; Fig. 8c shows the C3 basin. These displays are
in accord with the fact that C3–C9 CCSD DI is 0.04, which
is below the threshold of 0.05; at B3PW91, the DI is 0.104.
That the DI is below the threshold at CCSD means that
there is no need to use dashed lines to connect C3–C7, C3–
C9, and C7–C9 as seen in 3b-D3h.

Figure 9a displays the CCSD molecular graph of 4-Cs,
and while a relief plot of the Laplacian obtained at the
MP2(FC)/6-31G(d) level was included in the 1993 publica-

Fig. 7. (a) Molecular graph of 2-Cs at CCSD(full)/6–31+G(d,p). (b) C4–C6 basins of 2-Cs. (c) C6 atom basin of 2-Cs. (d) C5 atom basin of
2-Cs.
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tion,3b the molecular graph was not; Fig. 9b shows the C2–
C9 basins that impinge on each other. This display is in ac-
cord with the fact that the C2–C9 (C5–C7) DI (0.180 at
CCSD, 0.308 at B3PW91) is well above the threshold,
clearly confirming that 4-Cs is a bishomoaromatic species;
Fig. 9c shows how the C1 basin intrudes between the C2–
C9 basins and thereby precludes bond path formation be-
tween C2–C9. That 4-Cs exhibits a low DI of 0.180 at
CCSD supports the conclusion reached by Cremer et al.3b

that its homoaromaticity is low.

Figure 1Sa (see the Supplementary data) displays the
B3PW91 molecular graph of TS-1 and Fig. 1Sb shows the
C2–C7 basins that impinge on each other; Fig. 1Sc shows
how the face of the C7 basin labeled with an arrow is dis-
torted by C2, in keeping with the fact that the C2–C7 DI
(0.292) is well above the threshold value of 0.05; Fig. 1Sd
shows the C1 basin, which clearly intrudes between C2–C7
and thereby precludes bond path formation even though the
DI is 0.292; Fig. 1Se shows the C7–C8 basins that margin-
ally impinge on each other in keeping with the DI of 0.058
that is marginally above the threshold of 0.050.

Figure 2Sa (see the Supplementary data) displays the
B3PW91 molecular graph of TS-2 and Fig. 2Sb shows the
C4–C8 basins impinge on each other; Fig. 2Sc shows how

Fig. 8. (a) Molecular graph of 3-D3h at CCSD(full)/6–31+G(d,p).
(b) C3–C9 basins of 3-D3h. (c) C3 atom basin of 3-D3h.

Fig. 9. (a) Molecular graph of 4-Cs at CCSD(full)/6–31+G(d,p). (b)
C2–C9 basins of 4-Cs. (c) C1 atom basin of 4-Cs.
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C8 is flattened (labeled with an arrow) by C4, in keeping
with the fact that the DI (0.387) is large and well above the
threshold value of 0.05. There is no doubt that TS-2 is a ho-
moaromatic species. The C5 basin (not shown) intrudes be-
tween C4–C8 and precludes bp formation.

Figure 3Sa (see the Supplementary data) is a display of
the the B3PW91 molecular graph of TS-3. In going from
TS-3 to the [4.3.0] cation 4-Cs, it is interesting to note that
whereas bond path formation is being achieved between C4
and C9, which demands that a new bcp replaces the one be-
tween C4 and C5, the bond between C2–C8 is cleaved by
the coalescence of the C2–C8 bcp and the three-membered
rcp. It is seen that the C1–C8 bond (r(r)bcp = 0.2099, DI =
0.841) is slightly weaker than the C2–|C8 bond (r(r)bcp =
0.2230, DI = 0.898) of the nominal three-membered ring
even though it is the C2–C8 bond that is cleaved in achiev-
ing 4-Cs; Fig. 3Sb shows the C4–C9 basins that are in close
proximity to each other and Fig. 3Sc shows how the face of
the C4 basin labeled with an arrow is distorted by C9, in
keeping with the fact that the C4–C9 B3PW91 DI (0.343) is
well above the threshold value of 0.05; Fig. 3Sd shows how
the C5 basin intrudes between the C4–C9 basins and thereby
precludes bond path formation between C4–C9.

Conclusions
A QTAIM-DI-VISAB computational study on the 9-

barbaralyl and related C9H9
+ carbocations has been used to

unambiguously define the bonding and homoaromaticity of
these species in keeping with our view that it is the method
of choice for establishing the nature of the bonding in hy-
percoordinated so-called nonclassical carbocations. This ap-
proach, which in our view is the most computationally
economical method, obviates the need for arbitrary dotted-
line representations of bonding. It is possible to quantify ho-
moconjugation and homoaromaticity without relying on the
nature of geometries, relative energies of hypothetical spe-
cies, and NMR chemical shifts.

Supplementary data
Supplementary data for this article are available on the

journal Web site (canjchem.nrc.ca).
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TRIBUTE

Russell Jaye Boyd was born in 1945 in Kelowna, the centre
of British Columbia’s wine-producing and fruit-growing Okana-
gan Valley. His early years were devoted to hockey, basket-
ball, baseball, golf, and water-related activities. Just before
his fifteenth birthday, his family moved to New Westminster,
where he attended Lester Pearson High School and began to
show some interest in science and mathematics.

Russ enrolled in the Science program at the University of
British Columbia in 1963 and graduated in 1967 with First-
Class Honours in Chemistry and the Lefevre Gold Medal for
highest standing in the Honours Chemistry program. His Hon-
ours thesis focused on the new technique of photoelectron
spectroscopy. At the time, there were no commercial instru-
ments and UBC had the only photoelectron spectrometers in
Canada. With enthusiastic encouragement from his thesis
supervisor, David C. Frost, Russ attempted to carry out the
first study of the angular dependence of photoelectron emis-
sion. Despite the best efforts of the strong technical support
team in the machine shop, two different designs failed to pro-
duce meaningful results. To obtain some positive results,
Russ rounded up supplies of some boron trihalides and re-
corded their spectra.

As one of the first recipients of a 1967 Science Scholarship
(introduced in 1967 by the National Research Council (NRC)
of Canada to celebrate Canada’s centennial), he went east to
pursue his Ph.D. in Theoretical Chemistry at McGill University
under the supervision of M.A. (Tony) Whitehead. As a conse-
quence of the fact that he had recorded the photoelectron
spectra of some boron trihalides (and some siloxanes) as an
undergraduate, Russ realized that there was no theoretical
framework for interpreting such spectra in the absence of
electronic structure calculations. In 1967, reliable ab initio cal-
culations were restricted to small molecules. In fact, the larg-
est molecule in the 1967 compendium of ab initio calculations
compiled by Morris Kraus is HCCCN for which A.D. McLean
and M. Yoshimine reported a single-point SCF calculation
with a small basis set. In his first few months as a graduate
student, Russ completed some semi-empirical molecular orbi-
tal calculations on the boron trihalides and sent the results to
David Frost, which led to his first paper entitled ‘‘The Ionization
Potentials of BF3, BCl3 and BBr3’’, in April 1968 in the first
volume of Chemical Physics Letters.

The existing semi-empirical molecular orbital methods in
1967 were not capable of predicting the equilibrium geome-
tries of molecules. All calculations were carried out at the ex-
perimental geometries or using assumed bond lengths and
angles. Russ realized that this situation was unsatisfactory for
studying reaction mechanisms and set out to develop a
method that would yield molecular potential-energy surfaces
and properties that agree with the experimental data. He de-
veloped a method based on the complete neglect of differen-
tial overlap approximation that had been introduced in 1965
by John Pople and his co-workers. He focused on equilibrium
geometries, bond energies, and force constants (vibrational
frequencies), the three chemically interesting properties asso-
ciated with the minima of molecular potential-energy surfaces.
This was an improvement over any other method that existed
and was ultimately superseded by the work of Michael Dewar
and his colleagues who used a slightly higher and chemically
more reliable level of semi-empirical molecular orbital theory.

After defending his Ph.D. in 1971, Russ joined the group of

Charles A. Coulson in the Mathematical Institute at Oxford
University as an NRC Postdoctoral Fellow. He had become
disillusioned with semi-empirical approaches by the time he
completed his thesis and saw more future in the ab initio ap-
proaches that John A. Pople and his group were developing
within their Gaussian code. Russ turned his attention to elec-
tron correlation and published two papers with Coulson, in-
cluding a description of the Coulomb hole in the first two
excited states of the helium atom, his best-known paper from
Oxford.

With encouragement from Charles A. McDowell, Russ re-
turned to the University of British Columbia where he held a
Killam Postdoctoral Fellowship in the Department of Chemis-
try from 1973 to 1975, where he renewed his interest in pho-
toelectron spectroscopy. He published a single author letter in
Nature in 1974 in which he pointed out that contrary to the
usual interpretation of structural studies of porphyrin com-
plexes, the lowest lying high-spin state of an atom (ion) in a
given configuration is smaller than any state of lower spin.
His prediction was verified two years later by scattering ex-
periments on the first two excited states of the helium atom.

Russ joined Dalhousie University as an Assistant Professor
of Chemistry in 1975 and rose through the ranks to become a
Professor in 1985. He was named a Faculty of Science Killam
Professor in 1997, and in 2001 he became the seventh
Alexander McLeod Chair of Chemistry. The McLeod Chair,
one of the oldest named professorships in chemistry in Canada,
was created in 1884 in accordance with a bequest from
Alexander McLeod. Russ served as Chair of Chemistry from
1992 to 2005. During this time, 11 new faculty members, in-
cluding four outstanding senior chemists, were recruited, the
graduate program expanded significantly, and an addition to
the Chemistry Building was approved. The Department gained
four Tier I Canada Research Chairs (Neil Burford, Jeff Dahn,
Don Weaver, and Joe Zwanziger) between 2001 and 2003.

His research interests span a range of topics in computa-
tional and theoretical chemistry with an emphasis on problems
relevant to biological systems. He has published about 240 re-
search papers and 10 review chapters and he co-edited The
Quantum Theory of Atoms in Molecules with Chérif Matta in
2007. With over 5000 citations of his papers and an H-index
of 42, Russ is one of Canada’s best-known computational
chemists. He has supervised the research of 20 Ph.D. stu-
dents, more than 25 postdoctoral fellows and senior visitors,
and a comparable number of undergraduate students. His for-
mer students have successful careers in academic institu-
tions, government laboratories, and the industry. Fourteen
former members of his group hold academic appointments in
Canadian universities and another eight hold similar appoint-
ments abroad. He is especially proud of the number of excel-
lent young scientists who received a significant part of their
training in his group.

Russ received the 1983 APICS/Fraser Medal. He was the
first and only chemist to receive this prize, which was awarded
in the 1970s and 1980s to recognize outstanding research
work carried out in the Atlantic Provinces by a young scientist
or engineer. His other awards include the Fellowship of The
Chemical Institute of Canada (1983), the CNC-IUPAC Award
(1986), Dalhousie University Senior Killam Fellowship (1989),
and the 2009 Montreal Medal of The Chemical Institute of
Canada.
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Russ took on leading roles in organizing the Canadian Soci-
ety for Chemistry Conferences in Halifax in 1981, 1990, and
2006. He was the principal organizer of the 8th Canadian
Symposium on Theoretical Chemistry in 1983 and the 7th
Canadian Computational Chemistry Conference in 2009. He
is a member of the College of Reviewers of the Canada Re-
search Chairs Program, and he has served on many commit-
tees of the Natural Sciences and Engineering Research
Council of Canada (NSERC). He has served on selection pan-
els for the National Science Foundation (NSF) of the USA and
the Canada–US Fulbright Program. He has served on many
boards, including the Canadian Society for Chemistry, the
Canadian Journal of Chemistry, the Dalhousie University
Foundation, the Atlantic Provinces Council on the Sciences,
and the World Association of Theoretical and Computational
Chemists. He was an editor of the Canadian Journal of Chem-
istry from 1988 to 1998 and served as President of the Cana-
dian Society for Chemistry in 2007–2008. His many other

activities include Judge-in-Chief for the 1984 Canada-Wide
Science Fair. He is currently the Principal Investigator (Re-
search Director) for the Atlantic Computational Excellence
Network (ACEnet), a consortium of nine universities in Atlantic
Canada that provides high-performance computing facilities
by means of funding from the Canada Foundation for Innova-
tion (CFI).

The number, quality, and countries of origin of the papers
submitted to this dedicated issue of the Canadian Journal of
Chemistry attest to breadth and reach of Russ Boyd’s influ-
ence in the computational and theoretical chemistry commun-
ity in Canada and abroad, as well as his contributions to the
broader chemical community.

Neil Burford
Halifax, Nova Scotia

Can. J. Chem. Vol. 88, 2010
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HOMMAGE

Russell Jaye Boyd naı̂t en 1945 à Kelowna, située au
centre de la région viticole et fruitière de la vallée de l’Oka-
nagan (Colombie-Britannique). Il consacre les premières an-
nées de sa vie au hockey, au basketball, au baseball, au golf
et aux activités aquatiques. Peu de temps avant son quin-
zième anniversaire, sa famille déménage à New Westminster
où il fréquente l’école secondaire Lester Pearson et com-
mence à manifester un intérêt pour les sciences et les mathé-
matiques.

En 1963, Russ s’inscrit au programme de sciences de l’Uni-
versité de la Colombie-Britannique (UBC) et en 1967, il ob-
tient son diplôme en chimie avec très grande distinction et la
Lefevre Gold Medal pour avoir obtenu les meilleurs résultats
dans le programme spécialisé en chimie. Sa thèse de spécial-
isation porte principalement sur la nouvelle technique de
spectroscopie photoélectronique. À ce moment-là, il n’existe
aucun spectromètre photoélectronique vendu sur le marché
et l’UBC est seule à en posséder au Canada. Fort de l’en-
couragement enthousiaste de son directeur de thèse, David
C. Frost, Russ tente de mener la première étude sur la dé-
pendance angulaire de l’émission de photoélectrons. Malgré
tous les efforts déployés par la solide équipe de soutien tech-
nique de l’atelier de mécanique, deux concepts différents ne
parviennent pas à produire des résultats significatifs. Afin
d’obtenir des résultats positifs, Russ rassemble des réserves
de trihalogénures de bore et enregistre leur spectre.

Lauréat de l’une des premières bourses 1967 en sciences
(instaurée en 1967 par le Conseil national de recherches du
Canada pour souligner le centenaire de la Confédération), il
se dirige vers l’est pour poursuivre un doctorat en chimie thé-
orique à l’Université McGill sous la direction de M. A. (Tony)
Whitehead. En raison du fait qu’au cours de ses études de
premier cycle, il a eu à enregistrer les spectres photoélectroni-
ques de trihalogénures de bore (et de siloxanes), Russ se
rend compte qu’il n’existe aucun cadre théorique pour inter-
préter de tels spectres en l’absence de calculs de structures
électroniques. En 1967, les seuls calculs ab initio fiables se
limitent aux petites molécules. En fait, la plus grosse molécule
répertoriée dans le recueil des calculs ab initio de 1967
(Morris Kraus) est le cyanoacétylène (HCCCN) pour laquelle
A.D. McLean et M. Yoshimine ont fait état d’un calcul SCF en
un seul point avec un petit ensemble de base. Au cours de
ses premiers mois comme étudiant diplômé, Russ effectue
des calculs semi-empiriques d’orbitales moléculaires sur des
trihalogénures de bore et il fait parvenir ses résultats à David
Frost, ce qui mène la publication, en avril 1968, de son pre-
mier article intitulé « The Ionization Potentials of BF3, BCl3
and BBr3 » dans le premier volume de la revue Chemical
Physics Letters.

En 1967, les méthodes semi-empiriques d’orbitales molécu-
laires utilisées ne permettent pas de prévoir les géométries
d’équilibre des molécules. Tous les calculs sont effectués sur
des géométries expérimentales ou au moyen de longueurs et
d’angles de liaison présumés. Russ se rend compte que cette
situation est peu satisfaisante pour étudier les mécanismes de
réaction et entreprend de mettre au point une méthode qui
permettrait de produire des surfaces et des propriétés d’én-
ergie potentielle moléculaire qui cadrent avec des données
expérimentales. Il met au point une méthode fondée sur l’ap-
proximation du recouvrement différentiel nul, introduite en
1965 par John Pople et ses collègues. Il concentre ses efforts

sur les géométries d’équilibre, les énergies de liaison et les
constantes de force (fréquences vibrationnelles), trois pro-
priétés revêtant un intérêt certain sur le plan de la chimie et
associées aux minima des surfaces d’énergie potentielle. Il
s’agit d’une amélioration par rapport à toutes les autres méth-
odes existantes. Mais finalement, elle sera détrônée par les
travaux de Michael Dewar et de ses collègues, qui utilisent
un niveau légèrement plus élevé et plus fiable chimiquement
de la théorie semi-empirique des orbitales moléculaires.

Après avoir défendu sa thèse de doctorat en 1971, Russ se
joint à l’équipe de Charles A. Coulson à l’Institut de mathéma-
tiques de l’Université d’Oxford à titre de boursier postdoctoral
du CNRC. Désenchanté des méthodes semi-empiriques et
avant même qu’il ne termine sa thèse, il se tourne vers les
méthodes ab initio plus prometteuses que John A. Pople et
son équipe sont à mettre au point dans un cadre gaussien.
Russ se penche donc sur la corrélation électronique et publie
deux articles avec Coulson, dont une description du trou de
Coulomb dans les deux premiers états d’excitation de l’atome
d’hélium, son article le mieux connu issu d’Oxford.

Encouragé par Charles A. McDowell, Russ retourne à l’Uni-
versité de la Colombie-Britannique où il est titulaire d’une
bourse postdoctorale Killam au Département de chimie de
1973 à 1975. C’est là qu’il s’intéresse de nouveau à la spec-
troscopie photoélectronique. En 1974, dans un texte publié
dans la revue Nature, il fait valoir que contrairement à l’inter-
prétation courante des études structurelles des complexes de
porphyrine, le plus faible état de spin élevé d’un atome (ion)
dans une configuration donnée est plus petit que tout état de
spin plus faible. Sa prédiction sera vérifiée deux ans plus tard
par des expériences de diffusion menées sur les deux pre-
miers états excités de l’atome d’hélium.

Russ est embauché par l’Université Dalhousie à titre de
professeur adjoint de chimie en 1975 et grimpe les échelons
pour devenir professeur en 1985. En 1997, on le nomme pro-
fesseur Killam de la Faculté des sciences, et en 2001, il de-
vient le septième titulaire de la chaire de chimie Alexander
McLeod. La chaire McLeod, l’une des plus anciennes chaires
dénommées en chimie au Canada, a été créée en 1884 con-
formément à un legs d’Alexander McLeod. Russ occupe les
fonctions de directeur du Département de chimie de 1992 à
2005. Au cours de cette période, onze nouveaux membres
du corps professoral sont recrutés (dont quatre éminents chi-
mistes chevronnés), le programme d’études supérieures
prend de l’expansion de façon importante et on approuve la
construction d’une adjonction à l’édifice de la Faculté de chi-
mie. Entre 2001 et 2003, le Département recrute quatre cher-
cheurs inscrits au Programme des chaires de recherche du
Canada de niveau I (Neil Burford, Jeff Dahn, Don Weaver et
Joe Zwanziger).

Les travaux de recherche de Russ englobent divers sujets
dans les domaines de la chimie théorique et numérique tout
en portant une attention particulière aux problèmes liés aux
systèmes biologiques. Il a publié jusqu’à maintenant environ
240 articles de recherche et dix chapitres de synthèse et a
corédigé, en 2007, l’ouvrage « The Quantum Theory of Atoms
in Molecules » avec Chérif Matta. Plus de 5000 citations de
ses articles et un indice h de 42 font de Russ l’un des
chimistes-informaticiens canadiens les plus connus. Au cours
de sa carrière, il dirige les travaux de 20 étudiants au doc-
torat, de plus de 25 boursiers postdoctoraux et de visiteurs
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de haut niveau et d’un nombre comparable d’étudiants de pre-
mier cycle. Ses anciens étudiants poursuivent des carrières
florissantes dans des établissements universitaires, des labo-
ratoires gouvernementaux ou l’industrie. Quatorze anciens
membres de son équipe occupent des postes de professeur
dans des universités canadiennes et huit autres font de
même à l’étranger. Il est particulièrement fier du nombre d’ex-
cellents jeunes scientifiques qui ont reçu une partie importante
de leur formation au sein de son équipe.

Russ reçoit l’APICS/Fraser Medal en 1983. Il est le premier
et le seul chimiste à recevoir ce prix, remis dans les années
1970 et 1980 pour souligner les travaux de recherche remar-
quables menés par de jeunes scientifiques ou ingénieurs dans
les provinces de l’Atlantique. Il compte également parmi ses
récompenses la bourse de recherche de l’Institut de chimie
du Canada (1983), le prix CNC-UICPA (1986), la bourse de
chercheur chevronné Killam de l’Université Dalhousie (1989)
et la Médaille de Montréal de l’Institut de chimie du Canada
(2009).

Russ assume des rôles de premier plan dans l’organisation
des congrès de la Société canadienne de chimie de 1981, de
1990 et de 2006. Il est le principal organisateur du 8e sympo-
sium canadien de chimie théorique (1983) et du 7e congrès
canadien de chimie numérique (2009). Il fait partie du Collège
d’examinateurs du Programme de chaires de recherche du
Canada et siège à de nombreux comités au Conseil de re-
cherches en sciences naturelles et en génie du Canada. Il

siège à des jurys de sélection pour la National Science Foun-
dation des États-Unis et le Programme Fulbright Canada-
États-Unis. Il fait également partie de nombreux conseils d’ad-
ministration, dont ceux de la Société canadienne de chimie,
de la Revue canadienne de chimie, de la Fondation de l’Uni-
versité Dalhousie, du Conseil des provinces atlantiques pour
les sciences et de la World Association of Theoretical and
Computational Chemists . Il est l’un des rédacteurs en chef
de la Revue canadienne de chimie de 1988 à 1998 et il siège
à titre de président de la Société canadienne de chimie en
2007-2008. De plus, le rôle de juge en chef à l’occasion de
l’Expo-sciences pancanadienne de 1984 constitue une autre
de ses nombreuses activités. Il est actuellement le chercheur
principal (directeur de la recherche) de l’Atlantic Computa-
tional Excellence Network (ACEnet), un consortium de neuf
universités du Canada atlantique qui fournit des infrastruc-
tures informatiques de haute performance grâce aux fonds
provenant de la Fondation canadienne pour l’innovation.

Le nombre, la qualité et les pays d’origine des articles sou-
mis au présent numéro spécial de la Revue canadienne de
chimie témoignent aussi bien de l’ampleur et du rayonnement
de l’influence de Russ Boyd dans les milieux de la chimie thé-
orique et numérique tant au Canada qu’à l’étranger que de
son apport au milieu de la chimie en général.

Neil Burford
Halifax (Nouvelle-Écosse)
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Spectrophotometric study of the selective binding
behavior of aliphatic oligopeptides by bridged
bis(b-cyclodextrin) linked by a 4,4’-
diaminodiphenyl disulfide tether

Yang Yong-Cun, Chi Shao-Ming, Liu Ming-Hua, Huang Rong, Wang Yu-Fei, Jing Bi,
and Zhao Yan

Abstract: The conformation and binding behavior of 4,4’-diaminodiphenyl disulfide bridged bis(b-cyclodextrin) (1) to-
wards representative aliphatic oligopeptides, i.e., Leu-Gly, Gly-Leu, Glu-Glu, Met-Met, Gly-Gly, Gly-Gly-Gly, and Gly-
Pro, were investigated by circular dichroism, fluorescence, and 1H and 2D NMR spectroscopy at 25 8C in phosphate buffer
(pH 7.20). The results indicated that 1 acts as an efficient fluorescent sensor and displays remarkable fluorescence en-
hancement upon addition of optically inert oligopeptides. Owing to the cooperative host–linker–guest binding mode in
which the linker and guest are coincluded in the two cyclodextrin cavities, the bis(b-cyclodextrin) 1 gives high binding
constants of up to 103–104 (mol/L)–1 for oligopeptides. The bis(b-cyclodextrin) 1 can recognize not only the size and shape
of oligopeptides but also the hydrophobicity, giving an exciting residue selectivity of up to 61.3 for the Gly-Leu/Glu-Glu
pair. These phenomena are discussed from the viewpoints of multiple recognition and induce-fit interactions between host
and guest.

Key words: bridged bis(b-cyclodextrin)s, aliphatic oligopeptides, fluorescence spectroscopy, binding behavior, inclusion
phenomena.

Résumé : Faisant appel au dichroı̈sme circulaire, à la fluorescence, à la spectroscopie RMN 1H et 2D, à 25 8C dans un
tampon de phosphate (pH de 7,20), on a étudié la conformation et le comportement de fixation du disulfure de 4,4’-
diaminodiphényle lié à la b-cyclodextrine, 1, avec des oligopeptides aliphatiques représentatifs, tels Leu-Gly, Gly-Leu,
Glu-Glu, Met-Met, Gly-Gly, Gly-Gly-Gly et Gly-Pro. Les résultats obtenus indiquent que le composé 1 agit comme un
senseur de fluorescence efficace et qu’il donne lieu à une augmentation de fluorescence remarquable lors de l’addition
d’oligopeptides inertes. En raison du mode de fixation coopératif hôte-coupleur-invité dans lequel le coupleur et l’invité
sont co-inclus dans les deux cavités de la cyclodextrine, les constantes de fixation de la bis(b-cyclodextrine), 1, avec les
oligopeptides sont élevées, soit de 103 à 104 (mol/L)–1. En plus de reconnaı̂tre la taille et la forme des oligopeptides, la
bis(b-cyclodextrine), 1, reconnaı̂t aussi le caractère hydrophobe qui lui permet d’avoir une excitante sélectivité de résidu
allant jusqu’à 61,3 pour la paire Gly-Leu/Glu-Glu. On discute de ces phénomènes du point de vue de la reconnaissance
multiple et des interactions à arrimage induit entre hôte et invité.

Mots-clés : bis(b-cyclodextrines) pontées, oligopeptides aliphatiques, spectroscopie de fluorescence, comportement de fixa-
tion, phénomène d’inclusion.

[Traduit par la Rédaction]

Introduction

Native and chemically modified cyclodextrins (CDs),
which act as synthetic receptors (hosts) of supramolecular
systems, display dramatically different binding behavior to-
ward guest molecules.1–6 As a new family of CD deriva-
tives, the bridged CD dimers are known to greatly enhance
the original binding ability and molecular selectivity of na-
tive CD by the cooperative interaction of its two nearly lo-

cated hydrophobic cavities.7–10 Hence, the molecular
recognition of substrate (guest) by bridged CDs linked with
a functional tether group becomes one of the most crucial
current topics in supramolecular chemistry and biochemis-
try.11–14 Among the various families of organic and biologi-
cal guests for these studies, aliphatic oligopeptides have
attracted considerable interest because they represent an in-
termediate step toward the recognition of protein surfaces,
and the short peptide sequences are themselves worthwhile
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targets for recognition owing to their potential applications
in separation, diagnostic, or biological areas.15–18 However,
the work on molecular recognition by bis(b-CD)s has been
concentrated mostly on the complexation of rather simple
organic guests, and practically no attempt has been made
to study the recognition of aliphatic oligopeptides by
bis(b-CD)s.19–23 To elucidate the detailed recognition mech-
anism of bridged bis(b-CD)s toward oligopeptides, we in-
vestigate the conformation of 4,4’-diaminodiphenyl disulfide
bridged bis(b-CD) (1, Scheme 1) as well as its selective
binding behavior with a series of aliphatic oligopeptides
(Scheme 2) by circular dichroism, fluorescence, and 1H and
2D NMR spectroscopy in a phosphate buffer solution of
pH 7.20. It is our special interest to explore how the bridge
group affects the cooperative binding of bis(b-CD)s and fur-
ther understand the factors governing the molecular multiple
recognition mechanism.

Experimental

Instruments
Circular dichroism and UV–vis spectra were recorded in a

conventional quartz cell (light path 10 mm) on a JASCO
810 spectropolarimeter and a Shimadzu UV2401 PC spec-
trometer, respectively. 1H NMR spectra were recorded on a
Bruker AV DRX5 instrument operated at 500 MHz. Fluores-
cence spectra were measured in a conventional quartz cell
(10 mm � 10 mm � 45 mm) at 25 8C on a Hitachi F-4500
spectrometer equipped with a constant-temperature water
bath, with excitation and emission slits 10 nm in width at
an excitation wavelength of 310 nm.

Materials
All guest aliphatic oligopeptides, i.e., Leu-Gly, Gly-Leu,

Glu-Glu, Met-Met, Gly-Gly, Gly-Gly-Gly, and Gly-Pro,
were purchased form Sigma-Aldrich and used as received.
Disodium hydrogen phosphate and sodium dihydrogen phos-
phate were dissolved in distilled, deionized water to make a
0.10 mol/L phosphate buffer solution of pH 7.20 for spectral
measurements. 4,4’-Diaminodiphenyl disulfide bridged
bis(b-CD) (1) was prepared according to our previous re-
port.24

Results and discussion

Circular dichroism
Circular dichroism spectra have been widely employed to

elucidate the absolute conformation of chiral compounds.
The achiral compounds located in a chiral environment pro-
duce induced circular dichroism (ICD) signal(s) in the corre-
sponding transition band(s).25 Therefore, to examine the

conformation of host 1, its circular dichroism spectrum was
measured at 25 8C in phosphate buffer solution (pH 7.20).
As shown in Fig. 1, the circular dichroism spectrum of 1
displays a relatively strong positive Cotton effect peak
around 259 nm (D3 = +1.18 (mol/L)–1 cm–1) for the 1La

transition and a weak negative Cotton effect peak around
296 nm (D3 = –0.32 (mol/L)–1 cm–1) for the 1Lb transition
of phenyl moieties in the linker group. According to the em-
pirical rule proposed by Kajtar et al.26 and Harata and Ue-
daira,27 the sign of the ICD signal depends on the
orientation of the transition dipole moment of the chromo-
phore with respect to the dipole moment of CD. The chro-
mophore located inside the CD axis gives a positive ICD
signal, whereas the perpendicular transitions give a negative
signal, but this situation is reversed for the chromophore lo-
cated outside the CD cavity. Therefore, we can deduce that
the phenyl chromophore in the diaminodiphenyl disulfide
linker of host 1 shallowly penetrates into the CD cavity to

Scheme 1.

Scheme 2.

1206 Can. J. Chem. Vol. 88, 2010

Published by NRC Research Press

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

U
ni

ve
rs

ity
 o

f 
E

le
ct

ro
ni

c 
an

d 
Sc

ie
nc

e 
T

ec
ho

no
lo

gy
 o

f 
C

hi
na

 o
n 

09
/1

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



form the self-included complexes, which is in good agree-
ment with the 2D NMR spectral study.24

Fluorescence titrations
The emission intensity of a fluorophore attached to the

CD rim is usually stronger than that of the parent fluoro-
phore because of the increased microenvironmental hydro-
phobicity introduced by self-inclusion. As can be seen from
Fig. 2, the fluorescence intensity of host 1 is much larger
than that of the reference compound 1a under the same con-
ditions. Since the fluorescence intensity of the phenyl moi-
ety is sensitive to changes in its microenvironment and is
greater in a hydrophobic microenvironment than in a hydro-
philic one, the above results suggest that the phenyl moiety
of 1 is included into the cavity of the CD. This outcome is
consistent with the ICD result described above.

The binding ability of a fluorescently labeled CD can be
quantitatively assessed by analysis of the spectral changes
induced by guest inclusion. Fluorescence titrations of the
bis(b-CD) 1 with optically inert oligopeptides were per-
formed at 25 8C in phosphate buffer solution (pH 7.20) to
quantitatively assess the inclusion complexation behavior of
host 1. As shown in Fig. 3, the fluorescence intensity of the
bis(b-CD) 1 presents a continuous enhancement upon the
addition of Gly-Gly and Gly-Pro. The enhanced fluores-
cence of 1 upon addition of oligopeptides may be due to

the increased microenvironmental hydrophobicity and (or)
steric shielding around the phenyl fluorophore arising from
the cooperative host–linker–guest interactions. This hypothe-
sis is supported by the 2D NMR measurements. The unique
fluorescence behavior may enable 1 to be efficient fluores-
cence sensors for optically inserted molecules.

The stoichiometries for the inclusion complexation of host
1 with representative guests were determined by Job’s ex-
periments by fluorescence spectroscopy. Within the exam-
ined concentration range, each of Job’s plots for the
inclusion complexation of the bis(b-CD) 1 with oligopepti-
des shows a maximum at a host 1 molar fraction of 0.5, con-
firming the 1:1 binding stoichiometry between host and
guest (Fig. 4).

With the 1:1 stoichiometry for the inclusion complexation
of oligopeptide guests (G) with CDs (H), where the two CD
moieties in bis(b-CD)s are treated as a single unit, the inclu-
sion complexation is expressed by eq. [1] and the complex
stability constant (Ks) is given by eq. [2]:

½1� Hþ GÐKs

G � H

½2� Ks ¼
½H � G�
½H�½G�

½3� DF ¼ D3½H � G�

where DF and D3 denote the sequential changes of fluores-
cence intensity and the differential molar extinction coeffi-
cient of host b-CDs in the absence and presence of the
guest molecule. Under the conditions employed, the initial
concentration of guest molecules is much larger than that of
the host b-CD, i.e., [G]0 >> [H]0. Therefore, the combination
of eqs. [2] and [3] leads to the extended Benesi–Hildebrand
equation (eq. [4]),28 which is used to calculate the Ks

(eq. [2]) from the slope and intercept of [H]0[G]0/DF versus
[G]0 plots.

Fig. 2. Fluorescence spectra of 1a and the bis(b-CD) 1 at the same
concentration of 9.6 � 10–5 mol/L in phosphate buffer (pH 7.20) at
25 8C (lex = 270 nm).

Fig. 1. (a) Circular dichroism and (b) absorption spectra of the
bis(b-CD) 1 (1.0 � 10–4 mol/L) in the absence and presence of
Gly-Gly (9.96 � 10–3 mol/L) in phosphate buffer (pH 7.20) at
25 8C.

Yong-Cun et al. 1207
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½4� ½H�0½G�0
DF

¼ 1

KsD3
þ ½G�0

D3

Figure 3 (insets) illustrates the result of such a treatment
for the inclusion complexation of the bis(b–CD) 1 with
Gly-Gly and Gly-Pro, where the calculated [H]0[G]0/DF val-
ues were plotted against the [G]0 to give an excellent linear
relationship. The complex stability constants (Ks) and the
free energy changes (–DG8) calculated from the slope and
intercept are listed in Table 1.

NMR analysis
1H NMR spectrometry is one of the most important tech-

niques used for the characterization of inclusion com-
plexes.29,30 It is well known that CD possesses outer-surface
(H2 and H4) and inner-surface (H3 and H5) protons, and the
H6 protons are situated at the primary side of the CD cavity.
The inclusion complexation of a guest molecule into the CD

cavity will result in changes of the chemical shifts of guest
protons, and these changes of the protons inside and (or)
outside the CD cavity can be used to analyze the formation
of the inclusion complex between the CD and the guest. For
the sake of comparison, the spectra of the bis(b-CD) 1 and
Gly-Leu as well as their mixture at the same concentration
are shown in Fig. 5, while the spectral characteristics of the
bis(b-CD) 1 and Gly-Leu are shown in Table 2. The reason
for choosing Gly-Leu as the guest molecule to examine the
binding behavior of the bis(b–CD) 1 with the oligopeptides
is that the chemical shifts of the isopropyl protons in the
Leu fragment are distant from those of the protons in 1 and
can be easily recognized in NMR spectra. As can be seen
from Table 2, in the presence of Gly-Leu, a negligible effect
is observed on the CD protons H1, H2, and H4. In contrast,
protons H3, H5, and H6 exhibit substantial changes, and
they undergo relatively strong shielding exceeding
0.06 ppm. Moreover, the changes in the 1H NMR chemical
shifts of the guest Gly-Leu are also observed in the presence
of the bis(b-CD) 1 (Table 2). In the presence of the bis(b-
CD) 1, the protons of 1’, 3’, 4,’ and 5’ positions in the Gly-
Leu show appreciable upfield shifts (Dd = –0.05 ppm),
whereas the proton of 2’ exhibits relatively weak changes
(Dd = –0.03 ppm). These shifts in the 1H NMR spectra indi-
cate complex formation between the bis(b-CD) 1 and the
guest Gly-Leu.

Fig. 3. Fluorescence spectral changes of (a) the bis(b-CD) 1 (6.4 �
10–6 mol/L) upon addition of Gly-Gly (from a to g = 0, 22, 44, 66,
88, 132, and 176 mmol/L) and (b) the bis(b-CD) 1 (5.0 � 10–6 mol/L)
upon addition of Gly-Pro (from a to h = 0, 60, 80, 100, 120, 140,
180, and 220 mmol/L) in phosphate buffer (pH 7.20) at 25 8C; lex =
270 nm. Insets: typical plots of [H]0[G]0/DF vs [G]0 for the inclu-
sion complexation of the bis(b-CD) 1 with Gly-Gly and Gly-Pro.

Fig. 4. Continuous variation plot of the bis(b-CD) 1 / Gly-Gly
system ([bis(b-CD) unit] + [Gly-Gly] = 2.0 � 10–5 mol/L).

Table 1. Complex stability constants (Ks) and Gibbs free energy
changes (–DG8) for the inclusion complexation of the bis(b-CD) 1
with aliphatic oligopeptides in phosphate buffer (pH 7.20) at 25 8C.

Host Guest Ks ((mol/L)–1) Log Ks

–DG8
(kJ/mol)

1 Leu-Gly 3220±100 3.5 20.0
1 Gly-Leu 14700±700 4.2 23.8
1 Glu-Glu 240±10 2.4 13.6
1 Met-Met 12900±600 4.1 23.5
1 Gly-Gly 7050±300 3.8 22.0
1 Gly-Gly-Gly 11700±600 4.1 23.2
1 Gly-Pro 4030±200 3.6 20.6

1208 Can. J. Chem. Vol. 88, 2010
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Binding mode
We examined the circular dichroism spectrum of the

bis(b-CD) 1 in the presence of Gly-Gly (Fig. 1). The Gly-
Gly guest displays no appreciable ICD signal in the range
of 200–400 nm. However, the intensity of the absorption
bands of the bis(b-CD) 1 increased upon addition of the

Gly-Gly guest, giving a relatively strong positive Cotton
effect peak (D3 = +1.42 (mol/L)–1 cm–1) at 258 nm for the 1La
band, and a weak negative Cotton effect peak (D3 = –0.46
(mol/L)–1 cm–1) at 295 nm for the 1Lb band. The circular di-
chrosim spectral pattern of the bis(b-CD) 1 is almost the
same as the spectrum without guests, except for an increase
in intensity, which indicates 1 almost maintains its original
conformation during the addition of Gly-Gly. However, the
circular dichrosim spectra do not provide further information
about the binding mode, which prompted us to perform
more detailed conformation analysis by 2D NMR.

2D NMR spectroscopy has recently become an essential
method for the study of the structures of CDs and their com-
plexes, since one can conclude that two protons are closely
located in space if an NOE cross peak is detected between
the relevant proton signals in the NOESY or ROESY spec-
trum.31 As illustrated in Fig. 6, the NOESY spectrum of an
equimolar mixture of the bis(b-CD) 1 with Gly-Leu
(0.5 mmol/L each) displays the correlations (Fig. 6, peaks C
and D) between the isobutyl protons of Gly-Leu and H3/H5/
H6 of the CD cavity, while no other NOE correlations be-
tween host and guest can be found. Moreover, it can be
seen from these peaks that the methenyl proton (H5’) of
Gly-Leu correlates with the H3 protons of CD (Fig. 6, peak

Fig. 5. 1H NMR spectra of (a) the bis(b-CD) 1 (5.0 � 10–3 mol/L), (b) the bis(b-CD) 1 (5.0 � 10–3 mol/L) in the presence of Gly-Leu
(5.0 � 10–3 mol/L), and (c) Gly-Leu (5.0 � 10–3 mol/L) in D2O at 25 8C.

Table 2. The chemical shifts (d) of the bis(b-CD) 1, Gly-
Leu, and their mixture at the same concentration and the
corresponding changes (Dd).

Host 1 + Gly-Leu

Host 1 (d) d Dd Gly-Leu (d)
H-1 4.98 5.01 0.02
H-2 3.58 3.60 0.02
H-3 3.82 3.88 0.06
H-4 3.51 3.54 0.03
H-5 3.72 3.79 0.07
H-6 3.81 3.88 0.07
H-1’ 3.81 0.05 3.86
H-2’ 4.18 0.03 4.21
H-3’ 1.62 0.08 1.70
H-4’ 1.53 0.09 1.62
H-5’ 0.85 0.07 0.92

Yong-Cun et al. 1209
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C), whereas the methine proton (H4’) of Gly-Leu correlates
with the H5/H6 protons of CD (Fig. 6, peak D). In addition,
the correlations (Fig. 6, peaks A and B) between the aro-
matic protons in the linker group and H5/H6 protons of CD
are also observed, indicating that the phenyl moiety is not
driven out of the CD cavity by guest inclusion. Since H3
protons are located near the wide side of the CD cavity,
while H5 protons are near the narrow side, we can deduce
that the phenyl unit in the linker group is self-included in
another CD cavity from the narrow side. These results, to-
gether with the 1:1 host–guest inclusion complexation stoi-
chiometry indicated by Job’s experiment, indicate that a
cooperative host–linker–guest binding mode is operative in
the association of the bis(b-CD) 1 with a guest molecule.
That is, upon complexation with the bis(b-CD) 1, the guest
Gly-Leu is embedded into one hydrophobic CD cavity from
the primary side, while the linker group is partly self-
included in the other cavity (Fig. 7). According to this binding
mode, several interactions will simultaneously work between
host and guest. Under our experimental conditions, the car-
boxylate group in the Gly-Leu is not protonated and should
exist as a carboxylate anion, and the –NH– group in the
linker of the bis(b–CD) 1 should be partly protonated.
Therefore, besides the van der Waals and hydrophobic inter-
actions between the CD cavity and guest oligopeptides, the
electrostatic interactions between the protonated amino
groups (–NH2

+–) in the linker and the carboxylate anion of
the oligopeptide may to some extent favor the inclusion

complexations of 1 with Gly-Leu. Moreover, the hydrogen
bonding interactions between the protonated amino groups
(–NH2

+–) in the linker and guest oligopeptide also contribute
to the strong binding of the bis(b–CD) 1.

The binding mode consequently rationalizes the enhanced
fluorescence of 1 in the presence of the guest oligopeptides.
Firstly, the inclusion of an oligopeptide can extrude water
from the CD cavity and thus increase the microenvironmen-
tal hydrophobicity around the fluorophore. In addition, the
phenyl chromophore may be efficiently protected from the
deactivating water attack by steric shielding by the close oli-
gopeptide guests. As a joint result of these two factors, 1
gives enhanced fluorescence upon inclusion complexation
with the oligopeptide.

Fig. 6. ROESY spectrum of the bis(b-CD) 1 with Gly-Leu (5.0 � 10–3 mol/L each) in D2O at 25 8C with a mixing time of 400 ms.

Fig. 7. Possible binding mode of the bis(b-CD) 1 with Gly-Leu.
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Binding ability and molecular selectivity
Many investigations have demonstrated that several weak

noncovalent forces, including van der Waals forces, hydro-
phobic interactions, hydrogen bonding, and electrostatic
interactions, contribute cooperatively to inclusion complexa-
tion by CDs, and a good match of the size and shape of the
host to those of the guest should greatly favor host–guest in-
clusion complexation, since the strength of these interactions
is closely related to the distance and contact surface area be-
tween the host and guest.15 The complex formation con-
stants (Ks) for the inclusion complexation of host 1 with
oligopeptides decreased in the following order: Gly-Leu >
Met-Met > Gly-Gly-Gly > Gly-Gly > Gly-Pro > Leu-Gly >
Glu-Glu. It seems reasonable that the bis(b-CD) 1 shows the
strongest binding ability toward Gly-Leu and Met-Met, since
both possess a carboxyl group located in the middle of the
peptide chain, which greatly promotes inclusion by the elec-
trostatic and hydrogen bonding interactions between the pro-
tonated amino groups (–NH2

+–) in the linker of 1 and the
anionic carboxylate of Gly-Leu and Met-Met. On the other
hand, although Glu-Glu has a similar structure to Met-Met,
its poor hydrophobicity arising from the presence of three
hydrophilic carboxyl groups in the molecule reduces the hy-
drophobic interactions upon complexation with the CD cav-
ity and thus results in the smallest Ks value with the bis(b-
CD) 1. Furthermore, bis(b-CD) 1 exhibits a higher Ks value
for the longer Gly-Gly-Gly than for the shorter Gly-Gly (Ks
Gly-Gly-Gly / Ks Gly-Gly = 1.7). This may be attributed to
the strict size and shape between the host and guest. Pos-
sessing a relatively long skeleton and less branched chains,
Gly-Gly-Gly is able to fully enjoy the cooperative multi-
point binding of the long-tethered bis(b-CD) 1 as compared
with the Gly-Gly guest. Moreover, the hydrogen bonding in-
teractions between one of the carbonyl groups in Gly-Gly-
Gly and the amino groups (–NH2

+–) in the linker of the
bis(b-CD) 1 further promotes the host–guest inclusion com-
plexation. As a joint result of these two factors, the bis (b-
CD) 1 toward Gly-Gly-Gly gives a stronger binding ability.
Another intriguing phenomenon is that the bis (b-CD) 1
shows higher binding ability upon complexation with Gly-
Leu (Ks = 14 700 (mol/L)–1) as compared with Leu-Gly
(Ks = 3220 (mol/L)–1). This result seems reasonable, since
the guest Gly-Leu and diamino group in 1 are closely lo-
cated, and the electrostatic and hydrogen bonding interac-
tions between the protonated linker (–NH2

+–) and Leu
COO– will provide the additional binding interactions be-
tween the host and guest, which consequently favors the
host–guest inclusion complexation to some extent. In con-
trast, the inclusion of the Leu-Gly guest inevitably causes
electrostatic repulsion between the linker NH2

+ of the bis(b-
CD) 1 and Leu NH3

+ groups of Leu-Gly, resulting in poor
host–guest inclusion. Owing to the multiple recognition
mechanism involving size and shape fit, hydrophobic elec-
trostatic, and hydrogen bonding interactions, the Ks values
for the bis(b-CD) 1 with oligopeptides are variable accord-
ing to the guest structures from 240 to 14 700 (mol/L)–1.
The host 1 gives an exciting residue selectivity of up to
61.3 for the Gly-Leu/Glu-Glu pair, and a relatively higher
sequence selectivity of up to 4.6 for the Gly-Leu/Leu-Gly
pair.

Conclusions
In summary, the conformation and binding behavior of

4,4’-diaminodiphenyl disulfide bridged bis(b-CD) (1) with
aliphatic oligopeptides has been investigated. The guest-
induced fluorescence enhancement of the bis(b-CD) 1 opens
a new channel for the design of materials. Owing to the
multiple recognition mechanism, the bis(b-CD) 1 not only
affords the highest binding constants of 14 700 (mol/L)–1 for
Gly-Leu, but can also recognize the size and hydrophobicity
of oligopeptides, exhibiting dramatically high residue selec-
tivity. These results provide a convenient and powerful
method for controlling the binding behavior of dimeric re-
ceptors in aqueous solution, which should be useful for the
design and synthesis of new supramolecular systems and
further improve the understanding of the molecular multiple
recognition mechanism in supramolecular systems.
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Synthesis and reactivity of bis-alkynyl appended
metallocenes of Ti, Fe, and Co

Preeti Chadha, Jason L. Dutton, and Paul J. Ragogna

Abstract: (Dimethyl)(phenylethynyl)silyl-substituted cyclopentadiene C5H5SiMe2C2Ph (1) was synthesized by the reaction
of in situ generated C5H5SiMe2Cl with LiC2Ph. Metallation of 1 with nBuLi or KN(SiMe3)2 gave the corresponding Li (2)
and K (3) salts. Transmetallation of 2 with transition metal halides MCl2 (M = TiCl2, Fe, and Co) generated the corre-
sponding early and late transition metal metallocenes (4, 5, and 6) with pendant alkynyl substituents. Compounds 4 and 6
are the first examples of bis alkyne appended Ti and Co metallocenes. Complexes 5 and 6 undergo alkyne dimerization in
the presence of CpCo(CO)2 generating metallocenophanes 7 and 8 incorporating two metal atoms. Compounds 3, 4Cl2, 6,
and [8][OTf] have been characterized by single crystal X-ray structure analysis.

Key words: cyclopentadiene, alkyne, titanium, cobalt, heterometallic, metallocenophane.

Résumé : On a réalisé la synthèse du (diméthyl)(phényléthynyl)silylcyclopentadiène, C5H5SiMe2C2Ph (1) par réaction du
chlorure de (diméthyl)(phényléthynyl)silyle, C5H5SiMe2Cl avec le LiC2Ph. La métallation du produit 1 avec nBuLi ou le
KN(SiMe3)3 conduit aux sels correspondants du lithium (2) ou du potassium (3). La transmétallation du produit 2 avec des
halogénures de métaux de transitions, MCl2 (M = TiCl2, Fe et Co) conduit aux métallocènes correspondants (4, 5 et 6) de
métaux de transition du début et de la fin de cette série portant des substituants alcynyles. Les composés 4 et 6 sont les
premiers exemples de métallocènes du titane et du cobalt portant deux appendices bisalcyne. Les complexes 5 et 6, mis en
présence de CpCo(CO)3, donnent lieu à une dimérisation de l’alcyne qui conduit aux métallocénophanes 7 et 8 incorporant
deux atomes métalliques. On a caractérisé les composés 3, 4Cl2, 6 et [8][OTf] par diffraction des rayons-X par un cristal
unique.

Mots-clés : cyclopentadiène, alcyne, titane, cobalt, hétérométallique, métallocénophane.

[Traduit par la Rédaction]

Introduction
Cyclopentadienyl (Cp) ligands are one of the most com-

mon ligands used in organometallic chemistry as they form
complexes with most of the transition metals. Various func-
tional groups have been attached to the Cp ring such as
phosphines,1 amines,2 and carboxylates,3 as well as directly
linked hetero atoms including numerous p-block elements4

and transition metals.5 In many of these cases, the substitu-
ents are attached to the p-ligand framework early on during
the ligand synthesis, prior to complexation of the central
metal. The attachment of various types of alkenyl substitu-
ents continues to be of considerable interest, since it allows
for the development of organic functional group chemistry
at the framework of the preassembled metallocene systems.
This includes addition reactions,6 carbon–carbon coupling
reactions at the metallocene backbone resulting in the for-
mation of ansa-metallocenes by intramolecular olefin meta-
thesis (RCM),7 photochemical [2 + 2] cycloaddition
reactions,8 or by a Mannich type reaction.9 However, there
are few examples of metallocenes with alkyne-appended Cp
ligands except for the group 8 metals, which are easily ac-
cessible owing to their high stability under various condi-

tions.10 The bis-alkynyl substituted ferrocenes have been
primarily prepared by the coupling of alkynes with diiodo
ferrocene.11a,11b To make these alkyne substituents more ac-
cessible for other transition metals, we have developed a
preassembled alkyne-appended Cp ligand (1), which can
then be attached to various metals such as Ti, Co, and Fe to
generate the corresponding metallocenes.

In this context, we describe the synthesis of an alkyne-
appended Cp ligand where the alkyne is bridged to the Cp
ring by the heteroatom silicon. Various metallocenes have
been synthesized using the ligand, and dimerization of the
alkyne substituent has been carried out yielding metalloce-
nophanes 7 and 8 incorporating two metal atoms.

Results and discussion

Synthesis

Ligand synthesis
The 1:1 stoichiometric reaction of LiCp with Me2SiCl2

at –40 8C in THF resulted in a pale yellow solution. The re-
action mixture was allowed to stir for 3–4 h, warming
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slowly to room temperature. The reaction mixture was
cooled again to –40 8C and 1 stoichiometric equiv of lithium
phenyl acetylide was added (Scheme 1). The solvent was re-
moved in vacuo and the solids washed with n-pentane and
filtered. The filtrate was concentrated resulting in the forma-
tion of a yellow-orange oil. Proton NMR spectroscopy of the
crude oil revealed signals consistent with one major product;
however, one broad signal was observed for the Cp protons at
room temperature. Upon lowering the temperature to –20 8C,
the Cp protons became resolved within the NMR spectra and
the three expected isomers (1a–1c) were detected. The ratio
of the three isomers 1a (84%), 1b (13%), and 1c (3%) were
obtained by 1H NMR spectroscopy at –20 8C.11 The presence
of the three isomers were confirmed by 29Si NMR spectro-
scopy (1H-29Si gHMBC) and were observed at dSi = –18.6
for 1a and dSi = –25 ppm for 1b and 1c). The intermediate
CpSiMe2Cl11a generated during the initial reaction of LiCp
and Me2SiCl2 was not isolated as it has a very low boiling
point,12 which hinders its isolation in good yields. The in situ
generation of CpSiMe2Cl in a one-pot procedure results in
higher yields of 1. In an independent recent report by Roewer
and co-workers,13 where the CpSiMe2Cl was isolated, the
yield was 30%, whereas our approach gives a 50% yield. Re-
verse addition of Me2SiCl2 to the LiCp solution leads to the
formation of other unwanted side products, namely Cp2SiMe2.
Traces of Cp2SiMe2 and (PhC2)2SiMe2 were identified in the
crude mixture resulting from slight variations in the stoichi-
ometry. Further purification was carried out by fractional dis-
tillation to give the ligand (1) in 50% overall yield. The
ligand must be pure before attempting the subsequent depro-
tonation to generate the lithium salt (2) cleanly. Freshly pre-
pared 1 was either stored at –30 8C or converted to its stable
Li or K salt (213 and 3, respectively) by deprotonation with
either nBuLi or KN(SiMe3)2. Single crystals were obtained
for the potassium salt (3) by slow diffusion of n-pentane into
a THF solution of the ligand and X-ray diffraction studies
confirmed the expected connectivity (Fig. 1).

Metallation of the ligand — Formation of cyclopentadienyl
sandwich complexes

To probe the reactivity and utility of the ligand, metal–Cp
complexes were synthesized. The general scheme for the
synthesis of the (RC5H4)2M complexes (M = TiCl2, Fe, Co;
R = SiMe2C2Ph) involved transmetallation of the lithium
salt (2) with the corresponding transition metal halide. Reac-
tion of 2.4 stoichiometric equiv of 2 with TiCl4 in n-hexane
resulted in a colour change from white to yellow and finally
to red over a period of 4 h. Proton NMR spectra obtained
from the yellow solution showed two sets of Cp pseudo trip-
lets and when the reaction mixture turned red, only one set
of Cp protons remained. An excess of the ligand 2 (2.4 stoi-

chiometric equiv instead of 2) was used to ensure complete
conversion. The red solution was filtered, cooled to –30 8C
for complete precipitation of LiCl, filtered again, then con-
centrated and left at –30 8C allowing red crystals of 4Cl2 to
form. X-ray quality crystals of 4Cl2 were obtained from a
concentrated n-hexane solution (see X-ray crystallography,
see Fig. 2). Compound 4Cl2 was treated with 3 stoichiomet-
ric equiv of MeMgCl in an Et2O / n-hexane mixture resulting
in a colour change from red to yellow-orange (Scheme 2).
The 1H NMR spectrum of an aliquot of the reaction mixture
showed a significant shift of the Cp protons (Dd = 0.59 in
4Cl2 to Dd = 0.09 in 4Me2) and an upfield shift of 0.3 ppm
in the methyl groups attached to the silicon atom (Table 1).
An upfield shift of ~6 ppm is observed in the 29Si NMR
spectrum of 4Cl2 and 4Me2 when compared with the free
ligand (1).

Treatment of 2 with 0.5 stoichiometric equiv of anhydrous
FeCl2 or CoCl2 in THF at room temperature resulted in the
formation of a yellow-orange or red solution, respectively,
over a period of 3–4 h (Scheme 2). The solvent was re-
moved in vacuo, the residue washed with n-pentane, and
centrifuged. The n-pentane was then removed to give orange
or red-maroon solids, respectively. The orange solid was
identified as compound 5 by comparison with the literature.14

However, the literature procedure involves the reaction be-
tween dilithio-ferrocene and chloro(dimethyl)(phenylethynyl)
silane, which is not readily accessible. Compound 5 was fur-
ther purified by sublimation or recrystallization from n-hexane.
The 1H NMR spectrum of the redissolved red-maroon pow-
der showed a singlet at 3.62 ppm integrating to six protons
(SiMe2), a doublet and two triplets in the aryl region inte-
grating in a 2:2:1 ratio. The Cp protons were not observed
owing to the paramagnetic nature of compound 6. Single
crystals were obtained from a concentrated Et2O solution of
the red-maroon powder and X-ray diffraction studies showed
the expected connectivity (Fig. 3).

Compound 6 was purified by recrystallization from
Et2O / n-pentane and was then oxidized with AgOTf to form
compound [6][OTf], allowing full NMR spectroscopic char-
acterization.

Scheme 1. Synthesis and deprotonation of the ligand.

Scheme 2. Synthesis of compounds 4Cl2, 4Me2, 5, and 6.
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Cyclization of the alkyne moiety
Compounds 5, 6, and [6][OTf] were photolyzed with

CpCo(CO)2 to study if the alkynes undergo inter- or intra-
molecular cyclization. The reactions were performed in ben-
zene-d6 and monitored by 1H NMR spectroscopy. The
reaction proceeded to completion over a period of 40 h
(Scheme 3). Some decomposition was observed, resulting in
the formation of a brown solid, which was filtered off, the
volatiles removed, and the residue washed with n-pentane
to give orange (7) and brown solids (8 and [8][OTf]), re-
spectively. The 1H NMR spectra of the solids revealed a
lowering of symmetry resulting in four different signals for
the cyclopentadienyl rings and two different methyl signals
in 7 and [8][OTf] for the silicon-bound methyl groups.

Carbon-13 NMR spectra of 7 and [8][OTf] revealed an
upfield shift in the alkyne carbon signals (d = 93 and
106 ppm in 5 to d = 66 and 88 ppm in 7; see Table 1),
which is typical of CbCoCp complexes15, giving evidence
for the formation of a cyclobutadiene ring. A similar effect
was observed for [8][OTf]. Silicon-29 NMR spectrum
showed a downfield shift of about 12 ppm in both 7 and
[8][OTf].

Compound [8][OTf] can be prepared either by the alkyne
cyclization of [6][OTf] or by the cyclization of 6 first to
form 8 and then oxidation of 8 with AgOTf to yield
[8][OTf] (Scheme 3).

X-ray crystallography
The solid-state structure of the potassium salt of the li-

gand (3) shows that the K atom is sandwiched between two
Cp rings and is coordinated by a THF molecule. The inter-
action between the K and the Cp rings gives rise to extended
zigzag chain structure (Fig. 1), reminiscent of group 1 met-
allocenes.1a,16,17 The K–Cpcentroid distances are 2.81 Å and
2.82 Å; the Cpcentriod–K–Cpcentriod angle is 138.08; the K–K–
K angle is 138.58; and the K–Cpcentroid–K angle is 173.28,
which are indicative of a formal coordination number of 8
for each K atom.17 This suggests an interaction with the al-
kyne filling the eighth coordination site (K–C8 =
3.406(3) Å). Similar interaction was observed for an ap-
pended alkene moiety; however, the interaction was slightly
weaker (3.58(3) Å).17

The molecular structure of 4Cl2 reveals the anticipated
connectivity (Fig. 2).18 Selected bond lengths and angles are
given in Table 2. The alkyne fragments are oriented away
from each other and away from the metal centre, and there
is no interaction observed between the metal and the alkyne.

In the solid-state structure of 6 (Fig. 3), the two alkynes
are oriented away from each other in a trans fashion, the
two Cp rings being completely staggered, with the alkynes
bent towards the metal centre as opposed to 4Cl2. However,
for the cyclization to take place, the alkynes are forced to
rotate to obtain a cis geometry. As reported earlier for vari-
ous [2 + 2] cyclization reactions at the cobalt centre,19 initial
complexation of one of the alkynes with the cobalt centre,
probably drives the formation of the cyclized products 7, 8,
and [8][OTf]. In this case, the formation of only one isomer
(cis isomer) was observed where the two phenyl groups are
cis to each other, as seen from the solid-state structure of
[8][OTf] (Fig. 4) and from NMR spectroscopy. There is no
indication of intermolecular cyclization. The change from sp
to sp2 hybridization is clearly evident on comparison of the
C–Calkyne bond lengths in 8 and [10][OTf], which changes
from 1.20 Å (avg.) in 6 to 1.48 Å (avg.) in [8][OTf], typical
of other CbCoCp compounds (Table 2). The Si–CCalkyne

Fig. 1. Extended solid-state structure of 3. Thermal ellipsoids are
drawn to the 50% probability level and hydrogen atoms are re-
moved for clarity. The THF molecule is disordered with the four
carbon atoms occupying two different positions of 50% occupancy
each. Only one set of carbon atoms is shown for THF.

Fig. 2. Solid-state structure of (RC5H4)2TiCl2 (4Cl2), R = Si-
Me2C2Ph. Thermal ellipsoids are drawn to the 50% probability
level and hydrogen atoms are removed for clarity.

Scheme 3. Synthesis of compounds 7–8.
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bond length is slightly elongated in [8][OTf] (1.858(5) and
1.856(6) Å) compared with that in 6 (1.848(3) Å). The Cb–
Co–Cp angle remains almost linear (179.68), indicating that
the structure is not strained and is in accordance to what is
expected for a [4]cobaltocenophane.20 However, there are no
other known structures of [4]cobaltocenophanes. The crys-
tallographic data for 3, 4Cl2, 6, and [8][OTf] are found in
Table 3.

Similar [2 + 2] cyclization reactions of the appended al-
kynes in compound 4Me2 were, however, unsuccessful and
lead to the formation of multiple products as seen from the
1H NMR spectrum of the crude sample.

Conclusion
Early and late transition metal metallocenes (4Cl2, 4Me2,

6, and 7) with a cyclopentadienyl ligand bearing an ap-
pended alkyne moiety have been synthesized following a
general metathesis route with the preassembled ligand system.
Compounds 4 and 6 are the first examples of bis(alkyne)-
appended Ti and Co metallocenes. This shows the potential
of this ligand to form complexes with a wide variety of tran-
sition metals. Alkyne dimerization of the appended alkynes
gave rise to metallocenophanes 7 and 8 incorporating two
metal atoms. Compound 8 is the first example of a [4]cobalt-
ocenophane with a single Si2C2 bridge.

Experimental section
Manipulations were performed in an N2-filled MBraun

Labmaster 130 glovebox in 4 dram vials (1 dram =
3.552 cm3) affixed with Teflon-lined screw caps or using
standard Schlenk techniques. Dichloromethane, THF,
MeCN, Et2O, n-pentane, and n-hexane were obtained from
Caledon Laboratories and dried using the MBraun solvent
purification system that utilizes appropriate drying agents.
The dried solvents were stored in Straus flasks under a N2
atmosphere or over 4 Å molecular sieves in the glovebox.
Solvents for NMR spectroscopy (CDCl3, C6D6, CD3CN, and
C5D5N) were purchased from Cambridge Isotope Laborato-
ries and dried by stirring overnight over CaH2, distilled prior
to use, and stored in the glovebox over 4 Å molecular
sieves.

Dicyclopentadiene and phenyl acetylene were purchased
from Sigma-Aldrich and distilled prior to use. Lithium cy-
clopentadienide21a and lithium phenylacetylide21b were pre-
pared using literature methods. nBuLi (1.6 mol/L solution in
n-hexane), MeMgCl (2 mol/L solution in THF),
KN(SiMe3)2, and PPh3 were purchased from Sigma-Aldrich
and used as received. Cobalt chloride, FeCl2, and
CpCo(CO)2 were purchased from Strem Chemicals. Dichloro-
dimethylsilane was purchased from the Fluka Chemical
Company, dried over CaH2, distilled prior to use, and stored
in the glovebox. Titanium tetrachloride (TiCl4) and AgOTf
were purchased from Alfa Aesar and used as received (OTf =
triflate; trifluoromethanesulphonate).

NMR spectra were recorded using a Varian INOVA
400 MHz spectrometer (31P = 161.83 MHz, 29Si =
19.86 MHz, and 13C = 100.52 MHz). Phosphorus-31 NMR
spectra was externally referenced to 85% H3PO4 (d =
0.00 ppm). Proton and 13C{1H} NMR spectra were refer-
enced relative to Me4Si using the NMR solvent (1H–CHCl3,
d = 7.26 ppm; C6HD5, d = 7.16 ppm; CHD2CN, d =
1.96 ppm; C5HD4N, d = 8.74, 7.58, or 7.22 ppm; 13C{1H}–
CDCl3, d = 77.2 ppm; C6D6, d = 128.4 ppm; CD3CN, d =
1.3 or 118.3 ppm; C5D5N, d = 150.2, 135.9, or 123.9 ppm).
Fluorine-19 NMR spectra were referenced relative to CFCl3
(d = 0.00 ppm) using neat Ph–CF3 (d = –63.7 ppm) as an
external standard. Silicon-29 NMR chemical shifts were de-
termined by gradient heteronuclear multiple bond coherence
(gHMBC) experiments. FT-IR spectra were collected on
samples as thin films on KBr plates or as a KBr disk using
a Bruker Tensor 27 spectrometer, with a resolution of
4 cm–1. Decomposition and (or) melting points were re-
corded in flame-sealed capillary tubes using a Gallenkamp
variable heater. Suitable single crystals for X-ray diffraction
studies were individually selected under Paratone-N oil and

Table 1. Selected spectral data for compounds 1–8.

Spectral data

Compound 29Si (ppm) 13C (Si–CC–Ph) (ppm)

1H NMR shifts (ppm)

Cp DdCp SiMe2

1 6.59, 6.67 0.08 0.10
4Cl2 –25.0 93.51, 107.96 6.20, 6.79 0.59 0.65
4Me2 –25.8 93.29, 107.57 6.35, 6.44 0.09 0.35, 0.39
5 –21.5 93.40, 106.00 4.35, 4.51 0.16 0.52
7 –9.3 66.42, 88.11 (Cb) 4.16, 4.27, 4.46 0.40, 0.60
[6][OTf] –22.5 92.71, 109.34 5.73, 5.93 0.20 0.47
[8][OTf] –9.8 61.35, 88.77 (Cb) 4.96, 5.78, 6.09, 6.48 0.08, 0.41

Fig. 3. Solid-state structure of compound 6. Thermal ellipsoids are
drawn to the 50% probability level and hydrogen atoms are
removed for clarity.
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mounted on nylon loops and immediately placed in a cold
stream of N2 (150 K). Data were collected on a Bruker Non-
ius Kappa CCD X-ray diffractometer using graphite-
monochromated Mo Ka radiation (l = 0.710 73 Å). The sol-
ution and subsequent refinement of the data were performed
using the SHELXTL suite of programs. Elemental analyses
were performed by Columbia Analytical Services, Tucson,
Arizona. Mass spectra were recorded using an electron ion-

ization Finnigan MAT 8200 mass spectrometer. Photolysis
experiments were performed using an Ace Glass medium
pressure 450 Watt mercury vapour lamp.

Elemental analysis was performed on compounds 7 and 8,
but the results obtained were not satisfactory. HRMS data is
provided for samples that do not decompose in the mass
spectrometer. Proton NMR data is provided in the support-
ing information as a proof of purity of the samples.

Synthesis of ligand (1a–1c)
A solution of LiCp (6.25 g, 87 mmol; 100 mL THF) was

added to a solution of Me2SiCl2 (10.5 mL, 87 mmol; 30 mL
THF ) at –40 8C, at which time the solution turned yellow.
The reaction mixture was allowed to slowly warm to 0 8C,
then the cold bath was removed and the reaction mixture
was stirred for a further 3–4 h at room temperature (RT).
The flask was then cooled to –40 8C and PhC2Li (9.39 g,
87 mmol; 40 mL THF) was added, generating an orange sol-
ution. The reaction mixture was stirred for 15 h. The vola-
tiles were removed under vacuum, and the resulting mixture
taken up in n-hexane or n-pentane, filtered to remove LiCl,
and the volatiles removed in vacuo to yield a yellow-orange
liquid. The liquid was then distilled under vacuum (0.1 Torr;
1 Torr = 133.322 4 Pa) and the required fraction was obtained
at 100 8C. Yield: 9.74 g, 50%. 1H NMR (CDCl3, –20 8C) d:
major isomer 1a (84%): 0.10 (s, 6H, Me), 3.59 (m, 1H, Cp),
6.59 (m, 2H, Cp), 6.67 (m, 2H, Cp), 7.32 (m, 3H, Ph), 7.49
(m, 2H, Ph); isomer 1b (13%): 0.40 (s, 6H, Me), 3.16 (m,
2H, Cp), 6.74 (m, 2H, Cp), 7.01 (m, 1H, Cp); isomer 1c
(3%): 0.41 (s, 6H, Me), 3.09 (m, 2H, Cp), 6.63 (m, 2H, Cp,
overlapped with other Cp from isomer 1b), 6.89 (m, 1H,
Cp). All phenyls are overlapped. 13C{1H} NMR (CDCl3) d:
major isomer 1a: –2.9 (Me), 51.1 (Cp, CHSiMe2), 92.5
(CC–SiMe2), 105.8 (CC–Ph), 122.9 (Ph), 128.3 (Ph), 132.1
(Ph), 133.1 (Ph), 138.8 (Cp), 143.6 (Cp); isomer 1b: –0.5
(Me), 45.3 (Cp, CH2), 92.9 (CC–SiMe2), 105.9 (CC–Ph),
123.2 (Ph), 128.6 (Ph), 128.8 (Ph), 131.2 (Ph) 135.1 (Cp),
144.1 (Cp), 144.6 (Cp). 29Si NMR (CDCl3) d: –18.6 ppm
(major isomer 1a), –28 ppm (isomers 1b and 1c). FT-IR
(cm–1) (ranked intensity): 434 (12), 536 (13), 690 (2), 732
(9), 756 (3), 801 (5), 819 (10), 846 (1), 981 (7), 950 (11),
1066 (14), 1250 (6), 1488 (8), 2159 (4), 2960 (15). ESI-MS
(m/z): M+ (224, 26%), M+ – Me (209, 10%), M+ – Cp (159,
100%).

Synthesis of LiC5H4SiMe2C2Ph (2)
nBuLi (10.5 mL of a 1.6 mol/L solution in n-hexane) was

Table 2. Selected bond lengths and angles for compounds 3, 4Cl2, 6, and [8][OTf].

Compound

3 4Cl2 6 [8][OTf]

Bond length (Å)
M—Cpcentroid 2.81(±0.01) 2.06(±0.01) 1.72(±0.01) 1.64(±0.01)
C—Calkyne 1.200(4) 1.200(4), 1.203(4) 1.207(3) 1.475(7), 1.477(7), 1.488(7), 1.506(7) (Cb)

Bond angles (8)
Cpcentroid–M–Cpcentroid 138(±1) 132(±1) 180(±1) 179(±1)
(Cp)C–Si–Calkyne 107.5(1) 107.0(1), 101.6(1) 111.2(1) 109.3(2), 109.4(3)
Si–C–Calkyne 173.0(3) 168.3(3), 176.5(3) 175.1(2) —
Ph–C–Calkyne 179.4(3) 175.0(4), 177.6(4) 177.8(3) —

Fig. 4. Solid-state structure of compound [8][OTf]. Thermal ellip-
soids are drawn to the 50% probability level and hydrogen atoms
are removed for clarity. The triflate anion is disordered and has
been removed for clarity.
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added to purified 1 (3.72 g, 16.60 mmol; 100 mL n-hexane)
at –30 8C. The reaction mixture was allowed to slowly
warm over a period of 8 h over which time a white solid
precipitated. The suspension was filtered under nitrogen,
and the solids were collected, washed twice with n-hexane
or n-pentane (30 mL), and dried under vacuum. Yield:
3.44 g, 90%; dp 55 8C. Note: Without the extended stirring,
the yield will be low (2.29 g, 60%, 4 h. 1H NMR (C5ND5) d:
0.79 (s, 6H, Me), 6.64 (b, 2H, Cp), 6.79 (b, 2H, Cp), 7.34
(b, 3H, Ph), 7.62 (b, 2H, Ph). 13C{1H} NMR (C5ND5) d: 1.6
(Me), 98.8 (Cp), 104.3 (CC), 106.1 (CC), 108.5 (Cp), 113.2
(Cp), 124.6 (Ph), 128.3 (Ph), 128.6 (Ph), 132.0 (Ph). 29Si
NMR (C5ND5) d: –29.9 ppm. FT-IR (cm–1) (ranked inten-
sity): 434 (10), 536 (12), 689 (4), 768 (2), 805 (6), 847 (1),
980 (13), 1039 (8), 1177 (9), 1220 (14), 1248 (3), 1440 (15),
1489 (7), 2159 (5), 2959 (11). ESI-MS (m/z): M+ – Li (224,
19%), M+ – (Me + Li) (209, 11%), M+ – (Cp + Li) (159,
100%).

Synthesis of KC5H4SiMe2C2Ph (3)
Potassium bis(trimethylsilyl)amide (0.089 g, 0.446 mmol;

5 mL Et2O) was added to 1 (0.1 g, 0.446 mmol; 20 mL n-
hexane) at –30 8C. The reaction mixture was stirred for
3.5 h after which a white precipitate was filtered, washed
twice with n-pentane (8 mL), and then dried in vacuo.
Yield: 0.11 g, 93%. X-ray quality crystals were obtained by
a slow diffusion of n-pentane into a THF solution of 3 at
RT; dp 60 8C. 1H NMR (C5ND5) d: 0.73 (s, 6H, Me), 6.67
(b, 2H, Cp), 6.82 (b, 2H, Cp), 7.21 (overlapped with Py-d5,

3H, Ph), 7.50 (d, 2H, Ph). 13C{1H} NMR (C5ND5) d: 2.0
(Me), 110.3 (Cp), 114.5 (Cp), 128.7 (Ph), 129.0 (Ph), 132.5
(Ph) (quaternary carbons not observed owing to low solubil-
ity and stability of the compound in C5ND5). 29Si NMR
(C5ND5) d: –30.5 ppm. FT-IR (cm–1) (ranked intensity): 443
(7), 656 (13), 674 (5), 690 (8), 740 (1), 778 (4), 826 (2),
1038 (3), 1185 (6), 1246 (9), 1346 (15), 1438 (11), 1487
(12), 2147 (10), 3052 (14).

Synthesis of (C5H4SiMe2C2Ph)2TiCl2 (4Cl2)
A slurry of LiC5H4SiMe2C2Ph (0.91 g, 3.30 mmol; 50 mL

n-hexane) was cooled to –35 8C and TiCl4 (0.15 mL,
1.37 mmol; 2 mL n-hexane) was added to the slurry when
the colour of the reaction mixture turned from white to yel-
low and finally to red. The cold bath was removed when the
temperature reached –5 8C and the reaction mixture was al-
lowed to warm up to room temperature over 4 h, at which
time stirring was stopped and the solids settled, the reaction
mixture was filtered, and the filtrate was cooled to –30 8C, fil-
tered a second time, concentrated, and then left in a –30 8C
freezer overnight. Red crystals were formed that were col-
lected and dried. Yield: 0.54 g, 70%; mp 107 8C. 1H NMR
(C6D6) d: 0.65 (s, 6H, Me), 6.20 (pt, 4H, Cp), 6.79(pt, 4H,
Cp), 6.90–6.92 (m, 6H, Ph), 7.45–7.47 (m, 4H, Ph).
13C{1H} NMR (C6D6) d: 0.7 (Me), 93.5 (SiCC), 108.0
(CCPh), 120.3 (Cp), 123.7 (Ph), 127.2 (Cpipso), 128.9 (Ph),
129.3 (Ph), 131.3 (Cp), 132.6 (Ph). 29Si NMR (C6D6)
d: –25 ppm. FT-IR (cm–1) (ranked intensity): 537 (9), 690
(5), 756 (3), 805 (2), 847 (1), 898 (10), 1026 (12), 1043 (8),

Table 3. Crystal data for compounds 3, 4Cl2, 6, and [8][OTf].

3 4Cl2 6 [8][OTf]
Empirical formula C19H23KOSi C30H30Cl2Si2Ti C30H30CoSi2 C37H37Cl2Co2F3O3SSi2
Formula weight 334.56 565.52 505.65 863.67
Colour, form Colourless, block Red, plate Red, plate Red, plate
Crystal size (mm) 0.15�0.1�0.1 0.25�0.2�0.04 0.58�0.25�0.18 0.33�0.18�0.12
Crystal system Monoclinic Monoclinic Monoclinic Monoclinic
Space group P2(1)/c P2(1)/c P2(1)/n P2(1)/c
a (Å) 8.921(2) 6.532(1) 9.870(2) 18.210(4)
b (Å) 21.330(4) 35.024(7) 5.875(1) 10.181(2)
c (Å) 10.523(2) 12.645(3) 22.102(4) 20.404(4)
b (8) 107.55(3) 95.00(3) 93.38(3) 96.53(3)
V (Å3) 1909.1(7) 2881.9(1) 1279.4(4) 3758.2(1)
Z 4 4 2 4
Dc (Mg m–3) 1.164 1.303 1.313 1.526
m (mm–1) 0.341 0.583 0.781 1.195
Absorption correction Semi-empirical from equivalents
F(000) 712 1176 530 1768
q range (8) 2.04–27.48 2.04–27.48 1–27.48 1–27.48
Observed reflections 7802 12061 4854 15206
Independent reflections 4360 6618 2885 8557
Data–restraints–parameters 4360–193–238 6618–0–320 2885–0–151 8557–2–418
Temp (K) 150(2) 150(2) 150(2) 150(2)
R indices (I > 2s(I))a,b 0.058, wR2 = 0.132 0.059, wR2 = 0.150 0.043, wR2 = 0.097 0.077, wR2 = 0.208
R indices (all data)a,b 0.122, wR2 = 0.161 0.096, wR2 = 0.173 0.071, wR2 = 0.108 0.132, wR2 = 0.250
Goodness-of-fit (S)a 1.059 1.071 1.088 1.061
Largest diff. peak and hole (e Å–3) 0.29 and –0.42 0.53 and –0.73 0.52 and –0.43 1.20 and –1.21

aR ¼ SjjFoj � jFcjj=SjFoj; wRðF2Þ ¼ ½SwðF2
o � F2

c Þ2�1=2; S ¼ ½SwðF2
o � F2

c Þ2=ðn� pÞ�1=2 (n = No. of data; p = No. of parameters varied.
bw ¼ 1=½s2ðF2

oÞ þ ðaP2Þ þ bP�), where P ¼ ðF2
o þ 2Fc2Þ=3 and a and b are constants suggested by the refinement program.
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1069 (11), 1220 (14), 1251 (7), 1442 (15), 1488 (6), 2158
(4), 2960 (13). ESI-MS (m/z): M+ – Cl (529). Elemental
anal. calcd: C, 63.72; H, 5.35; Found: C, 64.10; H, 5.49.

Synthesis of (C5H4SiMe2C2Ph)2TiMe2 (4Me2)
(C5H4SiMe2C2Ph)2TiCl2 (4Cl2) (0.20 g, 0.35 mmol;

40 mL Et2O / n-hexane (1:1.5) was treated with 3 stoichio-
metric equiv of MeMgCl (0.35 mL, 1.05 mmol; 3 mol/L sol-
ution in THF) at –15 8C. The reaction mixture was stirred
for 4 h during which time it warmed to room temperature
and the colour changed from red to yellow-orange. The
LiCl was filtered off and the yellow-orange solution was
concentrated to give orange oil. Yield: 0.15 g, 80%. 1H
NMR (C6D6) d: 0.40 (s, 6H, Me), 0.42 (s, 12H, Me), 6.38
(pt, 4H, Cp), 6.47 (pt, 4H, Cp), 6.90–6.91 (m, 6H, Ph),
7.47–7.49 (m, 4H, Ph). 13C{1H}NMR (C6D6) d: 0.9 (Me),
48.3 (Me), 93.3 (SiCC), 107.57 (CCPh), 116.8 (Cpipso),
118.7 (Cp), 121.9 (Cp), 123.7 (Ph), 128.9 (Ph), 129.3 (Ph),
132.5 (Ph). 29Si NMR (C6D6) d: –25.8 ppm. FT-IR (cm–1)
(ranked intensity): 442 (13), 537 (11), 689 (4), 756 (3), 823
(1), 905 (10), 1027 (14), 1047 (7), 1070 (15), 1186 (9), 1251
(5), 1488 (8), 2159 (2), 2888 (12), 2958 (6). ESI-MS (m/z):
M+ – Me (507). Elemental anal. calcd: C, 73.26; H 6.92.
Found: C, 72.54; H, 6.23.

Synthesis of (C5H4SiMe2C2Ph)2Fe (5)
A solution of LiC5H4SiMe2C2Ph (2) (0.36 g, 1.58 mmol;

3 mL THF) was added to a solution of anhydrous FeCl2
(0.1 g, 0.79 mmol; 5 mL THF) at room temperature. The re-
action mixture was stirred for 4 h, during which time the
colour turned dark yellow. The volatiles were then removed,
the residue redissolved in n-pentane, and filtered to remove
LiCl. The filtrate was then concentrated to give an orange
solid. Yield: 0.317 g, 80%; mp 75 8C. The orange solid was
then sublimed at 140 8C onto a cold finger at –18 8C. 1H
NMR (C6D6) d: 0.52 (s, 12H, Me), 4.35 (pt, 4H, Cp), 4.51
(pt, 4H, Cp), 6.91–6.95 (m, 6H, Ph), 7.49–7.53 (m, 4H, Ph).
13C{1H}NMR (C6D6) d: 0.6 (Me), 69.4 (Cp), 73.1 (Cp), 74.5
(Cp), 94.2 (SiCC), 106.8 (CCPh), 124.1 (Ph), 128.9 (Ph),
129.1 (Ph), 132.6 (Ph). 29Si NMR (C6D6) d: –21.5 ppm. FT-
IR (cm–1) (ranked intensity): 690 (7), 776 (2), 802 (4), 846
(1), 897 (14), 1036 (8), 1166 (3), 1220 (11), 1249 (6), 1383
(15), 1421 (13), 1442 (12), 1488 (9), 2158 (5), 2960 (10).
ESI-MS (m/z): M+ (502.2, 100%).14 lmax = 312 and 348 nm.

Synthesis of (C5H4SiMe2C2Ph)2Co (6)
LiC5H4SiMe2C2Ph (2) (0.17 g, 0.77 mmol) was added to a

solution of anhydrous CoCl2 (0.05 g, 0.38 mmol; 5 mL
Et2O), followed by the addition of 1 mL THF at room tem-
perature. The reaction mixture was stirred for 3–4 h, during
which time the colour turned dark red. The reaction mixture
was then filtered to remove the LiCl and the clear solution
was pumped down to give a sticky solid mass, which was
then washed twice with n-pentane and dried to yield a dark
maroon solid. Yield: 0.175 g, 90%; mp 80 8C. X-ray quality
crystals were obtained from concentrated Et2O solution
at –30 8C. 1H NMR (C6D6) d: 3.62 (b, 12H, Me), 6.81 (t,
2H, Ph), 7.07 (t, 4H, Ph), 7.46 (d, 4H, Ph); Cp protons were
not observed within the range of –2 to 14 ppm. FT-IR
(cm–1) (ranked intensity): 536 (13), 599 (14), 676 (8), 688
(7), 756 (2), 774 (4), 802 (1), 822 (3), 840 (5), 1034 (6),

1158 (11), 1250 (9), 1346 (15), 1486 (10), 2146 (12). ESI-
MS (m/z): M+ – 268 (237.1, 100%). Elemental anal. calcd:
C, 71.26; H, 5.98. Found: C, 71.49; H, 5.99. lmax = 335
and 429 nm.

Synthesis of 7
CpCo(CO)2 (0.04 g, 0.23 mmol) was added to a C6D6 sol-

ution of 5 (0.118 g, 0.335 mmol) in an NMR tube. The sol-
ution was then photolyzed with broad wavelength UV light
for 40–50 h. The reaction was monitored for completion by
1H NMR spectroscopy, after which the reaction mixture was
filtered, the solvent was removed in vacuo to give an orange
solid, which was washed with 0.5 mL n-pentane and dried
again. Yield: 0.136 g, 65%; mp 180 8C. 1H NMR (C6D6) d:
0.40 (s, 6H, Me), 0.60 (s, 6H, Me), 4.16 (b, 2H, Cp), 4.27
(b, 4H, Cp), 4.46 (b, 2H, Cp), 4.76 (s, 5H, Cp), 7.04–7.16
(m, 6H, Ph), 7.55 (d, 4H, Ph). 13C{1H} NMR (C6D6) d: 2.4
(Me), 4.1 (Me), 66.4 (SiC(Cb)), 69.3 (Cpipso), 71.9 (Cp),
72.6 (Cp), 74.5 (Cp), 75.2 (Cp), 82.8 (CpCo), 88.1
(CPh(Cb)), 126.9 (Ph), 128.5 (Ph), 129.7 (Ph), 138.4 (Ph).
29Si NMR (C6D6) d: –9.3 ppm. FT-IR (cm–1) (ranked inten-
sity): 666 (7), 696 (2), 765 (3), 813 (1), 898 (11), 1036 (6),
1110 (12), 1165 (5), 1245 (4), 1384 (8), 1439 (9), 1599 (10).
EI-MS (m/z): M+ (625.9, 100%). HRMS (EI) for
C35H35Si2FeCo (calcd: 626.09; found: 626.09. Elemental
anal. calcd: C, 71.69: H, 6.02. Found: C, 66.20; H, 5.50.
lmax = 357 and 423 nm.

Synthesis of [(C5H4SiMe2C2Ph)2Co(III)][OTf] ([6][OTf])
Addition of a solution of 8 (0.20 g, 0.40 mmol; 1 mL of

CH3CN or C6H6) to 1 equiv of AgOTf (0.11 g, 0.40 mmol)
resulted in the instantaneous formation of [6][OTf]. The
yield was quantitative by 1H NMR spectroscopy, but the
product could not be obtained as a solid. Removing the sol-
vent always resulted in a sticky mass, which was 90% pure
by 1H NMR spectrum. Yield: 0.233 g, 90%. 1H NMR
(C6D6) d: 0.47 (s, 12H, Me), 5.73 (b, 4H, Cp), 5.93 (b, 4H,
Cp), 7.05–7.09 (m, 6H, Ph), 7.61 (d, 4H, Ph). 1H NMR
(CD3CN) d: 0.56 (s, 12H, Me), 5.81 (pt, 4H, Cp), 5.92 (pt,
4H, Cp), 7.42–7.45 (m, 6H, Ph), 7.58 (d, 4H, Ph). 13C{1H}
NMR (CD3CN) d: –0.5 (Me), 89.2 (Cp), 90.6 (Cp), 91.0
(Cp), 92.7 (SiCC), 109.3 (CCPh), 122.9 (Ph), 130.0 (Ph),
130.9 (Ph), 133.2 (Ph). 19F NMR (CD3CN) d: –78.9 ppm.
29Si NMR (C6D6) d: –22.5 ppm. FT-IR (cm–1) (ranked inten-
sity): 691 (9), 737 (14), 759 (7), 805 (6), 825 (8), 851 (2),
1043 (3), 1117 (12), 1164 (4), 1230 (10), 1255 (1), 1385
(15), 1489 (11), 2159 (5), 2973 (13). ESI-MS (m/z): M+ –
OTf (505.1, 100%), M+ + [M – OTf]+ (1159.3).

Synthesis of 8
CpCo(CO)2 (0.03 g, 0.18 mmol) was added to a C6D6 sol-

ution of 6 (0.09 g, 0.18 mmol) in an NMR tube. The solu-
tion was then photolyzed with broad wavelength UV light
for 40–50 h. The reaction was monitored for completion by
1H NMR spectroscopy, after which the solution was filtered,
the solvent was removed in vacuo to give a brown solid,
which was washed with 0.5 mL of n-pentane four times and
dried again. Yield: 0.086 g, 75%. 1H NMR (C6D6) d: 3.77
(b, 12H, Me), 4.91 (b, 5H, Cp), 7.05 (b, 2H, Ph), 7.11 (b,
4H, Ph), 7.69 (b, 4H, Ph); other Cp protons were not ob-
served within the range of –2 to 14 ppm. FT-IR (cm–1)
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(ranked intensity): 664 (13), 696 (4), 770 (2), 805 (1), 1008
(8), 1035 (7), 1156 (9), 1247 (3), 1441 (11), 1488 (14), 1070
(15), 1597 (10), 1955 (6), 2017 (5), 2955 (12). HRMS (EI)
for C35H35Si2Co2 calcd: 629.094; found: 629.096.

Synthesis of [8][OTf]
Method I: Addition of a solution of 8 (0.40 g, 0.64 mmol;

2 mL of CH3CN or C6H6) to 1 equiv of AgOTf (0.16 g,
0.64 mmol) resulted in the instantaneous formation of
[8][OTf]. The reaction mixture was then filtered to remove
Ag, washed with n-pentane and Et2O, and the solvent was
removed in vacuo to give an orange solid. Yield: 0.32 g,
65%. Method II: CpCo(CO)2 (0.03 g, 0.18 mmol) was added
to a C6D6 or CD3CN solution of [6][OTf] (0.12 g,
0.18 mmol) in an NMR tube. The solution was then photo-
lyzed with broad wavelength UV light for 20–25 h. The re-
action was monitored for completion by 1H NMR
spectroscopy, after which the solution was filtered, the sol-
vent was removed in vacuo to give an orange solid, which
was washed with 0.5 mL n-pentane and 0.5 mL Et2O and
dried again. Yield: 0.09 g, 65%; mp 200 8C. X-ray quality
crystals were obtained by the slow diffusion of n-pentane
into a DCM solution of the compound at RT. 1H NMR
(C6D6) d: 0.08 (s, 6H, Me), 0.41 (s, 6H, Me), 4.61 (s, 5H,
Cp), 4.96 (b, 2H, Cp), 5.78 (b, 2H, Cp), 6.09 (b, 2H, Cp),
6.48 (b, 2H, Cp), 7.03–7.06 (m, 6H, Ph), 7.32–7.35 (m, 4H,
Ph). 13C{1H} NMR (C6D6) d: 1.0 (Me), 2.7 (Me), 61.3 (Cb),
82.7 (Cp), 88.8 (Cb), 89.5 (Cp), 89.7 (Cp), 90.0 (Cp),
90.4 (Cp), 91.2 (Cp), 127.5 (Ph), 128.9 (Ph), 129.5 (Ph),
137.0 (Ph); triflate was not observed. 19F NMR (C6D6)
d: –78.9 ppm. 29Si NMR (C6D6) d: –9.8 ppm. FT-IR (cm–1)
(ranked intensity): 444 (10), 516 (13), 636 (3), 671 (11), 700
(7), 775 (6), 820 (4), 894 (15), 1009 (9), 1030 (2), 1136 (5),
1223 (8), 1266 (1), 1386 (14), 1441 (12). ESI-MS (m/z):
M+ – OTf (629, 100%), M+ + 629 (1407.2), [(RC5H4)2Co]+

(505, 25%). HRMS (EI) for C35H35Si2Co2 calcd: 629.094;
found: 629.091. lmax = 316 and 427 nm.

Supplementary data
Supplementary data for this article are available on the

journal Web site (canjchem.nrc.ca). CCDC 768012–768015
contain the X-ray data in CIF format for this manuscript.
These data can be obtained, free of charge, via www.ccdc.
cam.ac.uk/conts/retrieving.html (or from the Cambridge
Crystallographic Data Centre, 12 Union Road, Cambridge
CB2 1EZ, UK; fax +44 1223 336033; or deposit@ccdc.
cam.ac.uk). Proton NMR spectra for the samples have been
provided.
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Worgull, D.; Franke, D.; Lauterbach, T.; Okkel, A.; Nieger,
M. Organometallics 2008, 27 (21), 5699. doi:10.1021/
om800700c.

(4) (a) Lancaster, S.; Hughes, D. L. Dalton Trans. 2003, (9):
1779. doi:10.1039/b300552f.; (b) Sujith, S.; Lee, B. Y.;
Han, J. W. Bull. Korean Chem. Soc. 2007, 28 (8), 1299.
doi:10.5012/bkcs.2007.28.8.1299.

(5) Whittell, G. R.; Partridge, B. M.; Presly, O. C.; Adams, C.
J.; Manners, I. Angew. Chem. Int. Ed. Engl. 2008, 47 (23),
4354. doi:10.1002/anie.200705672. PMID:18442143.

(6) Hill, M.; Erker, G.; Kehr, G.; Fröhlich, R.; Kataeva, O. J.
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Towards the development of new subtype-specific
muscarinic receptor radiopharmaceuticals —
Radiosynthesis and ex vivo biodistribution of
[18F]3-(4-(2-(2-(2-fluoroethoxy)ethoxy)ethylthio)-
1,2,5-thiadiazol-3-yl)-1-methyl-1,2,5,6-
tetrahydropyridine

Erik M. van Oosten, Alan A. Wilson, David C. Mamo, Bruce G. Pollock,
Benoit H. Mulsant, Sylvain Houle, and Neil Vasdev

Abstract: Muscarinic receptors have been implicated in neurological disorders including Alzheimer’s disease, Parkinson’s
disease, and schizophrenia. Nineteen derivatives of thiadiazolyltetrahydropyridine (TZTP), a core that has previously
shown high affinities towards muscarinic receptor subtypes, were synthesized and evaluated via in vitro binding assays.
The title compound, a fluoro-polyethyleneglycol analog of TZTP (4c), was subsequently labelled with fluorine-18. Fluo-
rine-18-labelled 4c was produced, via an automated synthesis, in an average radiochemical yield of 36% (uncorrected for
decay), with high radiochemical purity (>99%) and high specific activity (326 GBq/mmol; end-of-bombardment), within
40 min (n = 3). Ex vivo biodistribution studies following tail-vein injection of [18F]4c in conscious rats displayed sufficient
brain uptake (0.4%–0.7% injected dose / gram of wet tissue in all brain regions at 5 min post injection); however, there
were substantial polar metabolites present in the brain, thereby precluding future use of [18F]4c for imaging in the central
nervous system.

Key words: fluorine-18, muscarinic receptor, thiadiazolyltetrahydropyridine (TZTP), positron emission tomography (PET).

Résumé : Les récepteurs muscariniques ont été impliqués dans des désordres neurologiques, dont la maladie d’Alzheimer,
la maladie de Parkinson et la schizophrénie. On a réalisé la synthèse de dix-neuf dérivés de la thiadiazolyltétrahydropyri-
dine (TZTP), un produit fondamental pour lequel des études antérieures ont permis de montrer de grandes affinités vis-à-
vis des sous-types de récepteurs muscarinique, et on a évalué leurs propriétés par des essais de fixation in vitro. On a sub-
séquemment marqué au fluor-18 le composé mentionné dans le titre (4c), un analogue fluoropolyéthylèneglycol de la
TZTP. Le composé 4c marqué au fluor-18 a été obtenu, par le biais d’une synthèse automatisée, avec un rendement radio-
chimique de 36 % (non corrigé pour la décroissance), avec une pureté radiochimique élevée (>99 %) et une activité spéci-
fique élevée (326 GBq/mmol; fin du bombardement), en moins de 40 minutes (n = 3). Des études de biodistribution ex
vivo à la suite d’injectons dans la veine de la queue du [18F]4c dans des rats conscients ont démontré qu’il y se produit
une absorption suffisante par le cerveau (0,4 à 0,7 % de la dose injectée / gramme de tissu mouillé dans toutes les régions
du cerveau cinq minutes après l’injection) ; toutefois, plusieurs métabolites polaires sont présents dans le cerveau et cette
situation élimine l’usage dans le futur du [18F]4c pour faire de l’imagerie du système nerveux central.

Mots-clés : fluor-18, récepteur muscarinique, thiadiazolyltétrahydropyridine (TZTP), tomographie à émission de positon
(TEP).

[Traduit par la Rédaction]
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Introduction

Muscarinic acetylcholine receptors (mAChRs) are present
in both the peripheral and central nervous system (CNS) and
are responsible for mediating the metabotropic effects of
acetylcholine.1 There are 5 distinct subtypes of the muscar-
inic acetylcholine receptor, M1, M2, M3, M4, and M5, each
having distinct functions and unique distributions in the
CNS.2 The M1 and M2 receptors are abundant in the CNS
and have postulated roles in Alzheimer’s disease and schizo-
phrenia, as well as a range of cognitive disorders.3,4 The M3
and M5 receptors are present in relatively lower concentra-
tions in the CNS.3 M3 receptors have no known correlations
with neuropsychiatric disorders, whereas M5 receptors have
been linked to schizophrenia and addictions.3,4 The M4 re-
ceptor is present in the CNS, particularly in the cortex, stria-
tum, and hippocampus,2,3 and is associated with Parkinson’s
disease and schizophrenia.1,4 The synthesis of subtype-selec-
tive drugs that target mAChRs is an ongoing goal in drug
development. To date, the only clinically approved drugs
that target mAChRs are nonselective antagonists that are
used for treating patients suffering from Parkinson’s disease.

Applying imaging modalities such as single photon emis-
sion computed tomography (SPECT) and positron emission
tomography (PET)5,6 to elucidate the mechanism of action
of new pharmaceuticals targeting muscarinic receptors in
vivo has been of long-standing interest.7 Derivatization of
the thiadiazolyltetrahydropyridine (TZTP) core8 has led to
the development of muscarinic subtype-selective PET radio-
tracers.9–12 The M2-specific agonist radiotracer, fluorine-18
(18F; t1/2 = 109.7 min) labelled fluoropropylthio-TZTP
([18F]FP-TZTP),11,13,14 was proven to be selective through
knockout mice studies15,16 and is currently the only M2-
specific radiotracer established for human PET imaging.17,18

Fluorine-18-labelled FP-TZTP has been used to study risk
factors of ageing19–21 and mood disorders.22,23

Driven largely by the theory that M1 receptor density is
altered in the brain of patients with Alzheimer’s disease in
response to the degeneration of the cholinergic pathway, an-
other TZTP derivative, 3-(4-(hexyloxy)-1,2,5-thiadiazol-3-
yl)-1-methyl-1,2,5,6-tetrahydropyridine (xanomeline), was
found to exhibit M1/M4 selectivity.24 While it was found
that xanomeline increased cognitive function of patients
with Alzheimer’s disease, several side effects precluded its
therapeutic use. Carbon-11 (11C; t1/2 = 20.4 min) labelled xa-
nomeline was evaluated in human subjects9,25 and a 18F-
labelled xanomeline derivative was evaluated in rodents25

but neither radiopharmaceutical was further pursued because
of inadequate receptor selectivity.

The present study sought to systematically prepare new
muscarinic receptor subtype-specific TZTP analogs for de-
velopment as PET radiopharmaceuticals. We report the syn-
thesis of hydroxy- and fluoro-alkyl as well as hydroxy- and
fluoro-polyethyleneglycol (PEG) ether and thioether analogs
of TZTP, and the determination of their in vitro binding af-
finities (Ki) towards the five muscarinic subtypes, as well as
s1 and s2 receptors. All analogs synthesized in this work are
amenable to labelling with either 18F or 11C. A promising
fluoro-PEG derivative of TZTP (4c), identified from initial
in vitro screening, was radiolabelled with 18F and evaluated

for its potential to image muscarinic receptors in the rodent
brain.

Results and discussion

Chemistry
The syntheses of 19 derivatives of TZTP (Table 1) are re-

ported, including previously known compounds (2a,13

4a,11,12 8a,26 8b,26 9c,25 and 108). Syntheses of the TZTP
analogs were carried out by literature procedures with mod-
ifications. Thioether-PEG analogs of TZTP, with both fluoro
(4) and hydroxyl (2) groups at the terminal position, were
synthesized as shown in Scheme 1. To conserve the
TZTP core (3-(4-chloro-1,2,5-thiadiazol-3-yl)-1-methyl-1,2,5,6-
tetrahydropyridine; 1),8 fluoroalkyl and fluoro-PEG chains
were synthesized from the respective diols (5, Scheme 2)
for subsequent reactions with 1. The diols were disubstituted
with benzyl-protecting and tosyloxy-leaving groups (6). Nu-
cleophilic displacement of the tosyloxy group of 6 with
fluoride resulted in O-benzyl protected fluoroalkyl and
fluoro-PEG chains (7). The hydroxyl analogs (8) were syn-
thesized by reaction of the appropriate diol (5) with 1
(Scheme 3). Scheme 3 shows the synthesis of the desired
fluoro-alkyl and fluoro-PEG ether-TZTP analogs (9), pre-
pared by catalytic hydrogenation of 7 and in situ reaction
with 1 in the presence of sodium hydride (NaH). Several
TZTP derivatives with incorporated PEG groups have been
synthesized in attempts to achieve subtype selectivity and
improve water solubility, binding affinity, and agonist po-
tency toward mAChRs.27,28 The present work further ex-
plores the use of PEG groups as a means of expanding the
series of TZTP derivatives, by replacing alkyl groups with
PEG chains; [18F]fluoro-PEG groups have demonstrated
similar pharmacological advantages when incorporated into
PET radiopharmaceuticals.29 In preparation for in vitro bind-
ing assay studies, all 19 TZTP analogs synthesized in the
present work (Table 1) were characterized by 1H and 19F
(when applicable) NMR spectroscopy, high resolution mass
spectrometry, and elemental analysis (all compounds
were >97% pure by elemental analysis).

In vitro binding assays
The thioether-TZTP derivatives (compounds 2 and 4) as

well as the ether derivatives (compounds 8–10) were eval-
uated by the National Institute of Mental Health’s Psychoac-
tive Drug Screening Program to determine their binding
affinities towards each of the five muscarinic subtypes, as
well as towards s1 and s2 receptors; the s receptors are
known competition sites for ligands targeting mAChRs.30 In
the initial assay, all six thioether-TZTP derivatives (2a–2c
and 4a–4c) were measured for affinity towards the afore-
mentioned receptors (Table S1 in the Supplementary data;
values in parentheses), and a fluoro-PEG derivative of
TZTP with moderate affinity towards the M4 receptor (4c;
Ki = 48 nM) was identified. Based on our initial binding as-
say, we advanced to radiolabelling this compound with
fluorine-18, as it represents the first attempt to develop a
PET radiotracer for imaging the M4 receptor and is a novel
fluorinated-PEG derivative of TZTP. As such, our goal was

van Oosten et al. 1223
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to radiolabel the title compound, 4c, with 18F and evaluate
its potential for imaging the CNS via a preliminary ex vivo
biodistribution study.

Radiochemistry
The radiosynthetic approach for [18F]4c was similar to our

previously reported synthesis for [18F]FP-TZTP,14 where the
appropriate tosyloxy-containing radiolabelling precursor (3c)
was subjected to reaction with fluorine-18-labelled potas-
sium cryptand fluoride (K[18F]/K222) in CH3CN at 90 8C for
10 min (Scheme 4) followed by HPLC purification (Fig. 1).
The formulated product was >99% radiochemically pure
(Fig. 2) and the log D was experimentally determined to be
1.73 ± 0.01 (pH = 7.4), using a previously reported
method.31 The automated synthesis of [18F]4c resulted in a
radiochemical yield of 35.6% ± 15.3% based on [18F]fluoride
and uncorrected for decay in a synthesis time of 37 min (n =
3). The specific activity of [18F]4c was 326 ± 198 GBq/mmol
(corrected to end-of-bombardment). Fluorine-18-labelled 4c
is the first reported 18F-labelled PEG derivative of TZTP.
While the hydroxyl derivatives of TZTP (series 2 and 8) are
not amenable to labelling with 18F, similar compounds have
been readily labelled by reaction of the respective desmethyl
precursors with [11C]CH3I.9,12

Ex vivo biodistribution in rodents
Preliminary ex vivo biodistribution studies using [18F]4c

were subsequently carried out in conscious male Sprague–
Dawley rats.32,33 Fluorine-18-labelled 4c demonstrated fast
and efficient uptake in the rodent brain (0.4%–0.7% injected
dose / gram of wet tissue in all brain regions at 5 min post
injection) following tail-vein injection (Fig. S1 in the Sup-
plementary data). This uptake was followed by a fast wash-
out, with most of the radioactivity cleared from the brain by
15 min. Radio-HPLC analysis of plasma identified a rapid
degradation of the parent compound to both hydrophilic and
lipophilic metabolites. At 15 min after injection of [18F]4c
only 4.5% of the parent compound was unmetabolized.
Analysis of brain homogenates 60 min after injection
(Fig. 3) found that while the parent compound was present
in the brain, there was a significant accumulation of radio-
active polar metabolites (24%). Owing to the presence of ra-
dioactive metabolites in the brain, further studies were not
justified because [18F]4c does not present suitable properties
for imaging the CNS.

Conclusion
We report the synthesis of 13 new TZTP derivatives that

are amenable for radiolabelling with 11C and (or) 18F. Com-

Table 1. General structure and TZTP derivatives synthesized.
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pound 4c was chosen as a lead compound for radiolabelling
based on in vitro binding assays and represents the first fluoro-
PEG derivative of TZTP. Automated radiosynthesis of
[18F]4c was achieved with good radiochemical yields, high
specific activity, and excellent radiochemical purity within

40 min. Ex vivo biodistribution studies in rodent models
showed appreciable amounts of polar radioactive metabo-
lites in the brain, suggesting that [18F]4c is not suitable for
further development as a radiopharmaceutical for imaging
the CNS.

Scheme 1. General syntheses of thioether-TZTP derivatives and radiolabelling precursors. (i) 1, Li2S, DMF; 2, bromo- or chloro-alcohol,
K2CO3, DMF. (ii) TsCl, Et3N, DMAP, CH2Cl2. (iii) TBAF, THF.

Scheme 2. General syntheses of benzyl-protected fluoro-alcohols. (i) 1, BnBr, KOH, neat; 2, Et3N, DMAP, TsCl, CH2Cl2. (ii) TBAF, THF,
microwave heating.

Scheme 3. General syntheses of ether-TZTP derivatives. (i) 5a–5f, NaH, THF. (ii) 1, Pd/C, Pd(OH)2, H2(g), THF; 2, NaH, 1, THF.

van Oosten et al. 1225
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Experimental section

General methods
3-Chloro-(pyridine-3-yl)-1,2,5-thiadiazole was purchased

from commercial suppliers and was used as received without
further purification unless otherwise specified. Compound 1,
3-(3-chloro-1,2,5-thiadiazol-4-yl)-1,2,5,6-tetrahydro-1-methyl-
pyridine,8 and compound 3a, 3-(4-(1-methyl-1,2,5,6-tetra-
hydropyridin-3-yl)-1,2,5-thiadiazol-3-ylthio)propyl-4-methyl-
benzenesulfonate,14 were prepared by literature procedures.
All water used was distilled and deionized and all mobile
phases were made with HPLC-grade solvents. Flash column

chromatography purification was accomplished using silica
gel 60 (63–200 mm, Caledon). Preparative thin-layer chro-
matography (PTLC) was accomplished using silica gel GF
plates (20 cm � 20 cm, 2000 mm) from Analtech. All new
compounds were obtained as oils following purification.

High resolution mass spectrometry (HR-MS) was con-
ducted by the Advanced Instrumentation for Molecular
Structure Laboratory or by the Centre for Biological Timing
and Cognition at the University of Toronto. Elemental anal-
ysis (EA) was performed by the Analytical Laboratory for
Environmental Science Research and Training, University
of Toronto. Proton and carbon-13 NMR spectra were re-
corded at 25 8C in CDCl3 on a Varian Mercury 300 MHz
or 400 MHz spectrometer with an autoswitchable H/F/C/P
5 mm probe with gradients. Proton NMR chemical shifts
were reported using either tetramethylsilane (TMS,
0.00 ppm) as an internal standard or referencing to the resid-
ual proton in CDCl3 (7.26 ppm). The proton resonances of
primary alcohols were often not observed owing to ex-
change. For 13C NMR, shifts were referenced to CDCl3
(77.0 ppm). Fluorine-19 NMR shifts were referenced to ex-
ternal CFCl3 (0.00 ppm). Tetrabutylammonium fluoride
(TBAF) was prepared by evaporation of tetrahydrofuran
(THF) from a 1.0 M solution under reduced pressure, and
then drying under reduced pressure overnight, as modified
from a previously reported literature procedure.34 THF was
freshly distilled over lithium aluminum hydride (LiAlH4).

All animal experiments were carried out under humane
conditions, with approval from the Animal Care Committee
at the Centre for Addiction and Mental Health and in ac-
cordance with the guidelines set forth by the Canadian
Council on Animal Care.

Scheme 4. Radiosynthesis of [18F]4c. RCY = radiochemical yield, not corrected for decay.

Fig. 1. Semipreparative HPLC purification (20:80 CH3CN:H2O +
0.1 N ammonium formate + 1% formic acid (pH 4), Semi-Prep
LUNA C18(2) (250 mm � 10 mm, 10 mm, l = 254 nm) at 6 mL/
min) of [18F]4c (tR = 13 min).

Fig. 2. Analytical HPLC (Phenomenex Prodigy C18 (ODS prep),
30:70 CH3CN:H2O + 0.1 N ammonium formate; l = 254 nm;
3.0 mL/min) of purified [18F]4c (from top to bottom: gamma, UV
(254 nm), and UV spiked with 4c (254 nm); tR = 3.2 min).

Fig. 3. HPLC analysis (see the Metabolism studies section for
HPLC conditions) of rat brain homogenates at 60 min post injection
of [18F]4c.
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Chemical synthesis

3-(4-(1-Methyl-1,2,5,6-tetrahydropyridin-3-yl)-1,2,5-
thiadiazol-3-ylthio)propan-1-ol (2a)

Compound 2a was prepared by minor modifications to a
literature procedure.13 Briefly, 250 mg of 1 (1.16 mmol)
was dissolved in 3 mL of anhydrous DMF in an oven-dried
round-bottomed flask under nitrogen. Li2S (2.9 mmol) was
added to the mixture with stirring at 60 8C in an oil bath
for 5 h. Upon consumption of the starting material, the reac-
tion was cooled to room temperature (RT) and 3-bromo-
propanol (2.9 mmol) was added, followed by addition of
K2CO3 (2.9 mmol). The reaction mixture was stirred at RT
for 35 min. Upon completion, the reaction was diluted with
ether (50 mL), washed with H2O (3 � 50 mL) and brine
(50 mL), dried over NaSO4, and concentrated. PTLC purifi-
cation was performed (20:80 EtOAc:Hex) to yield 217 mg
of 2a (69%). 1H NMR (CDCl3, 300 MHz) d: 6.77–6.71 (m,
1H), 3.71 (t, 3JHH = 5.9 Hz, 2H), 3.45–3.42 (m, 2H), 3.37 (t,
3JHH = 6.9 Hz, 2H), 3.22 (br, 1H), 2.63–2.57 (m, 2H), 2.51–
2.43 (m, 2H), 2.47 (s, 3H), 2.04–1.91 (m, 2H). HR-MS
calcd. for C11H18N3OS2 [M + 1]: 272.0897; found:
272.0885. EA calcd.: C 48.68, H 6.33, N 15.49; found: C
48.39, H 6.46, N 14.90.

2-(2-(4-(1-Methyl-1,2,5,6-tetrahydropyridin-3-yl)-1,2,5-
thiadiazol-3-ylthio)ethoxy)ethanol (2b)

The general procedure for the synthesis of 2a was fol-
lowed using 1 (1.16 mmol) in DMF with 2.5 equiv. of Li2S,
2.5 equiv. of 2-(2-chloroethoxy)ethanol, and 2.5 equiv. of
K2CO3 to give 304 mg of 2b (87%) after PTLC purification.
1H NMR (CDCl3, 300 MHz) d: 6.77–6.72 (m, 1H), 3.84 (t,
3JHH = 6.3 Hz, 2H), 3.76–3.72 (m, 2H), 3.64–3.59 (m, 2H),
3.51 (t, 3JHH = 6.3 Hz, 2H), 3.45–3.42 (m, 2H), 2.63–2.57
(m, 2H), 2.52–2.44 (m, 2H), 2.46 (s, 3H). HR-MS calcd. for
C12H20N3O2S2 [M + 1]: 302.0991; found: 302.0990. EA
calcd.: C 47.81, H 6.37, N 13.94: found: C 47.92, H 6.32,
N 13.60.

2-(2-(2-(4-(1-Methyl-1,2,5,6-tetrahydropyridin-3-yl)-1,2,5-
thiadiazol-3-ylthio)ethoxy)ethoxy)ethanol (2c)

The general procedure for the synthesis of 2a was fol-
lowed using 1 (1.16 mmol) in DMF with 2.5 equiv. of Li2S,
2.5 equiv. of 2-(2-(2-chloroethoxy)ethoxy)ethanol, and
2.5 equiv. of K2CO3. After PTLC purification, 2c was ob-
tained in a 95% yield (542 mg). 1H NMR (CDCl3,
300 MHz) d: 6.77–6.71 (m, 1H), 3.83 (m, 2H), 3.75–3.71
(m, 2H), 3.69–3.66 (m, 4H), 3.63–3.59 (m, 2H), 3.51 (t,
3JHH = 6.5 Hz, 2H), 3.45–3.42 (m, 2H), 2.63–2.59 (m, 2H),
2.52–2.45 (m, 2H), 2.46 (s, 3H). HR-MS calcd. for
C14H24N3O3S2 [M + 1]: 346.1253; found: 346.1266. EA
calcd.: C 48.67, H 6.72, N 12.17; found: C 47.64, H 6.88,
N 11.83

2-(2-(4-(1-Methyl-1,2,5,6-tetrahydropyridin-3-yl)-1,2,5-
thiadiazol-3-ylthio)ethoxy)ethyl 4-methylbenzenesulfonate
(3b)

Compound 3b was made by an analogous procedure to
that of compound 3a.14 Briefly, 267 mg (0.89 mmol) of 2b
was dissolved in 8 mL of CH2Cl2 followed by the addition
of 1.5 equiv. of p-toluenesulfonyl chloride (TsCl), 3 equiv.
of triethylamine (TEA), and a catalytic amount of dimethy-

laminopyridine (DMAP; 1 mol%). Compound 3b was ob-
tained in an 86% yield (348 mg). 1H NMR (CDCl3,
300 MHz) d: 7.82–7.76 (m, 2H), 7.35–7.29 (m, 2H), 6.75–
6.70 (m, 1H), 4.19–4.14 (m, 2H), 3.74 (t, 3JHH = 6.3 Hz,
2H), 3.71–3.66 (m, 2H), 3.44–3.36 (m, 4H), 2.62–2.56 (m,
2H), 2.51–2.42 (m, 8H).

2-(2-(2-(4-(1-Methyl-1,2,5,6-tetrahydropyridin-3-yl)-1,2,5-
thiadiazol-3-ylthio)ethoxy)ethoxy)ethyl 4-
methylbenzenesulfonate (3c)

Compound 3c was made by an analogous procedure to
that of compound 3a.14 Briefly, 350 mg (1.01 mmol) of 2c
was dissolved in 8 mL of CH2Cl2 followed by the addition
of 1.5 equiv. of TsCl, 3 equiv. of TEA, and catalytic
DMAP (1 mol%). Compound 3c was obtained in a 72%
yield (352 mg). 1H NMR (CDCl3, 400 MHz) d: 7.82–7.78
(m, 2H), 7.65–7.31 (m, 2H), 6.77–6.73 (m, 1H), 4.18–4.15
(m, 2H), 3.79 (t, 2JHF = 6.4 Hz, 2H), 3.71–3.68 (m, 2H),
3.61–3.59 (m, 4H), 3.48 (t, 3JHH = 6.6 Hz, 2H), 3.44–3.42
(m, 2H), 2.62–2.58 (m, 2H), 2.49–2.43 (m, 8H).

3-(4-(3-Fluoropropylthio)-1,2,5-thiadiazol-3-yl)-1-methyl-
1,2,5,6-tetrahydropyridine (4a)

Compound 4a was prepared by modifications to the liter-
ature procedures.11,13 To an oven-dried round-bottomed flask
containing 4.9 mmol TBAF (dried under reduced pressure
overnight) was added 10 mL of freshly distilled THF, fol-
lowed by 0.33 mmol of 3a. The reaction was refluxed for
3 h and then diluted with 50 mL H2O and washed with
50 mL of EtOAc (�2). The combined organic layer was
washed with 50 mL of brine, dried over Na2SO4, and con-
centrated. The product was purified using PTLC (7:93
MeOH:CH2Cl2) to yield 37 mg of 4a (36%). 1H NMR
(CDCl3, 300 MHz) d: 6.70–6.65 (m, 1H), 4.52 (dt, 2JHF =
47.1 Hz, 3JHH = 5.6 Hz, 2H), 3.39–3.35 (m, 2H), 3.33 (t,
3JHH = 7.22 Hz, 2H), 2.56–2.49 (m. 2H), 2.44–2.37 (m,
2H), 2.39 (s, 3H), 2.12 (dm, 3JHF = 26.5 Hz, 2H). 19F NMR
(CDCl3, 282 MHz) d: –221.51 (tt, 2JHF = 47.2 Hz, 3JHF =
26.5 Hz). HR-MS calcd. for C11H16FN3S2 [M]: 273.0770;
found: 273.0772. EA calcd.: C 48.32, H 5.91, N 15.37;
found: C 48.23, H 6.03, N 15.12.

3-(2-(2-Fluoroethoxy)ethylthio)-4-(1-methyl-1,2,5,6-
tetrahydropyridin-3-yl)-1,2,5-thiadiazole (4b)

Compound 4b was prepared in an analogous manner to
that of 4a. Briefly, 0.3 mmol of 3b in THF was reacted
with 5 equiv. of TBAF. 4b was obtained in a 33% yield
(36 mg). 1H NMR (CDCl3, 300 MHz) d: 6.79–6.75 (m, 1H),
4.57 (dm, 2JHF = 47.6 Hz, 2H), 3.86 (t, 3JHH = 6.43 Hz, 2H),
3.76 (dm, 3JHF = 29.5 Hz, 2H), 3.52 (t, 3JHH = 6.6 Hz, 2H),
3.49–3.45 (m, 2H), 2.66–2.61 (m, 2H), 2.53–2.47 (m, 2H),
2.48 (s, 3H). 19F NMR (CDCl3, 282 MHz) d: –223.36 (tt,
2JHF = 47.6 Hz, 3JHF = 29.5 Hz). HR-MS calcd. for
C12H19FN3OS2 [M + 1]: 304.0948; found: 304.0950. EA
calcd.: C 47.50, H 5.99, N 13.85; found: C 47.67, H 6.11,
N 13.35.

3-(2-(2-(2-Fluoroethoxy)ethoxy)ethylthio)-4-(1-methyl-
1,2,5,6-tetrahydropyridin-3-yl)-1,2,5-thiadiazole (4c)

Compound 4c was prepared in an analogous manner to
that of 4a. Briefly, 150 mg (0.3 mmol) of 3c was used in
THF (0.1 M) with 5 equiv. of TBAF. 4c was obtained in a

van Oosten et al. 1227
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29% yield (31 mg). 1H NMR (CDCl3, 300 MHz) d: 6.80–
6.75 (m, 1H), 4.56 (dm, 2JHF = 47.8 Hz, 2H), 3.87–3.79 (m,
3H), 3.73–3.68 (m, 5H), 3.54–3.46 (m, 4H), 2.68–2.62 (m,
2H), 2.54–2.47 (m, 2H), 2.49 (s, 3H). 19F NMR (CDCl3,
282 MHz) d: –223.31 (tt, 2JHF = 47.9 Hz, 3JHF = 29.6 Hz).
HR-MS calcd. for C14H23FN3O2S2 [M + 1]: 348.1210;
found: 348.1212. EA calcd.: C 48.39, H 6.39, N 12.10;
found: C 49.07, H 6.74, N 11.66.

3-(Benzyloxy)propyl-4-methylbenzenesulfonate (6a)
To an oven-dried round-bottomed flask under an atmos-

phere of N2 was added propane-1,3-diol (5a, 0.11 mol),
1.4 mL (0.01 mol) of benzyl bromide, and KOH (0.02 mol,
neat). The reaction proceeded at RT. Upon consumption of
benzyl bromide (monitored by TLC, 40:60 EtOAc:Hex), the
reaction mixture was diluted with 50 mL of H2O and
washed with CH2Cl2 (50 mL � 2). The combined organic
layers were washed with 50 mL of brine, dried over
Na2SO4, and concentrated. CH2Cl2 (50 mL) was added and
the mixture was cooled on ice. Triethylamine (0.05 mol)
and DMAP (1 mol%) were added. After 10 min of stirring,
0.03 mol of TsCl was added and the reaction proceeded un-
til completion, as monitored by TLC (40:60 EtOAc:Hex).
The mixture was then cooled on ice, diluted with 100 mL
H2O, and washed with dichloromethane (100 mL � 2). The
combined organic layers were washed with 100 mL of brine,
dried over Na2SO4, and concentrated. The final product was
purified by flash chromatography (40:60 EtOAc:Hex) to
yield 2.40 g of 6a (75%). 1H NMR (CDCl3, 300 MHz) d:
7.81–7.76 (m, 2H), 7.35–7.22 (m, 7H), 4.40 (s, 2H), 4.17 (t,
3JHH = 6.3 Hz, 2H), 3.50 (t, 3JHH = 5.8, 2H), 2.42 (s, 3H),
1.98–1.90 (q, 3JHH = 6.0 Hz, 2H).

5-(Benzyloxy)pentyl-4-methylbenzenesulfonate (6b)
Compound 6b was prepared in an analogous manner to

that of 6a. Briefly, 0.07 mol of pentane-1,5-diol (5b),
0.02 mol of benzyl bromide, and 0.055 mol of KOH were
used. Following the workup of the reaction mixture, 10 mL
of dichloromethane, 0.07 mol of triethylamine, catalytic
DMAP (1 mol%), and 0.035 mol of TsCl were reacted and
purified (vide supra). Compound 6b was obtained in a 65%
yield (4.54 g). 1H NMR (CDCl3, 300 MHz) d: 7.81–7.76 (m,
2H), 7.36–7.26 (m, 7H), 4.47 (s, 2H), 4.02 (t, 3JHH = 6.3 Hz,
2H), 3.42 (t, 3JHH = 6.6 Hz, 2H), 2.44 (s, 3H), 1.71–1.61 (m,
2H), 1.60–1.51 (m, 2H), 1.46–1.36 (m, 2H).

6-(Benzyloxy)hexyl-4-methylbenzenesulfonate (6c)
Compound 6c was prepared in an analogous manner to

that of 6a. Briefly, 0.06 mol of hexane-1,6-diol (5c),
0.02 mol of benzyl bromide, and 0.055 mol of KOH were
used. Following the workup, 10 mL of dichloromethane,
0.07 mol of triethylamine, DMAP (1 mol%), and 0.04 mol
of TsCl were reacted and purified (vide supra). Compound
6c was obtained in a 61% yield (4.40 g). 1H NMR (CDCl3,
300 MHz) d: 7.81–7.76 (m, 2H), 7.36–7.28 (m, 7H), 4.48 (s,
2H), 4.01 (t, 3JHH = 6.6 Hz, 2H), 3.43 (t, 3JHH = 6.6 Hz,
2H), 2.44 (s, 3H) 1.67–1.51 (m, 4H), 1.35–1.28 (m, 4H).

7-(Benzyloxy)heptyl-4-methylbenzenesulfonate (6d)
Compound 6d was prepared in an analogous manner to

that of 6a. Briefly, 0.02 mol of hexane-1,6-diol (5d),
0.008 mol of benzyl bromide, and 0.015 mol of KOH were

used. After workup, 8 mL of CH2Cl2, 0.025 mol of triethyl-
amine, DMAP (1 mol%), and 0.02 mol of TsCl were reacted
and purified (vide supra). 6d was obtained in a 69% yield
(2.06 g). 1H NMR (CDCl3, 300 MHz) d: 7.81–7.76 (m, 2H),
7.36–7.25 (m, 7H), 4.49 (s, 2H), 4.01 (t, 3JHH = 6.4 Hz, 2H),
3.44 (t, 3JHH = 6.7 Hz, 2H), 2.44 (s, 3H), 1.66–1.51 (m, 4H),
1.36–1.20 (m, 6H).

2-(2-(Benzyloxy)ethoxy)ethyl-4-methylbenzenesulfonate
(6e)

Compound 6e was prepared in an analogous manner to
that of 6a. Diethyleneglycol (5e; 0.03 mol), 0.008 mol of
benzyl bromide, and 0.03 mol of KOH were used. After
workup, 20 mL of dichloromethane, 0.02 mol of triethyl-
amine, DMAP (1 mol%), and 0.07 mol of TsCl were reacted
and purified (vide supra). Compound 6e was obtained in a
43% yield (1.24 g). 1H NMR (CDCl3, 300 MHz) d: 7.81–
7.76 (m, 2H), 7.35–7.26 (m, 7H), 4.53 (s, 2H), 4.19–4.14
(m, 2H), 3.72–3.67 (m, 2H), 3.63–3.59 (m, 2H), 3.58–3.54
(m, 2H), 2.42 (s, 3H).

2-(2-(2-(Benzyloxy)ethoxy)ethoxy)ethyl-4-
methylbenzenesulfonate (6f)

Compound 6f was prepared in an analogous manner to
that of 6a. Briefly, 0.04 mol of diethyleneglycol (5f),
0.01 mol of benzyl bromide, and 0.04 mol of KOH were
used. Following the workup, 20 mL of dichloromethane,
0.02 mol of triethylamine, DMAP (1 mol%), and 0.06 mol
of TsCl were reacted and purified (vide supra). Compound
6f was obtained in a 35% yield (1.40 g). 1H NMR (CDCl3,
300 MHz) d: 7.81–7.76 (m, 2H), 7.35–7.26 (m, 7H), 4.55 (s,
2H), 4.17–4.12 (m, 2H), 3.70–3.66 (m, 2H), 3.65–3.60 (m,
4H), 3.59 (s, 4H), 3.04 (s, 3H).

((3-Fluoropropoxy)methyl)benzene (7a)
To a glass vial (Biotage) under an atmosphere of N2 con-

taining 0.02 mol of TBAF (dried under reduced pressure
overnight) was added 20 mL of freshly distilled THF fol-
lowed by 500 mg (1.6 mmol) of 6a. The reaction was sealed
and microwave heated for 1 h at 160 8C. THF was removed
under reduced pressure and the resulting product was dis-
solved in 50 mL of EtOAc and washed with 50 mL of H2O.
The aqueous layer was washed a second time with 50 mL of
EtOAc and the combined organic layers were washed with
50 mL of brine, dried over Na2SO4, and concentrated.
The product was purified by flash chromatography (30:70
EtOAc:Hex (v/v)) to yield 179 mg of 7a (68%). 1H NMR
(CDCl3, 400 MHz) d: 7.37–7.25 (m, 5H), 4.56 (dt, 2JHF =
47.1 Hz, 3JHH = 6.0 Hz, 2H), 4.51 (s, 2H), 3.60 (t, 3JHH =
6.2 Hz, 2H), 1.99 (dm, 3JHF = 25.8 Hz, 2H). 19F NMR
(CDCl3, 376 MHz) d: –222.05 (tt, 2JHF = 47.0 Hz, 3JHF =
25.7 Hz).

((5-Fluoropentyloxy)methyl)benzene (7b)
Compound 7b was prepared in an analogous manner to

that of 7a, where 0.02 mol of TBAF and 1.4 mmol of 6b
were used in 20 mL of THF. Compound 7b was obtained in
a 70% yield (198 mg). 1H NMR (CDCl3, 400 MHz) d: 7.35–
7.25 (m, 5H), 4.50 (s, 2H), 4.43 (dt, 2JHF = 47.4 Hz, 3JHH =
6.1 Hz, 2H), 3.48 (t, 3JHH = 6.5 Hz, 2H), 1.78–1.62 (m, 4H),
1.54–1.45 (m, 2H). 19F NMR (CDCl3, 376 MHz) d: –218.66
(tt, 2JHF = 47.4 Hz, 3JHF = 24.8 Hz).
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((6-Fluorohexyloxy)methyl)benzene (7c)
Compound 7c was prepared in an analogous manner to

that of 7a, where 0.02 mol of TBAF and 1.4 mmol of 6c
were used in 20 mL of THF. Compound 7c was obtained in
a 72% yield (209 mg). 1H NMR (CDCl3, 400 MHz) d: 7.35–
7.24 (m, 5H), 4.50 (s, 2H), 4.42 (dt, 2JHF = 47.4 Hz, 3JHH =
6.2 Hz, 2H), 3.47 (t, 3JHH = 6.6 Hz, 2H), 1.76–1.59 (m, 4H),
1.45–1.39 (m, 4H). 19F NMR (CDCl3, 376 MHz) d: –218.55
(tt, 2JHF = 47.3 Hz, 3JHF = 24.9 Hz).

((7-Fluoroheptyloxy)methyl)benzene (7d)
Compound 7d was prepared in an analogous manner to

that of 7a, where 0.02 mol of TBAF and 1.3 mmol of 6d
were used in 20 mL of THF. Compound 7d was obtained in
an 85% yield (251 mg). 1H NMR (CDCl3, 400 MHz) d:
7.35–7.24 (m, 5H), 4.50 (s, 2H), 4.42 (dt, 2JHF = 47.5 Hz,
3JHH = 6.1 Hz, 2H), 3.46 (t, 3JHH = 6.6 Hz, 2H), 1.75–1.58
(m, 4H), 1.45–1.30 (m, 6H). 19F NMR (CDCl3, 376 MHz)
d: –218.46 (tt, 2JHF = 47.5 Hz, 3JHF = 24.9 Hz).

((2-(2-Fluoroethoxy)ethoxy)methyl)benzene (7e)
Compound 7e was prepared in an analogous manner to

that of 7a, where 0.02 mol of TBAF and 1.4 mmol of 6e
were used in 20 mL of THF. Compound 7e was obtained in
a 91% yield (252 mg). 1H NMR (CDCl3, 400 MHz) d: 7.36–
7.25 (m, 5H), 4.58 (s, 2H), 4.56 (dm, 2JHF = 47.7 Hz, 2H),
3.80–3.78 (m, 1H), 3.73–3.69 (m, 3H), 3.67–3.63 (m, 2H).
19F NMR (CDCl3, 376 MHz) d: –223.27 (tt, 2JHF = 47.7 Hz,
3JHF = 29.4 Hz).

((2-(2-(2-Fluoroethoxy)ethoxy)ethoxy)methyl)benzene (7f)
Compound 7f was prepared in an analogous manner to

that of 7a, where 0.02 mol of TBAF and 1.3 mmol of 6f
were used in 20 mL of THF. Compound 7f was obtained in
a 90% yield (273 mg). 1H NMR (CDCl3, 400 MHz) d: 7.36–
7.26 (m, 5H), 4.57 (s, 2H), 4.55 (dm, 2JHF = 47.6 Hz, 2H),
3.80–3.77 (m, 1H), 3.72–3.67 (m, 7H), 3.66–3.62 (m, 2H).
19F NMR (CDCl3, 376 MHz) d: –223.34 (tt, 2JHF = 47.7 Hz,
3JHF = 29.8 Hz).

3-(4-(1-Methyl-1,2,5,6-tetrahydropyridin-3-yl)-1,2,5-
thiadiazol-3-yloxy)propan-1-ol (8a)

To an oven-dried round-bottomed flask under an atmos-
phere of N2, 1.16 mmol of propane-1,3-diol (5a) was added
to 2.5 mL of freshly distilled THF. To the reaction mixture
was added 0.92 mmol of 60% NaH, and the mixture was
stirred at RT for 30 min. Compound 1 (0.23 mmol) was
added and the reaction was refluxed overnight. The reaction
mixture was diluted with 30 mL of H2O and washed with
30 mL of CH2Cl2 (�2). The combined organic layers were
then washed with 40 mL of brine, dried over Na2SO4, and
concentrated. The product was purified by PTLC (30:70
EtOAc:Hex (v/v)) and 8a was obtained in a yield of
25.2 mg (43%). 1H NMR (CDCl3, 400 MHz) d: 7.04–7.00
(m, 1H), 4.59 (t, J = 6.1 Hz, 2H), 3.78 (t, J = 6.1 Hz, 2H),
3.46–3.44 (m, 2H), 2.60–2.56 (m, 2H), 2.47–2.42 (m, 2H),
2.46 (s, 3H), 2.11–2.04 (m, 2H). HR-MS calcd. for
C11H18N3O2S [M + 1]: 256.1114; found: 256.1112. EA
calcd.: C 51.74, H 6.71, N 16.46; found: C 51.72, H 6.73,
N 16.06.

4-(4-(1-Methyl-1,2,5,6-tetrahydropyridin-3-yl)-1,2,5-
thiadiazol-3-yloxy)butan-1-ol (8b)

Compound 8b was prepared in an analogous manner to
that of 8a, where 1.15 mmol of butane-1,4-diol (5b),
0.92 mmol of 60% NaH, and 0.23 mmol of 1 in 2.5 mL of
freshly distilled THF were used. Compound 8b was obtained
in a 48% yield (30 mg). 1H NMR (CDCl3, 300 MHz) d:
7.07–7.02 (m, 1H), 4.48 (t, 3JHH = 4.46 Hz, 2H), 3.71 (t,
3JHH = 6.44 Hz, 2H), 3.47–3.42 (m, 2H), 2.61–2.55 (m,
2H), 2.48–2.41 (m, 2H), 2.46 (s, 3H), 2.00–1.89 (m, 2H),
1.78–1.67 (m, 2H). HR-MS calcd. for C12H20N3O2S [M +
1]: 270.1271; found: 270.1269. EA calcd.: C 53.51, H 7.11,
N 15.60; found: C 52.56, H 6.85, N 15.49.

5-(4-(1-Methyl-1,2,5,6-tetrahydropyridin-3-yl)-1,2,5-
thiadiazol-3-yloxy)pentan-1-ol (8c)

Compound 8c was prepared in an analogous manner to
that of 8a, where 1.15 mmol of pentane-1,5-diol (5c),
0.92 mmol of 60% NaH, and 0.23 mmol of 1 in 2.5 mL of
freshly distilled THF were used. Compound 8c was obtained
in a 34% yield (22 mg). 1H NMR (CDCl3, 300 MHz) d:
7.07–7.02 (m, 1H), 4.47 (t, 3JHH = 6.54 Hz, 2H), 3.69 (t,
3JHH = 6.42 Hz, 2H), 3.48–3.43 (m, 2H), 2.61–2.55 (m,
2H), 2.49–2.42 (m, 2H), 2.47 (s, 3H), 1.95–1.83 (m, 2H),
1.70–1.51 (m, 4H). HR-MS calcd. for C13H22N3O2S [M +
1]: 284.1427; found: 284.1425. EA calcd.: C 55.10, H 7.47,
N 14.83; found: C 58.85, H 7.07, N 14.82.

6-(4-(1-Methyl-1,2,5,6-tetrahydropyridin-3-yl)-1,2,5-
thiadiazol-3-yloxy)hexan-1-ol (8d)

Compound 8d was prepared in an analogous manner to
that of 8a, where 1.15 mmol of hexane-1,6-diol (5d),
0.92 mmol of NaH (60% in mineral oil), and 0.23 mmol of
1 in 2.5 mL of freshly distilled THF were used. Compound
8d was obtained in a 25% yield (17 mg). 1H NMR (CDCl3,
300 MHz) d: 7.07–7.01 (m, 1H), 4.49–4.41 (m, 2H), 3.67–
3.60 (m, 2H), 3.48–3.40 (m, 2H), 2.62–2.55 (m, 2H), 2.51–
2.42 (m, 2H), 2.47 (s, 3H), 2.14 (br, 1H), 1.91–1.80 (m, 2H),
1.65–1.54 (m, 2H), 1.53–1.39 (m, 4H). HR-MS calcd. for
C14H24N3O2S [M + 1]: 298.1584; found: 298.1582. EA
calcd.: C 56.54, H 7.79, N 13.75; found: C 55.02, H 7.42,
N 13.75.

2-(2-(4-(1-Methyl-1,2,5,6-tetrahydropyridin-3-yl)-1,2,5-
thiadiazol-3-yloxy)ethoxy)ethanol (8e)

Compound 8e was prepared in an analogous manner to
that of 8a, where 0.084 mmol of diethyleneglycol (5e),
0.42 mmol of 60% NaH, and 0.46 mmol of 1 in 3 mL of
freshly distilled THF were used. Compound 8e was obtained
in a 74% yield (89 mg). 1H NMR (CDCl3, 400 MHz) d:
7.08–7.04 (m, 1H), 4.64–4.60 (m, 2H), 3.92–3.89 (m, 2H),
3.76–3.73 (m, 2H), 3.67–3.63 (m, 2H), 3.46–3.43 (m, 2H),
2.59–2.55 (m, 2H), 2.47–2.42 (m, 2H), 2.45 (s, 3H). HR-
MS calcd. for C12H20N3O3S [M + 1]: 286.1220; found:
286.1218. EA calcd.: C 50.50, H 6.72, N 14.73; found: C
49.91, H 6.70, N 14.37.

2-(2-(2-(4-(1-Methyl-1,2,5,6-tetrahydropyridin-3-yl)-1,2,5-
thiadiazol-3-yloxy)ethoxy)ethoxy)ethanol (8f)

Compound 8f was prepared in an analogous manner to
that of 8a, where 0.084 mmol of diethyleneglycol (5f),
0.42 mmol of 60% NaH, and 0.46 mmol of 1 in 3.0 mL of
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freshly distilled THF were used. 8f was obtained in a 65%
yield (81 mg). 1H NMR (CDCl3, 400 MHz) d: 6.77–6.73
(m, 1H), 3.85–3.80 (m, 2H), 3.75–3.71 (m, 2H), 3.69–3.66
(m, 4H), 3.63–3.59 (m, 2H), 3.53–3.49 (m, 2H), 3.45–3.42
(m, 2H), 2.63–2.58 (m, 2H), 2.51–2.45 (m, 2H), 2.42 (s,
3H). HR-MS: calcd. for C14H24N3O4S [M + 1]: 330.1482;
found: 330.1476. EA calcd.: C 51.04, H 7.04, N 12.76;
found: C 50.07, H 6.89, N 12.52.

3-(3-Fluoropropoxy)-4-(1-methyl-1,2,5,6-tetrahydropyridin-
3-yl)-1,2,5-thiadiazole (9a)

To an oven-dried round-bottomed flask under an atmos-
phere of N2 containing 3 mL of freshly distilled THF was
added 0.5 mmol of 7a followed by 10 mg each of Pd/C and
Pd(OH)2. The reaction vessel was purged with H2(g) and
maintained under an atmosphere of H2(g) for 2 h while stir-
ring vigorously. Upon consumption of the starting material
as monitored by TLC (60:40 EtOAc:Hex (v/v)), the reaction
mixture was purged with N2 and cooled in an ice bath, and
1.0 mmol of NaH (60% in mineral oil) was added. The mix-
ture was stirred for 30 min at RT followed by the addition
of 0.2 mmol of 1. The reaction mixture was subsequently re-
fluxed overnight. Upon consumption of the starting material,
the reaction was filtered through celite and the THF was re-
moved under reduced pressure. The product was dissolved
in 30 mL of CH2Cl2 and washed with 30 mL of H2O, and
the aqueous layer was further extracted with 30 mL of
CH2Cl2. The combined organic layers were washed with
30 mL of brine, dried over Na2SO4, and concentrated. The
product was purified by PTLC (60:40 EtOAc:Hex (v/v)) to
yield 21 mg 9a (41%). 1H NMR (CDCl3, 400 MHz) d:
7.04–6.99 (m, 1H), 4.63 (dm, 2JHF = 47.0 Hz, 2H), 4.61 (t,
3JHH = 6.2 Hz, 2H), 3.47–3.43 (m, 2H), 2.60–2.55 (m, 2H),
2.48–2.42 (m, 2H), 2.46 (s, 3H), 2.25 (dm, 3JHF = 25.6 Hz,
2H). 19F NMR (CDCl3, 376 MHz) d: –222.38 (tt, 2JHF =
47.0 Hz, 3JHF = 25.8 Hz). HR-MS calcd. for C11H17FN3OS
[M + 1]: 258.1071; found: 258.1068. EA calcd.: C 51.34, H
6.27, N 16.33; found: C 51.64, H 6.27, N 15.84.

3-(5-Fluoropentyloxy)-4-(1-methyl-1,2,5,6-
tetrahydropyridin-3-yl)-1,2,5-thiadiazole (9b)

Compound 9b was prepared in an analogous manner to
that of 9a, where 0.4 mmol of 7b was used followed by
1.4 mmol of 60% NaH and 0.23 mmol of 1. Compound 9b
was obtained in a 29% yield (19 mg). 1H NMR (CDCl3,
400 MHz) d: 7.07–7.03 (m, 1H), 4.48 (dt, 2JHF = 46.9 Hz,
3JHH = 6.1 Hz, 2H), 4.47 (t, 3JHH = 6.5 Hz, 2H), 3.50–3.47
(m, 2H), 2.64–2.59 (m, 2H), 2.50–2.44 (m, 2H), 2.49 (s,
3H), 1.94–1.86 (m, 2H), 1.85–1.72 (m, 2H), 1.64–1.56 (m,
2H). 19F NMR (CDCl3, 376 MHz) d: –219.18 (tt, 2JHF =
47.1 Hz, 3JHF = 25.4 Hz). HR-MS calcd. for C13H21FN3OS
[M + 1]: 286.1384; found: 286.1380. EA calcd.: C 54.71, H
7.06, N 14.72; found: C 54.90, H 6.87, N 14.79.

3-(6-Fluorohexyloxy)-4-(1-methyl-1,2,5,6-
tetrahydropyridin-3-yl)-1,2,5-thiadiazole (9c)

Compound 9c was prepared in an analogous manner to
that of 9a, where 0.4 mmol of 7c was used followed by
1.4 mmol of 60% NaH and 0.23 mmol of 1. Compound 9c
was obtained in a 39% yield (27 mg). 1H NMR (CDCl3,
400 MHz) d: 7.07–7.03 (m, 1H), 4.46 (t, 3JHH = 6.9 Hz,

2H), 4.46 (dt, 2JHF = 47.2 Hz, 3JHH = 6.0 Hz, 2H), 3.48–
3.45 (m, 2H), 2.61–2.56 (m, 2H), 2.48–2.43 (m, 2H), 2.47
(s, 3H), 1.90–1.83 (m, 2H), 1.79–1.68 (m, 2H), 1.53–148
(m, 4H). 19F NMR (CDCl3, 376 MHz) d: –218.79 (tt, 2JHF =
47.2 Hz, 3JHF = 25.3 Hz). HR-MS calcd. for C14H23FN3OS
[M + 1]: 300.1540; found: 300.1536. EA calcd.: C 56.16, H
7.41, N 14.03; found: C 56.58, H 7.39, N 13.77.

3-(7-Fluoroheptyloxy)-4-(1-methyl-1,2,5,6-
tetrahydropyridin-3-yl)-1,2,5-thiadiazole (9d)

Compound 9d was prepared in an analogous manner to
that of 9a, where 0.4 mmol of 7d was used followed by
1.4 mmol of 60% NaH and 0.23 mmol of 1. Compound 9d
was obtained in a 35% yield (25 mg). 1H NMR (CDCl3,
400 MHz) d: 7.08–7.04 (m, 2H), 4.45 (t, 3JHH = 6.6 Hz,
2H), 4.45 (dt, 2JHF = 47.6 Hz, 3JHH = 6.2 Hz, 2H), 3.47–344
(m, 2H), 2.61–2.56 (m, 2H), 2.48–2.43 (m, 2H), 2.47 (s,
3H), 1.89–1.81 (m, 2H), 1.76–1.62 (m, 2H), 1.51–1.40 (m,
5H). 19F NMR (CDCl3, 376 MHz) d: –218.62 (tt, 2JHF =
47.5 Hz, 3JHF = 25.2 Hz). HR-MS calcd. for C15H25FN3OS
[M + 1]: 314.1697; found: 314.1693. EA calcd.: C 57.48, H
7.72, N 13.41; found: C 57.69, H 7.65, N 13.17.

3-(2-(2-Fluoroethoxy)ethoxy)-4-(1-methyl-1,2,5,6-
tetrahydropyridin-3-yl)-1,2,5-thiadiazole (9e)

Compound 9e was prepared in an analogous manner to
that of 9a, where 0.4 mmol of 7e was used followed by
1.4 mmol of 60% NaH and 0.23 mmol of 1. Compound 9e
was obtained in a 45% yield (30 mg). 1H NMR (CDCl3,
400 MHz) d: 7.12–7.07 (m, 1H), 4.64–4.61 (m, 2H), 4.58
(dm, 2JHF = 47.6 Hz, 2H), 3.96–3.92 (m, 2H), 3.79 (dm,
3JHF = 29.4 Hz, 2H), 3.47–3.44 (m, 2H), 2.60–2.55 (m, 2H),
2.49–2.43 (m, 2H), 2.46 (s, 3H). 19F NMR (CDCl3,
376 MHz) d: –223.51 (tt, 2JHF = 47.7 Hz, 3JHF = 28.9 Hz).
HR-MS calcd. for C12H19FN3O2S [M + 1]: 288.1177; found:
288.1173. EA calcd.: C 50.16, H 6.361, N 14.62; found: C
50.25, H 6.44, N 14.40.

3-(2-(2-(2-Fluoroethoxy)ethoxy)ethoxy)-4-(1-methyl-
1,2,5,6-tetrahydropyridin-3-yl)-1,2,5-thiadiazole (9f)

Compound 9f was prepared in an analogous manner to
that of 9a, where 0.4 mmol of 7f was used followed by
1.4 mmol of 60% NaH and 0.23 mmol of 1. Compound 9f
was obtained in a 62% yield (46 mg). 1H NMR (CDCl3,
400 MHz) d: 7.11–7.07 (m, 1H), 4.63–4.60 (m, 3H), 4.51–
4.48 (m, 1H), 3.93–3.90 (m, 2H), 3.79–3.77 (m, 1H), 3.74–
3.68 (m, 5H), 3.47–3.45 (m, 2H), 3.60–3.56 (m, 2H), 2.47–
2.43 (m, 2H), 2.46 (s, 3H). 19F NMR (CDCl3, 376 MHz)
d: –223.30 (tt, 2JHF = 47.7 Hz, 3JHF = 29.5 Hz). HR-MS
calcd. for C14H23FN3O3S [M + 1]: 332.1439; found:
332.1434. EA calcd.: C 50.74, H 6.69, N 12.68; found: C
50.87, H 6.75, N 12.86.

3-(Hexyloxy)-4-(1-methyl-1,2,5,6-tetrahydropyridin-3-yl)-
1,2,5-thiadiazole (10)

To an oven-dried round-bottomed flask, 71 mg
(0.7 mmol) of 1-hexanol was added to 3 mL of freshly dis-
tilled THF. To the reaction mixture was added 34 mg
(1.4 mmol) of 95% NaH, and the mixture was allowed to
stir at RT for 30 min. Compound 1 (0.35 mmol) was subse-
quently added and the reaction was refluxed overnight. The
reaction was diluted with 30 mL of H2O and washed with
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30 mL of CH2Cl2 (�2). The combined organic layers were
then washed with 40 mL of brine, dried over Na2SO4, and
concentrated. The product was purified by PTLC (30:70
EtOAc:Hex (v/v)) and 9 was obtained in a yield of 58 mg
(60%). 1H NMR (CDCl3, 300 MHz) d: 7.09–7.04 (m, 1H),
4.47–4.41 (m, 2H), 3.48–3.43 (m, 2H), 2.61–2.55 (m, 2H),
2.49–2.42 (m, 5H), 1.89–1.78 (m, 2H), 1.52–1.39 (m, 2H),
1.38–1.31 (m, 4H), 0.94–0.87 (m, 3H). HR-MS calcd. for
C14H24N3OS [M + 1]: 282.1635; found: 282.1633. EA
calcd.: C 59.75, H 8.24, N 14.93; found: C 59.68, H 8.14,
N 14.67.

In vitro binding assays
All Ki determinations were conducted by the National In-

stitute of Mental Health’s Psychoactive Drug Screening Pro-
gram (NIMH PDSP), contract No. NO1MH32004. The
NIMH PDSP is directed by Bryan L. Roth, M.D., Ph.D., at
the University of North Carolina at Chapel Hill and Project
Officer Jamie Driscol at NIMH, Bethesda, Maryland, USA
(http://pdsp.med.unc.edu/).

Radiochemical synthesis

Synthesis of [18F]-3-(2-(2-(2-
fluoroethoxy)ethoxy)ethylthio)-4-(1-methyl-1,2,5,6-
tetrahydropyridin-3-yl)-1,2,5-thiadiazole ([18F]4c)

A Scanditronix MC 17 cyclotron was used for [18F]fluo-
ride production and the radiosynthesis was carried out via
general automated methods using a GE FXFN radiofluorina-
tion module as previously reported in detail by our labora-
tory for the synthesis of [18F]4a,14 with only minor
modifications.

Briefly, to a reaction vessel containing reactive [18F]fluo-
ride was added 3 mg of 3c dissolved in 500 mL of CH3CN.
The reaction mixture was heated to 90 8C for 10 min, and
the reaction was quenched with 500 mL of H2O. The reac-
tion mixture was then purified via semipreparative HPLC
(20:80 CH3CN:H2O + 0.1 N ammonium formate + 1% for-
mic acid (pH 4), Semi-Prep LUNA C18(2) (250 mm �
10 mm, 10 mm, l = 254 nm)) at 6 mL/min. The major ra-
diochemical peak (tR = 13 min) was collected and formu-
lated as previously described.14 The formulated product was
analyzed by HPLC (30:70 CH3CN:H2O + 0.1 N ammonium
formate, Prodigy C18 ODS Prep column (250 mm �
4.6 mm, 10 mm, l = 254 nm)) at a flow of 3 mL/min.
HPLC analysis of formulated [18F]4c revealed high radio-
chemical (>99%) purities. Coinjection of the radioactive
product with an authentic standard of 4c under several dif-
ferent HPLC conditions (solvents, pH, wavelength; see Ta-
ble S2 in the Supplementary data) with different analytical
columns further established the identity of the radiotracer.
Specific activity was calculated at the end of synthesis from
the formulated product and was determined by integration of
the UV peak of an analytical HPLC chromatogram in com-
parison with standard solutions containing known concentra-
tions of 4c.

Ex vivo biodistribution
Ex vivo biodistribution studies in conscious male

Sprague–Dawley rats were conducted as previously de-
scribed by our group.32,33 All rats received *2.6 MBq of

[18F]4c in 0.3 mL of buffered saline via the tail vein and
were sacrificed by decapitation at either 5, 15, 30, or
60 min after injection (n = 1 per time point). The brains
were removed and regions of interest (striatum, thalamus,
hypothalamus, hippocampus, frontal cortex, rest of cortex,
cerebellum, rest of brain, as well as whole blood from the
trunk, bone, and heart) were excised, blotted, weighed, and
then counted for radioactivity (Fig. 3).

Metabolism studies
Following tail-vein injection of [18F]4c as described

above, whole blood was collected at various time points
from the trunk in a heparinized tube and centrifuged, and
the plasma was separated for metabolite analysis by HPLC
via the method of Hilton et al.,35 with minor modifications.
Briefly, rat plasma from each time point was directly loaded
onto a 5 mL HPLC injector loop and injected onto a capture
column (4.6 mm � 20 mm) that was packed in-house with
OASIS HLB 30 mm (Waters, New Jersey). The capture col-
umn was eluted with 1% aqueous CH3CN (2 mL/min) for
3 min and then back-flushed (19:81 CH3CN:H2O + 0.1 N
ammonium formate, 2.0 mL/min) onto a Phenomenex
10 mm Luna C18 column (250 mm � 4.6 mm). The column
effluents from both columns were monitored through a flow
detector (Bioscan Flow-Count) operated in coincidence
mode. Whole brain removed from a control rat and treated
with *1 MBq of [18F]4c and whole brain removed from a
rat sacrificed at 60 min after injection of [18F]4c in the tail
vein were individually homogenized with ice-cold 80%
ethanol and centrifuged as previously described by our labo-
ratory,36 prior to radio-HPLC analysis of the supernatant us-
ing the aforementioned method.

Supplementary data

Supplementary data for this article are available on the
journal Web site (canjchem.nrc.ca).

Acknowledgements
The authors gratefully acknowledge the assistance of Ar-

mando Garcia, Alvina Ng, Jun Parkes, Winston Stableford,
and Min Wong for radioisotope production or biological
evaluations, and acknowledge Dr. Matthew Moran and Dr.
Karin Stephenson for helpful discussions. We also acknowl-
edge Dr. Bryan Roth at the University of North Carolina at
Chapel Hill and the National Institute of Mental Health’s
Psychoactive Drug Screening Program, contract No.
NO1MH32004, for conducting Ki determinations and for
helpful discussions. Funding for this work was provided by
the Centre for Addiction and Mental Health (CAMH) as
well as the Ontario Ministry of Research and Innovation
(Early Researcher Award to N.V.).

References
(1) Caulfield, M. P. Pharmacol. Ther. 1993, 58 (3), 319. doi:10.

1016/0163-7258(93)90027-B.
(2) Eglen, R. M. Prog. Med. Chem. 2005, 43, 105. doi:10.1016/

S0079-6468(05)43004-0.
(3) Abrams, P.; Andersson, K.-E.; Buccafusco, J. J.; Chapple,

C.; Chet de Groat, W.; Fryer, A. D.; Kay, G.; Laties, A.;

van Oosten et al. 1231

Published by NRC Research Press

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

U
ni

ve
rs

ity
 o

f 
E

le
ct

ro
ni

c 
an

d 
Sc

ie
nc

e 
T

ec
ho

no
lo

gy
 o

f 
C

hi
na

 o
n 

09
/1

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



Nathanson, N. M.; Pasricha, P. J.; Wein, A. J. Br. J. Phar-
macol. 2006, 148 (5), 565. doi:10.1038/sj.bjp.0706780.

(4) Langmead, C. J.; Watson, J.; Reavill, C. Pharmacol. Ther.
2008, 117 (2), 232. doi:10.1016/j.pharmthera.2007.09.009.

(5) Ametamey, S. M.; Honer, M.; Schubiger, P. A. Chem. Rev.
2008, 108 (5), 1501. doi:10.1021/cr0782426.

(6) Miller, P. W.; Long, N. J.; Vilar, R.; Gee, A. D. Angew.
Chem. Int. Ed. 2008, 47 (47), 8998. doi:10.1002/anie.
200800222.

(7) Eckelman, W. C. Curr. Pharm. Des. 2006, 12 (30), 3901.
doi:10.2174/138161206778559678.

(8) Sauerberg, P.; Olesen, P. H.; Nielsen, S.; Treppendahl, S.;
Sheardown, M. J.; Honore, T.; Mitch, C. H.; Ward, J. S.;
Pike, A. J.; Bymaster, F. P.; Sawyer, B. D.; Shannon, H. E.
J. Med. Chem. 1992, 35 (12), 2274. doi:10.1021/
jm00090a019.

(9) Farde, L.; Suhara, T.; Halldin, C.; Nyback, H.; Nakashima,
Y.; Swahn, C. G.; Karlsson, P.; Ginovart, N.; Bymaster, F.
P.; Shannon, H. E.; Foged, C.; Suzdak, P. D.; Sauerberg, P.
Dementia 1996, 7 (4), 187.

(10) Kiesewetter, D. O.; Carson, R. E.; Jagoda, E. M.; Herscov-
itch, P.; Eckelman, W. C. Life Sci. 1999, 64 (6–7), 511.
doi:10.1016/S0024-3205(98)00595-5.

(11) Kiesewetter, D. O.; Lee, J. T.; Lang, L.; Park, S. G.; Paik, C.
H.; Eckelman, W. C. J. Med. Chem. 1995, 38 (1), 5. doi:10.
1021/jm00001a002.

(12) Reid, A. E.; Ding, Y.-S.; Eckelman, W. C.; Logan, J.; Alex-
off, D.; Shea, C.; Xu, Y.; Fowler, J. S. Nucl. Med. Biol.
2008, 35 (3), 287. doi:10.1016/j.nucmedbio.2008.01.001.

(13) Kiesewetter, D. O.; Vuong, B.-k.; Channing, M. A. Nucl.
Med. Biol. 2003, 30 (1), 73. doi:10.1016/S0969-8051(02)
00354-2.

(14) van Oosten, E. M.; Wilson, A. A.; Stephenson, K. A.;
Mamo, D. C.; Pollock, B. G.; Mulsant, B. H.; Yudin, A. K.;
Houle, S.; Vasdev, N. Appl. Radiat. Isot. 2009, 67 (4), 611.
doi:10.1016/j.apradiso.2008.12.015.

(15) Eckelman, W. C. Nucl. Med. Biol. 2003, 30 (8), 851. doi:10.
1016/S0969-8051(03)00123-9.

(16) Jagoda, E. M.; Kiesewetter, D. O.; Shimoji, K.; Ravasi, L.;
Yamada, M.; Gomeza, J.; Wess, J.; Eckelman, W. C. Neuro-
pharmacology 2003, 44 (5), 653. doi:10.1016/S0028-
3908(03)00050-9.

(17) Carson, R. E.; Kiesewetter, D. O.; Jagoda, E.; Der, M. G.;
Herscovitch, P.; Eckelman, W. C. J. Cereb. Blood Flow Me-
tab. 1998, 18 (10), 1130. doi:10.1097/00004647-199810000-
00010.

(18) Ichise, M.; Cohen, R. M.; Carson, R. E. J. Cereb. Blood
Flow Metab. 2007, 28 (2), 420. doi:10.1038/sj.jcbfm.
9600530.

(19) Cohen, R. M.; Carson, R. E.; Filbey, F.; Szczepanik, J.; Sun-
derland, T. Synapse 2006, 60 (1), 86. doi:10.1002/syn.20276.

(20) Cohen, R. M.; Podruchny, T. A.; Bokde, A. L. W.; Carson,

R. E.; Herscovitch, P.; Kiesewetter, D. O.; Eckelman, W. C.;
Sunderland, T. Synapse 2003, 49 (3), 150. doi:10.1002/syn.
10225.

(21) Podruchny, T. A.; Connolly, C.; Bokde, A.; Herscovitch, P.;
Eckelman, W. C.; Kiesewetter, D. O.; Sunderland, T.; Car-
son, R. E.; Cohen, R. M. Synapse 2003, 48 (1), 39. doi:10.
1002/syn.10165.

(22) Benson, B. E.; Carson, R. E.; Kiesewetter, D. O.; Herscov-
itch, P.; Eckelman, W. C.; Post, R. M.; Ketter, T. A. Neu-
ropsychopharmacology 2004, 29 (7), 1239. doi:10.1038/sj.
npp.1300404.

(23) Cannon, D. M.; Carson, R. E.; Nugent, A. C.; Eckelman, W.
C.; Kiesewetter, D. O.; Williams, J.; Rollis, D.; Drevets, M.;
Gandhi, S.; Solorio, G.; Drevets, W. C. Arch. Gen. Psychia-
try 2006, 63 (7), 741. doi:10.1001/archpsyc.63.7.741.

(24) Ferrari-DiLeo, G.; Mash, D. C.; Flynn, D. D. Mol. Chem.
Neuropathol. 1995, 24 (1), 69. doi:10.1007/BF03160113.

(25) Kiesewetter, D. O.; Jagoda, E. M.; Shimoji, K.; Ma, Y.; Eck-
elman, W. C. Nucl. Med. Biol. 2007, 34 (2), 141. doi:10.
1016/j.nucmedbio.2006.11.002.

(26) Kane, B. E.; Grant, M. K.; El-Fakahany, E. E.; Ferguson, D.
M. Bioorg. Med. Chem. 2008, 16 (3), 1376. doi:10.1016/j.
bmc.2007.10.058.

(27) Rajeswaran, W. G.; Cao, Y.; Huang, X.-P.; Wroblewski, M.
E.; Colclough, T.; Lee, S.; Liu, H.; Nagy, P. I.; Ellis, J.; Le-
vine, B. A.; Nocka, K. H.; Messer, W. S., Jr. J. Med. Chem.
2001, 44 (26), 4563. doi:10.1021/jm0102405.

(28) Tejada, F. R.; Nagy, P. I.; Xu, M.; Wu, C.; Katz, T.; Dorsey,
J.; Rieman, M.; Lawlor, E.; Warrier, M.; Messer, W. S., Jr.
J. Med. Chem. 2006, 49 (25), 7518. doi:10.1021/jm0606995.

(29) Zhang, W.; Oya, S.; Kung, M.-P.; Hou, C.; Maier, D. L.;
Kung, H. F. Nucl. Med. Biol. 2005, 32 (8), 799. doi:10.
1016/j.nucmedbio.2005.06.001.

(30) Hudkins, R. L.; DeHaven-Hudkins, D. L. Life Sci. 1991, 49
(17), 1229. doi:10.1016/0024-3205(91)90135-X.

(31) Wilson, A. A.; Jin, L.; Garcia, A.; DaSilva, J. N.; Houle, S.
Appl. Radiat. Isot. 2001, 54 (2), 203. doi:10.1016/S0969-
8043(00)00269-4.

(32) Vasdev, N.; Natesan, S.; Galineau, L.; Garcia, A.; Stable-
ford, W. T.; McCormick, P.; Seeman, P.; Houle, S.; Wilson,
A. A. Synapse 2006, 60 (4), 314. doi:10.1002/syn.20304.

(33) Wilson, A. A.; DaSilva, J. N.; Houle, S. Nucl. Med. Biol.
1996, 23 (2), 141. doi:10.1016/0969-8051(95)02044-6.

(34) Cox, D. P.; Terpinski, J.; Lawrynowicz, W. J. Org. Chem.
1984, 49 (17), 3216. doi:10.1021/jo00191a035.

(35) Hilton, J.; Yokoi, F.; Dannals, R. F.; Ravert, H. T.; Szabo,
Z.; Wong, D. F. Nucl. Med. Biol. 2000, 27 (6), 627. doi:10.
1016/S0969-8051(00)00125-6.

(36) Wilson, A. A.; Garcia, A.; Parkes, J.; McCormick, P.; Ste-
phenson, K. A.; Houle, S.; Vasdev, N. Nucl. Med. Biol.
2008, 35 (3), 305. doi:10.1016/j.nucmedbio.2007.12.009.

1232 Can. J. Chem. Vol. 88, 2010

Published by NRC Research Press

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

U
ni

ve
rs

ity
 o

f 
E

le
ct

ro
ni

c 
an

d 
Sc

ie
nc

e 
T

ec
ho

no
lo

gy
 o

f 
C

hi
na

 o
n 

09
/1

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



Microwave-assisted Diels–Alder reaction of 1,3,3-
trimethyl-2-vinyl-1-cyclohexene with chromones —
An expeditious approach to analogues of the
puupehenone group of marine diterpenoids and
kampanols

Rajesh M. Kamble and M.M.V. Ramana

Abstract: A rapid assembly of the tetracyclic core of marine diterpenoids related to puupehenone and kampanols by a
Diels–Alder reaction of 1,3,3-trimethyl-2-vinyl-1-cyclohexene with chromones under microwave irradiation with or without
TiCl4 is described.

Key words: Diels–Alder, chromones, regioselectivity, stereoselectivity, TiCl4, microwave synthesis.

Résumé : On décrit une méthode rapide pour rassembler le dérivé tétracyclique fondamental de diterpénoı̈des marins ap-
parentés à la puupéhénone et aux kampanols ; elle implique une réaction de Diels–Alder entre le 1,3,3-triméthyl-2-vinylcy-
clohex-1-ène avec des chromones, sous irradiation de microondes, avec ou sans TiCl4.

Mots-clés : Diels–Alder, chromones, régiosélectivité, stéréosélectivité, TiCl4, synthèse sous l’influence de microondes.

[Traduit par la Rédaction]

Introduction

The Diels–Alder reaction has been extensively applied for
the synthesis of a wide variety of natural products. The
Diels–Alder reaction1 constitutes one of the most frequently
employed synthetic methods for pericyclic six-electron
processes resulting in highly regio-, diastereo-, and enantio-
selective construction of polycyclic ring systems of fundamen-
tal interest in organic chemistry. In view of the outstanding
importance of the method for the preparation of natural
products, and hence also of physiologically active mole-
cules, increasing interest has been placed in recent years on
the development of [4 + 2] cycloadditions.

The Diels–Alder reaction of 1,3,3-trimethyl-2-vinyl-1-
cyclohexene with dienophiles like dimethyl acetylenedicar-
boxylate,2–4 unsymmetrical p-benzoquinones,5 2-carbomethoxy-
4,4-dimethyl-2-cyclohexenone,6 1,4-benzoquinone,7 substituted
1,4-benzoquinones,8 3-((E)-3-(methoxycarbonyl)propenoyl)-1,3-
oxazolidin-2-one,9 acetylenedicarbaldehyde,10 (S)-3-hydroxy-2-
isopropyl-5-tert-butylsulfinyl-p-benzoquinone,11 and conju-
gated ketones12 has been reported. There have been very
few reports of [4 + 2] cycloaddition reactions using chro-
mones as dienophiles and in all these cases an activating
functionality such as –CHO, –COR, –COOR, –CN, –Ar,
etc. at C(3) has been utilized.13–15 Only one Diels–Alder re-
action of 1,3,3-trimethyl-2-vinyl-1-cyclohexene with 6-

bromo-3-cyanochromone13 having an activating group at
C(3) has been reported in the literature. Also, Lewis acids
are known to catalyze Diels–Alder reactions.1,12,13 Lewis
acid–catalyzed cycloadditions not only proceed more rapidly
than their thermal counterparts but are also generally more
regio- and stereoselective. For this reason, such reactions
are of additional interest from a theoretical point of view,
since they appear to represent an exception to the reactivity–
selectivity principle. Theoretical interpretations of the appa-
rently anomalous course of these Lewis acid–catalyzed
reactions have been proposed by Epiotis and Shaik16 and by
Branchadell et al.,17 while the frontier molecular orbital
theory was successfully applied to explain the role of the
Lewis acid catalyst.18 Donor–acceptor interactions between
the dienophile and the catalyst thus lower the energy of the
highest occupied molecular orbital and the lowest unoccu-
pied molecular orbital of the dienophile. For the case of a
[4 + 2] cycloaddition with normal electron demand, this
means that the separation between the molecular orbitals
will decrease and the stabilization of the transition state will
increase. The literature on the acceleration of Diels–Alder
reactions by common Lewis acids such as TiCl4, SnCl2,
ZnCl2, ZnBr2, BF3, SnCl4, etc. is extensively reported.

In the present study, we employed microwave energy be-
cause the potential application of microwave technology in
organic synthesis19 is increasing rapidly owing to its reac-
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tion simplicity, reduced pollution, and minimum reaction
time providing a rapid access to large libraries of diverse
small molecules.20–22

(+)-Puupehenone (1),23–28 (+)-puupehedione (2),26 (–)-15-

oxopuupehenol (3),27 (+)-15-cyanopuupehenone (4),26,27

(–)-8-epichromazonarol (5),29 (–)-15-cyanopuupehenol (6),27,30

chloropuupehenone (7),23 and cyclospongiaquinone-1 (8)31

(Chart 1) are an important group of biologically active ma-

Chart 1. Puupehenone group of marine diterpenoids 1–8 and kampanols 9–11.
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rine terpenoids.32 These are based on a mixed biogenetic
origin involving a sesquiterpene unit with a quinol or qui-
none and consist of a multiplicity of prenyl units uncommon
in terrestrial organisms. These compounds were isolated
from sponges and possess a wide range of potent biological
activities, including cytotoxic,26,27 antiviral,26,27 antimicro-
bial,23 antifungal,26 immunomodulatory,26,27 antitumor,25,33

antimalarial,27 antibiotic,34 antituberculosis,35 antioxidant,36

and insecticidal activities.37 The characteristic structural fea-
tures such as a tetracyclic framework, four quaternary
methyl groups, a benzopyran ring, a trimethyl cyclohexane
moiety, four stereogenic centers at AB and BC ring junc-
tions having trans and cis relationship, respectively, and an
additional chiral center at C(15) of ring C of these tetracy-
clic diterpenes, as well has the biological activity observed
within this series, attracted chemists to develop new meth-
ods for their synthesis. Other related compounds are kampa-
nols A–C (9–11, respectively) (Chart 1), which are
polycyclic natural products isolated from the fungal culture
broth of Stachybotrys kampalensis, which are novel and spe-
cific inhibitors of farnesyl protein transferase.38

Our interest in the synthesis of natural products39 and the
absence of reports of the Diels–Alder reaction of 1,3,3-
trimethyl-2-vinyl-1-cyclohexene with chromones not having
an activating group on the enone double bond led us to ex-
plore the synthetic potential of chromones such as 6,7-
dimethoxy-2-methyl chromone (12),40 6-methoxy-2-methyl
chromone (13),41 6,7-methylenedioxy-2-methyl chromone
(14),42 6-nitro-2-methyl chromone (15),43 2-methyl chro-
mone (16),44 flavone (17),45 and chromone (18)46 as dieno-
philes in [4 + 2] cycloaddition reactions. We envisaged that
if diene 1,3,3-trimethyl-2-vinyl-1-cyclohexene (19)3 could
be used, then such a cycloaddition would lead to a conver-
gent approach for construction of the tetracyclic core of
puupehenone and kampanol analogues.

Results and discussion

We now report for the first time a successful Diels–Alder
reaction of 1,3,3-trimethyl-2-vinyl-1-cyclohexene (19) with
chromones 12–18 not having an activating group at C(3)
under microwave irradiation with or without TiCl4 catalyst
(Scheme 1).

The reaction of 12 with the electron-rich diene 19 was
performed in a microwave reactor at 140 8C for 65 min to
give cycloadduct 20 in a moderate yield (42%). However,
the use of TiCl4 and microwave radiation led to a significant
enhancement in the yield of the cycloadduct (67%) and time
reduction (30 min) (Table 1). The reaction was found to be
regioselective as indicated by 1H NMR data, which exhib-
ited a singlet at d 2.71 ppm for the C(12a) proton while the
C(6a) proton signal was absent; C(1) protons appeared at d
2.18–1.65 ppm. Thus, this indicates the formation of the re-
gioisomer 20 instead of 20a (Fig. 1).

This reaction was also stereoselective as indicated by 1H
NMR, which showed a singlet for C(6a) methyl protons at d
1.39 ppm and C(12b) methyl protons at d 1.21 ppm. 13C
NMR signal for C(6a) methyl carbon exhibited a signal at
34.2 ppm and that for C(12b) methyl carbon exhibited a sig-
nal at 23.8 ppm.

These high d values suggest the formation of the endo-20
product (Fig. 1). Recently, Wallace and co-workers48 re-
ported the synthesis of the (±)-exo-20, which had lower d

values for the C(12a) proton and the C(6a) methyl and
C(12b) methyl protons. Furthermore, this compound has a
mp of 165 8C, whereas our compound has a mp of 102 8C.
Also, the (±)-exo-24 is an oil48 and our compound 24 is a
solid with a mp of 60 8C. Further, compound 24 also has
higher d values for the C(12a) proton and C(6a) methyl and
C(12b) methyl protons. All this evidence suggests the for-
mation of the endo-20 product. This represents the first ex-

Table 1. Reaction of 1,3,3-trimethyl-2-vinyl-1-cyclohexene (19) with chromones 12–18 under microwave irradiation with or
without TiCl4.

Temp. (8C) Time (min) Isolated yield (%)

Entry Chromone R1 R2 R3 Product – TiCl4 + TiCl4 – TiCl4 + TiCl4 – TiCl4 + TiCl4

1 12 Me OMe OMe 20 140 100 65 30 42 67
2 13 Me OMe H 21 140 140 70 20 44 63
3 14 Me –OCH2O– 22 140 100 64 25 47 73
4 15 Me NO2 H 23 140 100 65 25 45 71
5 16 Me H H 24 100 100 65 20 42 68
6 17 Ph H H 25 100 100 70 30 41 68
7 18 H H H 26 100 100 65 20 45 67

Scheme 1. Microwave-assisted synthesis of tetracyclic compounds 20–26.
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ample of a highly stereoselective [4 + 2] cycloaddition reac-
tion involving easily available chromone dienophiles.

Similar results were obtained with other chromones, 13–
18 (Table 1). In all these cases, the reaction led to the gen-
eration of the tetracyclic core present in puupehenone 1 and
related marine terpenoids and kampanols. Further, the cata-
lytic hydrogenation of the C(4a)–(C5) double bond could
lead to a trans-fused AB ring,7,8 which is present in these
natural products.

It is significant that in the above noncatalyzed microwave
reactions, we could not isolate even traces of the exo iso-
mer. This probably suggests that the endo effect controls
the [4 + 2] addition in the noncatalyzed microwave reac-
tions. In all these reactions, unreacted starting materials
were recovered during column chromatographic purification.

The results in Table 1 also suggest that when the reac-
tions were carried out at the same temperature (Table 1, en-
tries 2, 5–7), reaction time was reduced and the percentage
yields of the product were higher. This suggests that the
Lewis acid used, that is TiCl4, reduces the reaction times
and enhances the yield of the adduct without affecting the
distereoselectivity (endo).

Conclusion

In conclusion, we have accomplished the first highly ster-
eoselective [4 + 2] cycloaddition reaction under microwave
irradiation with and without TiCl4 using chromones as dien-
ophiles and have demonstrated the potential of this reaction
in constructing the tetracyclic core of the marine diterpe-

Figure 1. Regioisomers 20, 20a, endo-20, exo-20, and ball-and-stick models (generated using Materials Studio47) of endo-20 and exo-20.
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noids related to puupehenone analogues 1–8 and kampanols
9–11 in a convergent manner.

Experimental
Melting points are uncorrected. UV spectra were recorded

on a Shimadzu UV–visible spectrophotometer UV-2401PC
using methanol as a solvent; lmax is given in nm (3). IR
spectra were recorded on a PerkinElmer Spectrum One
FTIR spectrophotometer in KBr discs. Elemental analyses
were performed on a Euro-Vector EA3000 elemental ana-
lyzer. 1H and 13C NMR spectra were recorded on a Bruker
Avance (1H, 300 MHz; 13C, 75 MHz) spectrometer using
CDCl3 as solvent and TMS as an internal standard; d are in
ppm and coupling constants (J) in Hz. Electron impact mass
spectra were obtained using a 3200 Q TRAP LC-MS/MS
System MDS SCI EX Shimadzu Prominance LC and Varian
500-MS (Model 210) LC-MS IT mass spectrometer. The
boiling point of petroleum ether used was in the range of
60–80 8C. Silica gel (60–120 mesh) (S.D. Fine Chemicals
Ltd.) was used in column chromatography. Microwave-
assisted reactions were performed using a Startsynth Micro-
wave Synthesis Labstation model microwave reactor. All
reactions were performed in the appropriate volume vessel.
Temperature was measured with an IR sensor and reaction
times are given as hold times.

General procedures for microwave-assisted syntheses of
cycloadducts 20–26

(i) General procedure for the cycloaddition without TiCl4

A mixture of 19 (900 mg, 6 mmol) and 12–18 (0.6 mmol)
was taken in a sealed glass vial and heated in a microwave
reactor (Table 1). The reaction mixture was taken out of the
microwave reactor and allowed to cool. The colorless semi-
solid thus obtained was purified by silica gel column chro-
matography. Elution with petroleum ether/CHCl3 afforded
the corresponding cycloadducts 20–26.

(ii) General procedure for the cycloaddition with TiCl4

A mixture of 19 (900 mg, 6 mmol) and 12–18 (0.6 mmol)
was taken in a 50 mL capacity round-bottom flask. Then,
0.5 mL of TiCl4 was added to the same reaction mixture.
The flask was irradiated in a microwave reactor (Table 1).
Then the reaction mixture was taken out of the microwave
reactor and allowed to cool. The dark brown solid thus ob-
tained was purified by silica gel column chromatography.
Elution with petroleum ether/CHCl3 afforded the corre-
sponding cycloadducts 20–26.

Endo-(±)-1,2,3,4,6,6a,12a,12b-octahydro-9,10-dimethoxy-
4,4,6a,12b-tetramethyl-benzo[a]xanthen-12-one (endo-20)

Colorless solid, mp 102 8C (7:3, petroleum ether/chloro-
form). UV–vis lmax (3): 339 (2822), 275 (4235), 236
(5757), 211 (5486). FTIR (cm–1): 2924, 1678 (C=O), 1474,
1266, 1063. 1H NMR (300 MHz, ppm) d: 7.14 (s, 1H, H11),
7.01 (s, 1H, H8), 5.58 (t, J = 3.9 Hz, 1H, H5), 3.90 (s, 3H,
OCH3), 3.86 (s, 3H, OCH3), 2.71 (s, 1H, H12a), 2.61 (dd, J =
9.0 and 18.0 Hz, 1H, H6), 2.53 (dd, J = 9.0 and 18.0 Hz, 1H,
H6), 2.18, 1.65 (m, 2H, H1), 1.72, 1.61 (m, 2H, H2), 1.43,
1.18 (m, 2H, H3), 1.39 (s, 3H, CH3–6a), 1.21 (s, 3H,
CH3–12b), 1.13 (s, 3H, CH3eq–4), 1.11 (s, 3H, CH3ax–4).

13C NMR (75 MHz, ppm) d: 199.5 (C=O), 155.2 (C-9),
154.4 (C-7a), 154.2 (C-10), 140.8 (C-4a), 137.3 (C-11a),
132.1 (C-11), 130.5 (C-8), 121.2 (C-5), 78.6 (C-6a), 64.2
(C-12a), 56.6 (OCH3), 56.2 (OCH3), 37.5 (C-1), 37.1 (C-
12b), 34.2 (CH3-6a), 33.5 (CH3eq-4), 32.6 (C-4), 32.0 (C-6),
23.8 (CH3-12b), 22.7 (CH3ax-4), 20.6 (C-3), 17.5 (C-2). LC-
MS (70 eV): 370 [M+, 11]. Anal. calcd. for C23H30O4: C
74.59, H 8.10; found: C 74.83, H 8.03.

Endo-(±)-1,2,3,4,6,6a,12a,12b-octahydro-10-methoxy-
4,4,6a,12b-tetramethyl-benzo[a]xanthen-12-one (endo-21)

Colorless solid, mp 111 8C (7:3, petroleum ether/chloro-
form). UV–vis lmax (3): 321 (3856), 229 (11487). FTIR
(cm–1): 3061, 2924, 1676 (C=O), 1483, 1239, 1028.
1H NMR (300 MHz, ppm) d: 7.19 (s, 1H, H11), 7.09 (d, J =
8.9 Hz, 1H, H9), 6.99 (d, J = 8.9 Hz, 1H, H8), 5.59 (t, J =
3.8 Hz, 1H, H5), 3.88 (s, 3H, OCH3), 2.80 (s, 1H, H12a), 2.59
(dd, J = 9.0 and 18.1 Hz, 1H, H6), 2.51 (dd, J = 9.0 and
18.1 Hz, 1H, H6), 2.16, 1.64 (m, 2H, H1), 1.71, 1.60 (m,
2H, H2), 1.42, 1.19 (m, 2H, H3), 1.38 (s, 3H, CH3–6a), 1.22
(s, 3H, CH3–12b), 1.14 (s, 3H, CH3eq–4), 1.12 (s, 3H,
CH3ax–4). 13C NMR (75 MHz, ppm) d: 199.1 (C=O), 154.1
(C-7a), 153.2 (C-10), 141.2 (C-4a), 137.5 (C-11a), 131.7
(C-11), 130.9 (C-9), 126.2 (C-8), 121.0 (C-5), 78.3 (C-6a),
64.1 (C-12a), 55.9 (OCH3), 37.2 (C-12b), 36.9 (C-1), 33.9
(CH3-6a), 32.8 (CH3eq-4), 32.2 (C-4), 31.8 (C-6), 23.2
(CH3-12b), 22.4 (CH3ax-4), 20.4 (C-3), 18.0 (C-2). LC-MS
(70 eV): 340 [M+, 5], 191 (100), 149 (17), 135 (18). Anal.
calcd. for C22H28O3: C 77.64, H 8.23; found: C 77.43, H
8.33.

2-Methyl-6,7-methylenedioxy-4H-1-benzopyran-4-one (14)
This compound was prepared utilizing the general proce-

dure reported for the synthesis of chromone.42 Faint yellow
crystals, mp 101–102 8C (8:2, petroleum ether/chloroform).
UV–vis lmax (3): 347 (3881), 276 (3303), 238 (6472), 212
(5653). FTIR (cm–1): 2922, 1632 (C=O), 1484, 1035, 922.
1H NMR (300 MHz, ppm) d: 7.27 (s, 1H), 7.05 (s, 1H),
6.44 (s, 2H), 5.98 (s, 1H), 2.52 (s, 3H). 13C NMR (75 MHz,
ppm) d: 201.9 (C=O), 155.2, 154.9, 154.4, 140.4, 138.1,
132.3, 129.8, 128.4, 101.7, 26.4. LC-MS (70 eV): 204 [M+,
21], 148 (54), 118 (83), 116 (100). Anal. calcd. for C11H8O4:
C 64.70, H 3.92; found: C 64.50, H 3.99.

Endo-(±)-1,2,3,4,6,6a,12a,12b-octahydro-4,4,6a,12b-
tetramethyl-9,10-methylenedioxy-benzo[a]xanthen-12-one
(endo-22)

Colorless solid, mp 98 8C (7:3, petroleum ether/chloro-
form). UV–vis lmax (3): 347 (3945), 276 (3386), 239
(7085), 210 (6929). FTIR (cm–1): 2924, 1680 (C=O), 1484,
1035, 923. 1H NMR (300 MHz, ppm) d: 7.10 (s, 1H, H11),
7.03 (s, 1H, H8), 5.97 (s, 2H, OCH2O), 5.60 (t, J = 3.9 Hz,
1H, H5), 2.69 (s, 1H, H12a), 2.64 (dd, J = 9.2 and 18.2 Hz,
1H, H6), 2.55 (dd, J = 9.2 and 18.2 Hz, 1H, H6), 2.19, 1.67
(m, 2H, H1), 1.69, 1.62 (m, 2H, H2), 1.42, 1.18 (m, 2H, H3),
1.39 (s, 3H, CH3–6a), 1.20 (s, 3H, CH3–12b), 1.15 (s, 3H,
CH3eq–4), 1.13 (s, 3H, CH3ax–4). 13C NMR (75 MHz, ppm)
d: 199.4 (C=O), 154.8 (C-9), 154.5 (C-7a), 154.1 (C-10),
140.5 (C-4a), 137.5 (C-11a), 132.5 (C-11), 130.2 (C-8),
121.4 (C-5), 101.1 (OCH2O), 78.7 (C-6a), 63.8 (C-12a),
37.5 (C-12b), 37.2 (C-1), 34.1 (CH3-6a), 32.9 (CH3eq-4),
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32.5 (C-4), 32.2 (C-6), 23.5 (CH3-12b), 22.8 (CH3ax-4), 20.5
(C-3), 17.8 (C-2). LC-MS (70 eV): 354 [M+, 4], 352 (100),
236 (10), 220 (40), 205 (21). Anal. calcd. for C22H26O4: C
74.57, H 7.34; found: C 74.83, H 7.46.

Endo-(±)-1,2,3,4,6,6a,12a,12b-octahydro-4,4,6a,12b-
tetramethyl-benzo[a]xanthen-12-one-10-nitro (endo-23)

Colorless solid, mp 171 8C (4:6, petroleum ether/chloro-
form). UV–vis lmax (3): 296 (4131), 239 (10304). FTIR
(cm–1): 3063, 2925, 1679 (C=O), 1531, 1467. 1H NMR
(300 MHz, ppm) d: 9.03 (s, 1H, H11), 8.46 (d, J = 9.2 Hz,
1H, H9), 7.54 (d, J = 9.2 Hz, 1H, H8), 5.55 (t, J = 3.9 Hz,
1H, H5), 2.78 (s, 1H, H12a), 2.62 (dd, J = 8.9 and 18.0 Hz,
1H, H6), 2.54 (dd, J = 8.9 and 18.0 Hz, 1H, H6), 2.20, 1.68
(m, 2H, H1), 1.71, 1.64 (m, 2H, H2), 1.42, 1.19 (m, 2H, H3),
1.39 (s, 3H, CH3–6a), 1.24 (s, 3H, CH3–12b), 1.16 (s, 3H,
CH3eq–4), 1.13 (s, 3H, CH3ax–4). 13C NMR (75 MHz, ppm)
d: 199.8 (C=O), 159.2 (C-10), 154.8 (C-7a), 148.5 (C-11),
144.6 (C-9), 140.4 (C-4a), 138.1 (C-11a), 127.8 (C-8),
120.5 (C-5), 78.5 (C-6a), 64.1 (C-12a), 37.5 (C-12b), 37.1
(C-1), 34.3 (CH3-6a), 33.7 (CH3eq-4), 32.7 (C-4), 31.7 (C-
6), 23.1 (CH3-12b), 22.3 (CH3ax-4), 20.8 (C-3), 17.7 (C-2).
LC-MS (70 eV): 355 [M+, 8], 327 (23), 206 (100), 160
(31), 143 (10). Anal. calcd. for C21H25NO4: C 70.98, H
7.04, N 3.94; found: C 70.72, H 6.92, N 4.06.

Endo-(±)-1,2,3,4,6,6a,12a,12b-octahydro-4,4,6a,12b-
tetramethyl-benzo[a]xanthen-12-one (endo-24)

Colorless solid, mp 60 8C (8:2, petroleum ether/chloro-
form). UV–vis lmax (3): 295 (2551), 222 (7003). FTIR
(cm–1): 1676 (C=O), 1478. 1H NMR (300 MHz, ppm) d:
7.04 (d, J = 8.5 Hz, 1H, H11), 6.97 (d, J = 8.5 Hz, 1H, H8),
6.93 (t, J = 8.6 Hz, 1H, H9), 6.90 (t, J = 8.5 Hz, 1H, H10),
5.58 (t, J = 3.7 Hz, 1H, H5), 2.75 (s, 1H, H12a), 2.60 (dd, J =
9.1 and 18.1 Hz, 1H, H6), 2.52 (dd, J = 9.1 and 18.1 Hz, 1H,
H6), 2.19, 1.66 (m, 2H, H1), 1.69, 1.60 (m, 2H, H2), 1.44,
1.17 (m, 2H, H3), 1.39 (s, 3H, CH3–6a), 1.23 (s, 3H,
CH3–12b), 1.13 (s, 3H, CH3eq–4), 1.10 (s, 3H, CH3ax–4). 13C
NMR (75 MHz, ppm) d: 199.2 (C=O), 155.1 (C-7a), 140.1
(C-4a), 137.7 (C-11a), 128.2 (C-11), 126.5 (C-8), 121.4 (C-
9), 121.2 (C-10), 120.8 (C-5), 78.2 (C-6a), 64.5 (C-12a),
37.2 (C-12b), 37.4 (C-1), 34.0 (CH3-6a), 33.4 (CH3eq-4),
32.4 (C-6), 32.2 (C-4), 23.5 (CH3-12b), 21.9 (CH3ax-4), 21.0
(C-3), 17.4 (C-2). LC-MS (70 eV): 310 [M+, 4], 191 (100),
161 (96). Anal. calcd. for C21H26O2: C 81.29, H 8.38; found:
C 81.03, H 8.50.

Endo-(±)-1,2,3,4,6,6a,12a,12b-octahydro-4,4,12b-trimethyl-
6a-phenyl-benzo[a]xanthen-12-one (endo-25)

Colorless solid, mp 105–106 8C (8:2, petroleum ether/
chloroform). UV–vis lmax (3): 294 (4845), 250 (4076), 205
(4965). FTIR (cm–1): 3070, 2924, 1678 (C=O), 1495. 1H
NMR (300 MHz, ppm) d: 6.83–7.10 (m, 9H), 5.73 (t, J =
3.8 Hz, 1H, H5), 2.91 (s, 1H, H12a), 2.63 (dd, J = 9.0 and
18.1 Hz, 1H, H6), 2.56 (dd, J = 9.0 and 18.1 Hz, 1H, H6),
2.20, 1.66 (m, 2H, H1), 1.69, 1.60 (m, 2H, H2), 1.40, 1.19
(m, 2H, H3), 1.24 (s, 3H, CH3–12b), 1.16 (s, 3H, CH3eq–4),
1.14 (s, 3H, CH3ax–4). 13C NMR (75 MHz, ppm) d: 199.1
(C=O), 155.5 (C-7a), 140.9 (C-4a), 137.3 (C-11a), 128.5
(C-11), 126.4 (C-8), 127.3, 122.8, 122.8, 121.7 (C-5), 121.1
(C-9), 120.8 (C-10), 119.8, 119.8, 115.5, 80.4 (C-6a), 66.5

(C-12a), 37.5 (C-12b), 37.2 (C-1), 33.2 (CH3eq-4), 32.1 (C-
4), 31.2 (C-6), 24.0 (CH3-12b), 22.4 (CH3ax-4), 20.9 (C-3),
17.5 (C-2). LC-MS (70 eV): 372 [M+, 8], 344 (48), 223
(100), 121 (58), 77 (11). Anal. calcd. for C26H28O2: C
83.87, H 7.52; found: C 84.13, H 7.64.

Endo-(±)-1,2,3,4,6,6a,12a,12b-octahydro-4,4,12b-trimethyl-
benzo[a]xanthen-12-one (endo-26)

Colorless solid, mp 55 8C (8:2, petroleum ether/chloro-
form). UV–vis lmax (3): 296 (3267), 238 (4609), 219
(7800). FTIR (cm–1): 3085, 2925, 1677 (C=O), 1474.
1H NMR (300 MHz, ppm) d: 7.03 (d, J = 5.0 Hz, 1H, H11),
6.99 (d, J = 5.0 Hz, 1H, H8), 6.92 (t, J = 5.2 Hz, 1H, H9),
6.89 (t, J = 5.1 Hz, 1H, H10), 5.56 (t, J = 3.9 Hz, 1H, H5),
3.43 (ddd, J = 5.2 and 8.9 Hz, 1H, H6a), 2.79 (d, J = 4.8 Hz,
1H, H12a), 2.41 (ddd, J = 5.2 and 8.9 Hz, 1H, H6), 2.20 (ddd,
J = 5.2 and 8.9 Hz, 1H, H6), 2.16, 1.68 (m, 2H, H1), 1.71,
1.63 (m, 2H, H2), 1.42, 1.18 (m, 2H, H3), 1.22 (s, 3H,
CH3–12b), 1.15 (s, 3H, CH3eq–4), 1.12 (s, 3H, CH3ax–4).
13C NMR (75 MHz, ppm) d: 199.4 (C=O), 155.2 (C-7a),
140.2 (C-4a), 137.2 (C-11a), 128.3 (C-11), 126.2 (C-8),
121.5 (C-5), 121.2 (C-9), 120.9 (C-10), 79.2 (C-6a), 63.8
(C-12a), 37.2 (C-12b), 36.8 (C-1), 33.8 (CH3eq-4), 32.7 (C-
4), 31.5 (C-6), 23.9 (CH3-12b), 22.1 (CH3ax-4), 21.1 (C-3),
17.2 (C-2). LC-MS (70 eV): 296 [M+, 12], 147 (100), 105
(12), 91 (58), 77 (72). Anal. calcd. for C20H24O2: C 81.08,
H 8.10; found: C 81.34, H 8.22.
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Theoretical analysis of trans-[PtCl2(NH3)(thiazole)]
and trans-[PtCl2(thiazole)2] binding to biological
targets — Factors influence binding kinetics and
adduct stability

Dongdong Zhang, Xiuli Ren, and Lixin Zhou

Abstract: Full reaction energy profiles for trans-[PtCl2(NH3)(thiazole)] and trans-[PtCl2(thiazole)2] binding to sulfur- and
nitrogen-containing biorelevant ligands were constructed by the density functional theory (DFT) method. Calculated results
demonstrate that trans-platinum complexes can interact with biological targets, affording cis and trans products via very
similar transition states. For different substituents, sulfur-containing ligands constitute kinetically preferred targets for plati-
nation, whereas the platination of nitrogen-containing ligands is more favorable thermodynamically. This is consistent with
previous experimental studies. Calculated results also suggest that the trans effect, the influence of the ligand, the size of
the ligand, and hydrogen bonding play important roles in binding kinetics and stabilizing adducts.

Key words: density functional theory, platinum antitumor drugs, DNA, amino acid residue.

Résumé : Faisant appel à la méthode de la théorie de la fonctionnelle de la densité (TFD), on a construit des profils com-
plets pour les énergies de réaction de fixation du trans-[PtCl2(NH)3(thiazole)] et du trans-[PtCl2(thiazole)2] sur des ligands
bio-pertinents contenant du soufre et de l’azote. Les résultats calculés démontrent que les complexes de platine trans peu-
vent interagir avec des cibles biologiques par le biais d’états de transitions très semblables pour conduire à la formation de
produits cis et trans. Pour différents substituants, les ligands contenant du soufre constituent les cibles privilégiées d’un
point de vue cinétique pour la platination alors que la platination des ligands contenant de l’azote est plus favorisée d’un
point de vue thermodynamique. Ces résultats sont en accord avec les résultats expérimentaux. Les résultats calculés suggè-
rent aussi que l’effet trans combiné à l’influence du ligand, à la taille du ligand et à la formation de liaison hydrogène
jouent des rôles importants dans la cinétique de fixation et de stabilisation des adduits.

Mots-clés : théorie de la fonctionnelle de la densité, médicaments antitumoraux dérivés du platine, ADN, résidu d’acide
aminé.

[Traduit par la Rédaction]

Introduction

Cisplatin1 has been applied extensively in cancer chemo-
therapy, but toxicity and resistance limit its clinical usage.
To overcome these limitations, considerable efforts have
been made to find new platinum antitumor drugs with lower
toxicity and better activity.2–7 Even though it was previously
believed that the cis configuration was required to generate
active complexes, some mononuclear platinum(II) com-
plexes with a trans configuration have exhibited significant
cytotoxic activity in tumor cell lines. These complexes
mainly fall into four structural types,7 namely, trans-Pt(II)
complexes containing iminoether ligands, planar amine li-
gands, nonplanar heterocyclic ligands, and aliphatic amine
ligands.

The antitumor platinum complexes have been the focus of
experimental7–14 and theoretical15–21 investigations since the
discovery of the anticancer activity of cisplatin. Although

the precise mechanism of action of cisplatin remains un-
known, it is generally accepted that its ultimate target is the
N7 atom of purine bases.1 Prior to the attack on DNA, the
neutral platinum compound needs to be activated to the
monoaqua or diaqua species.22–28 The first binding to this
site generates monofunctional adducts, with guanine being
preferred over adenine, and further binding affords intra-
and inter-strand adducts. Specifically, the 1,2-d(GpG) intra-
strand adduct is essential for the antitumor effect.1 The hy-
drated cisplatin binding to DNA was intensively studied
with a variety of theoretical methods.29–35 The preference
for guanine over adenine as a target for platination was ex-
plained in terms of kinetics and thermodynamics, and the
role of hydrogen bonds in stabilizing the transition states
and products of cisplatin with purine bases was also ana-
lyzed in detail.36,37

The mode of action of trans-platinum antitumor com-
plexes seems to be different from that of cisplatin, as it has
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been suggested that different compounds appear to have dif-
ferent binding kinetics, and also the structural details of the
resulting DNA adducts appear to differ to some degree.2,38

Our previous computational studies of antitumor trans-
platinum complexes containing aliphatic amine ligands39

and picoline40 binding to purine bases suggested that trans-
platinum complexes could interact with DNA, affording cis-
and trans-monofunctional adducts, and the cis product may
further react with purine bases, forming bifunctional adducts
such as cisplatin.

In addition to binding to DNA bases, platinum drugs did
interact with sulfur- and nitrogen-containing peptides and
proteins.12,41–47 According to the hard and soft acids and
bases principle, a strong affinity to the sulfur ligands could
be expected for platinum.12 However, Deubel48,49 investi-
gated the competition of sulfur- and nitrogen-containing li-
gands in the first substitution of hydrated cisplatin by
biological targets with density functional theory (DFT) and
continuum dielectric calculations, demonstrating an intrinsic
preference for nitrogen over sulfur ligands for platinum. In
that study,48 activation free energies were estimated as the
energy difference between transition states and separated re-
actants, and the reactant complexes were not taken into ac-
count. The neglecting of reactant complexes may result in
underestimating the activation barrier for substitution reac-
tions.

In the current study, full reaction energy profiles for the
binding of two activated trans-platinum complexes with pla-
nar amine ligands, trans-[PtCl2(NH3)(thiazole)] (trans-PtTz)
and trans-[PtCl2(thiazole)2] (trans-PtTz2),5,6,8,50 to nitrogen-
and sulfur-containing biological targets (Fig. 1) were con-
structed. We also estimated bond dissociation energies of
Pt–L2 in all separated products. The objective of the present
study is to reveal the competition of nitrogen and sulfur li-
gands in the substitutions of trans-PtTz and trans-PtTz2 by
biorelevant ligands (L2), as well as the factors influencing
the binding kinetics and adduct stability. The current work
may contribute to a better understanding of the mechanism
of action for platinum complexes and be of benefit for fu-
ture drug design.

Computational details
The geometries of separate reactants (R), reactant com-

plexes (RC), transition states, product complexes, and sepa-
rate products (P) were optimized at the DFT/B3LYP51,52

level. The LanL2DZ53–55 effective core potential basis set
was used for the platinum atom and the 6-31G(d, p) Pople
basis set was applied for all other atoms. Vibrational fre-
quency calculations were based on analytical second deriva-
tives on the same level of theory to confirm that the
stationary point found was the local minimum for reactants
and products and the first-order saddle point for transition
states and to derive the zero-point vibrational energy and vi-
brational entropy correction at 298.15 K and 1 atm (1 atm =
101.325 kPa). The transition states were further confirmed
by intrinsic reaction coordinate calculations.56,57

To obtain more accurate energies, energies were reeval-
uated by additional single-point calculations at the B3LYP/
(LanL2DZ+6-311++G (2d, 2p)) level of theory. Solvent ef-
fects were accounted for by means of single-point calcula-

tions on all stationary structures with the isoelectric
focusing polarized continuum model.58–60 The dielectric
constant of water (3water = 78.39) was used to approximate
the bulk effects of solvation.

The complexation energies (DECE) for reactant complexes
and bond dissociation energies (BDEs) for Pt–L2 in sepa-
rated products were computed at the B3LYP/(LanL2DZ+6-
311++G (2d, 2p)) level with the inclusion of the basis set
superposition error (BSSE).61,62 The complexation energies
were computed in both gas phase and aqueous solution ac-
cording to the formulas

DECEðgÞ ¼ ERCðgÞ � EPtðgÞ � EL2ðgÞþDEBSSEðgÞ

DGCEðaqÞ ¼ GRCðaqÞ � GPtðaqÞ � GL2ðaqÞ þDEBSSEðgÞ

The BDEs for Pt–L2 were predicted according to the fol-
lowing formula:

EBDE ¼ Efragment1ðgÞ � Efragment2ðgÞ � EproductðgÞ
þDEBSSEðgÞ

All computations were done by Gaussian 03.63

Many efforts were devoted to exploring different struc-
tural motifs, and the ones that generated the lowest energy
structures were adopted for further discussion. All located
structures are given in the Supplementary data. The reaction
mechanism suggests the formation of reactant complexes in
the first stage. Then the reaction proceeds via a transition
state forming product complexes. It is well documented that
the ligand substitution reactions display double-well poten-
tial energy surface as shown in Fig. 2. The activation energy
was calculated as the energy difference between the transi-
tion states and reactant complexes. This approach was used
with success in a number of studies.36,39,64 The reaction free
energy was estimated as the energy difference between the
separated products and separated reactants.

Results and discussion
For trans-PtTz binding to L2, there are three possible re-

action paths, as shown in Fig. 3. In path 1, trans-PtTz reacts
with L2 and forms trans products, and this path is denoted
as TT. In paths 2 and 3, trans-PtTz binding to L2 affords
two possible cis products. In cis product 1 (P1), L2 is trans
to the ammine ligand, while L2 is adjacent to the ammine
ligand in cis product 2 (P2).

There are two possible reaction paths in the case of trans-
PtTz2 binding to L2 (Fig. 3). One path is trans-PtTz2 react-
ing with L2 and affording the trans product, and this path is
denoted as TT; the other path is trans-PtTz2 binding to L2
and affording the cis product, which is named TC.

To predict the stability of reactant complexes, complexa-
tion free energies for activated platinum complexes with dif-
ferent substituents were calculated. Overall, for every
activated reactant, the reactant complexes with nitrogen-
containing ligands are more stable than those with sulfur-
containing ligands, as shown in Fig. 4 and Fig. S1 in the
Supplementary data. Notably, the major difference between
Lys and Cys is the heteroatom. R1���Lys, R2���Lys, R3���Lys,
and R4���Lys are preferred by 11.5, 8.2, 13.1, and 12.5 kcal/
mol in complexation free energies over R1���Cys, R2���Cys,
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R3���Cys, and R4���Cys, respectively (Fig. 4). This reveals
complexation free energies in favor of the formation of reac-
tant complexes with nitrogen-containing ligands. However,
reactant complex stabilization will increase the activation
energies for reactions with nitrogen-containing ligands.

Transition states for activated reactants binding to L2
were located. Our calculations reveal that trans-reactant
complexes can afford trans- and cis-product complexes via
identical or very similar transition states. This is consistent
with the result obtained before.39,40

The solution-phase activation free energies for platination
of L2 are summarized in Table 1 and the gas-phase activa-
tion energies are given in Table S1 in the Supplementary
data. Calculated results predict that the platination of sulfur-
containing ligands is preferred over the platination of nitrogen-
containing ligands in terms of kinetics. Remarkably, the
main difference between Cys and Lys is the heteroatom.
The kinetic preferences for binding to Cys over Lys are
about 9.9, 10.1, 12.1, and 14.1 kcal/mol for R1, R2, R3,
and R4, respectively. Although the integration of nitrogen
into aromatic heterocycles lowers the activation free energy
moderately (Table 1 and Table S1 in the Supplementary
data), the kinetic preference of platinum for sulfur-containing
over nitrogen-containing biorelevant ligands is maintained.
The kinetic preference of platinum for sulfur-containing li-
gands is in good agreement with experimental studies of Pt
complexes.12,45,47

Many efforts were made to locate the lowest energy tran-

sition states for activated reactants binding to purine bases.
Calculated results revealed that the energy of the transition
state is largely influenced by hydrogen bonding. The influ-
ence of hydrogen bonding on platinum complexes binding
to purine bases was analyzed in previous works.36,37,39 Our

Fig. 1. Active species considered as reactants and potential biological targets for platination.

Fig. 2. Energy profile of substution reactions. Fig. 3. Possible reaction paths for the substitution reactions.
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result is largely in agreement with the previous works.
Therefore, in this research we will not discuss it further.
The activation energies for R1 and R2 binding to purine
bases are lower than those of monoaquated cisplatin, which
are at 24.59 and 30.15 kcal/mol37 for platination of guanine
and adenine, respectively. However, R3 and R4 show higher
activation free energies than diaquated cisplatin binding to
guanine and adenine, which are at 19.5 and 24.0 kcal/mol,36

respectively. This is consistent with trans-effect theory,
since in R1 and R2 the ligand trans to leaving water is
chloride, while it is ammine in cisplatin and water in R3
and R4, and chloride displays a stronger trans effect than
ammine, which has a stronger trans effect than water.64,65

The solution-phase reaction free energies of activated re-
actants binding to L2 and affording cis and trans products
are compiled in Table 2 and gas-phase reaction energies are
summarized in Table S2 in the Supplementary data. Overall,
the platination of nitrogen-containing ligands is preferred
thermodynamically over the platination of sulfur-containing
ligands. In particular, the platination of Lys is thermody-
namically preferred over the platination of Cys by 11.1, 7.0,
6.3, and 7.5 kcal/mol for R1, R2, R3, and R4, respectively.
The thermodynamic preference of platinum for nitrogen-
containing ligands is in good agreement with previous theo-
retical48 and experimental12,45,47,66 studies.

R1 reacting with L2 forms one series of trans products
and two series of cis products, and R2 binding to L2 forms
one series of cis products and one series of trans products,
as shown in Fig. 3. In general, the solution-phase reaction
free energies are very similar for R1 and R2 with a ligand
affording cis and trans products (Table 2). Except for reac-
tions of R1 with guanine, cis P2 and trans P are about
4.5 kcal/mol more favorable than cis P1 in free energy.
This is due to cis P2 and trans P benefiting from the hydro-
gen bond between the C=O of the guanine and ammine li-
gand, whereas cis P1 is unable to form this hydrogen bond.

R3 reacts with L2, affording three series of products: one
series of trans products and two series of cis products, cis P1
and cis P2 (Fig. 3). In general, the reaction free energy dif-
ferences for R3 binding to a ligand forming trans P, cis P1,

and cis P2 are insignificant (Table 2). Except in the case of
binding to guanine, cis P1 and cis P2 are preferred by about
6.0 kcal/mol over trans P in solution-phase free energy. This
is due to strong hydrogen bonds formed between the water
ligand and C=O of guanine in cis P1 and cis P2, while C=O
of guanine forms a hydrogen bond with the ammine ligand
in trans P. The C=O���H2O hydrogen bond is stronger than
the C=O���H3N hydrogen bond; consequently, cis P1 and cis
P2 are more stable than trans P.

In the case of R4 binding to L2, two series of products,
trans and cis products, are obtained. Similarly, the reaction
free energies for R4 binding to a target affording trans P
and cis P are similar. However, for products with guanine,
cis P is significantly stabilized by the strong hydrogen bond
between the C=O of guanine and the water ligand, and as a
result, cis P is 8.69 kcal/mol lower in solution-phase free en-
ergy than trans P.

When comparing reaction free energies of activated trans-
PtTz and trans-PtTz2 binding to the same target, trans-PtTz
is more thermodynamically favorable than trans-PtTz2
(Table 2). This can be attributed to the smaller size of the
ammine group and its ability to act as a hydrogen bond do-
nor. For example, if the reactions of R1 and R2 with Lys
affording trans P are compared, R1 is 4.4 kcal/mol more
thermodynamically favorable than R2. Moreover, the reac-
tion of R1 with guanine is about 5.5 kcal/mol more favor-
able in reaction free energy than that of R2. This is because
a strong hydrogen bond is formed between the C=O of gua-
nine and the ammine ligand in products of R1 with guanine,
cis P2, and trans P. However, this hydrogen bond is absent
in products of R2 with guanine. The smaller size of the am-
mine group and its ability to act as a hydrogen bond donor
may also be responsible for trans-PtTz exhibiting better
antitumor activity than trans-PtTz2.6,67 This conclusion is
also consistent with previous studies of cisplatin.48,68

The predicted trend of BDEs for Pt–L2 in all separated
products is depicted in Fig. 5 and the detailed BDEs for Pt–
L2 energies are summarized in Tables S3–S6 in the Supple-
mentary data. Overall, BDEs for Pt–N bonds are higher than
those of Pt–S in each series of products as shown in Fig. 5.
For example, in the products of R2 with L2, the BDE for
Pt–Lys is 8.91 kcal/mol higher than that of Pt–Cys in cis P.
The calculated BDEs reveal that the Pt–N bond is intrinsi-
cally stronger than the Pt–S bond. The stronger Pt–N bond
and thermodynamic preference for the formation of Pt–N
adducts provide the possibility of Pt–S products evolving
into Pt–N adducts.45,47,66

Calculated results also suggest that BDEs of Pt–L2 are
higher in cis products than in the trans isomers for both
products of R1 and R2 with L2 (Fig. 5a). For example, com-
paring the BDEs of Pt–Cys in cis and trans products of R2
with Cys, the BDE for Pt–Cys in the cis isomer is 8.90 kcal/
mol higher than that in its trans counterpart. This is caused
by L2 being trans to Cl– in trans products while it is trans to
ammine or thiazole in cis isomers, and Cl– has a stronger
trans influence than ammine and thiazole.64,65

However, for the products of R3 and R4 with L2, in gen-
eral, the BDEs for Pt–L2 are higher in the trans products
than in their cis counterparts (Fig. 5b). For example, in the
cis and trans P of R4 with Cys, the BDE for Pt–S in trans P
is predicted to be 14.75 kcal/mol higher than that in cis P.

Fig. 4. Complexation free energies for activated reactants with dif-
ferent substituents.
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Table 1. Activation free energies (kcal/mol) for activated reactants binding to biologi-
cal targets.

Reaction paths Reaction paths

Biological
targets Reactants TT TC1 TC2 Reactants TT TC
Lys R1 22.67 23.33 22.72 R2 24.54 24.54

R3 28.93 28.92 28.92 R4 30.60 30.60
His R1 22.33 22.33 22.33 R2 22.15 22.15

R3 26.51 26.49 26.51 R4 28.52 28.52
A R1 19.23 19.23 19.23 R2 18.94 18.97

R3 23.39 24.77 24.85 R4 25.40 25.40
G R1 16.56 16.56 16.56 R2 17.57 17.57

R3 22.07 22.07 22.07 R4 21.27 21.27
Cys R1 12.77 12.77 12.77 R2 14.39 14.40

R3 16.82 16.82 16.83 R4 16.47 16.47
Met R1 10.74 10.74 10.74 R2 10.93 10.93

R3 16.04 16.05 16.04 R4 16.25 16.26

Table 2. Reaction free energies (kcal/mol) for activated reactants binding to biological tar-
gets.

Reaction paths Reaction paths

Biological
targets Reactants TT TC1 TC2 Reactants TT TC
Lys R1 –18.06 –20.77 –19.00 R2 –13.65 –15.57

R3 –19.61 –19.80 –19.76 R4 –19.58 –19.11
His R1 –18.46 –18.75 –18.06 R2 –15.47 –15.42

R3 –20.36 –20.42 –19.37 R4 –20.60 –19.94
A R1 –11.73 –9.87 –10.38 R2 –9.65 –8.70

R3 –13.78 –13.86 –14.58 R4 –12.31 –13.90
G R1 –17.96 –13.53 –17.77 R2 –12.46 –12.09

R3 –22.16 –28.70 –28.18 R4 –18.16 –12.09
Cys R1 –9.66 –9.63 –7.74 R2 –6.89 –8.60

R3 –12.57 –13.09 –13.47 R4 –13.73 –13.23
Met R1 –10.27 –10.90 –10.28 R2 –9.68 –9.66

R3 –15.50 –13.12 –14.03 R4 –12.13 –11.09

Fig. 5. Calculated BDEs for Pt–L2 in products of (a) R1 and R2 with L2 and (b) R3 and R4 with L2. The red line represents products of R1
and R3 with L2 and the black line represents products R2 and R4 with L2.
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The trans influence of the ligand is responsible for this, be-
cause in trans products, L2 is located in the trans position to
the water ligand while L2 is trans to ammine or thiazole in
cis products, and water has a weaker trans influence than
ammine and thiazole. Even though in cis products of R3
and R4 with purine bases, cis isomers benefit from the hy-
drogen bond between the C=O of guanine or C–NH2 of ade-
nine and water ligand, the BDE for Pt–N in the trans isomer
is still higher than that in the cis counterpart (Fig. 5b).

Conclusion
We have examined the kinetic and thermodynamic behav-

ior of trans-PtTz and trans-PtTz2 binding to biorelevant li-
gands. Calculated results demonstrate that trans-platinum
complexes can interact with biological targets and afford cis
and trans products via identical or very similar transition
states. The factors that influence the binding kinetics and
product stability are summarized as follows. (i) The substitu-
ents: Our calculations suggest that sulfur-containing biorele-
vant ligands constitute kinetically preferred targets for
platination, while the platination of nitrogen-containing li-
gands is preferred thermodynamically. This result is in good
agreement with experimental studies. In previous studies by
Deubel,48,49 the intrinsic kinetic preference for nitrogen over
sulfur ligands for platinum was suggested. Nonetheless, re-
actant complexes were not taken into account in that study.
We find that the complexation free energies favor the for-
mation of reactant complexes with nitrogen-containing li-
gands. This results in reactions with nitrogen-containing
ligands unfavorable in kinetics in comparison with those
with sulfur-containing ligands. (ii) The trans effect of the li-
gand: We also find that the trans effect plays an important
role in ligand substitution reactions in combination with hy-
drogen bonding. When chloroaqua complexes are considered
as reactants, the activation free energies for two platinum
complexes binding to purine bases are lower than those of
cisplatin; however, if diaqua complexes are employed as re-
actants, activation free energies for two complexes binding
to purine bases are higher than those of cisplatin. This is be-
cause in chloroaqua complexes the ligand trans to leaving
water is chloride, while it is ammine in cisplatin and water
in diaqua complexes, and chloride displays a stronger trans
effect than ammine, which has a stronger trans effect than
water. (iii) The trans influence of the ligand: In products of
R1 and R2 with L2, the BDEs for Pt–L2 are higher in cis
products than in the trans counterpart, while BDEs for Pt–
L2 are lower in cis products than in the trans counterpart in
products of R3 and R4 with L2. This is caused by the differ-
ent trans influence of different ligands positioned trans to
Pt–L2. In chloroaqua complexes, the ligand trans to Pt–L2
is chloride in trans products while it is ammine or thiazole
in cis products, and chloride has a stronger trans influence
than ammine and thiazole. In products of diaqua complexes
with L2, water is located trans to the Pt–L2 in trans products
whereas ammine or thiazole is positioned trans to Pt–L2 in
cis products, and water shows a weaker trans influence than
ammine or thiazole. (iv) The size of the ligand: When com-
paring trans-PtTz with trans-PtTz2, trans-PtTz is more ther-
modynamically favorable than trans-PtTz2. The smaller size
of the ammine ligand and its ability to act as a hydrogen
bond donor are responsible for this.

Supplementary data

Supplementary data for this article are available on the
journal Web site (canjchem.nrc.ca).

Acknowledgement
This work was supported by the National Natural Science

Foundation of China (grant No. 20971056).

References
(1) Jung, Y.; Lippard, S. J. Chem. Rev. 2007, 107 (5), 1387.

doi:10.1021/cr068207j.
(2) Reedijk, J. Eur. J. Inorg. Chem. 2009, 2009 (10), 1303.

doi:10.1002/ejic.200900054.
(3) Aris, S. M.; Farrell, N. P. Eur. J. Inorg. Chem. 2009, 2009

(10), 1293. doi:10.1002/ejic.200801118.
(4) Fojo, T.; Farrell, N.; Ortuzar, W.; Tanimura, H.; Weinstein,

J.; Myers, T. G. Crit. Rev. Oncol. Hematol. 2005, 53 (1), 25.
doi:10.1016/j.critrevonc.2004.09.008.

(5) Farrell, N.; Kelland, L. R.; Roberts, J. D.; Van Beusichem,
M. Cancer Res. 1992, 52 (18), 5065.

(6) Van Beusichem, M.; Farrell, N. Inorg. Chem. 1992, 31 (4),
634. doi:10.1021/ic00030a021.

(7) Kalinowska-Lis, U.; Ochocki, J.; Matlawska-Wasowska, K.
Coord. Chem. Rev. 2008, 252 (12–14), 1328. doi:10.1016/j.
ccr.2007.07.015.

(8) Aris, S. M.; Knott, K. M.; Yang, X.; Gewirtz, D. A.; Farrell,
N. P. Inorg. Chim. Acta 2009, 362 (3), 929. doi:10.1016/j.
ica.2008.01.025.

(9) Bulluss, G. H.; Knott, K. M.; Ma, E. S. F.; Aris, S. M.; Al-
varado, E.; Farrell, N. Inorg. Chem. 2006, 45 (15), 5733.
doi:10.1021/ic060741m.

(10) Najajreh, Y.; Perez, J. M.; Navarro-Ranninger, C.; Gibson,
D. J. Med. Chem. 2002, 45 (24), 5189. doi:10.1021/
jm0201969.

(11) Liu, Y.; Pacifico, C.; Natile, G.; Sletten, E. Angew. Chem.
Int. Ed. 2001, 40 (7), 1226. doi:10.1002/1521-
3773(20010401)40:7<1226::AID-ANIE1226>3.0.CO;2-U.

(12) Reedijk, J. Chem. Rev. 1999, 99 (9), 2499. doi:10.1021/
cr980422f.

(13) Farrell, N. Met. Ions Biol. Syst. 1996, 32, 603.
(14) Li, C.; Li, Z. Y.; Sletten, E.; Arnesano, F.; Losacco, M.; Na-

tile, G.; Liu, Y. Z. Angew. Chem. Int. Ed. 2009, 48 (45),
8497. doi:10.1002/anie.200902948.

(15) Moussatova, A.; Vazquez, M. V.; Martinez, A.; Dolgou-
nitcheva, O.; Zakrzewski, V. G.; Ortiz, J. V.; Pedersen, D.
B.; Simard, B. J. Phys. Chem. A 2003, 107 (44), 9415.
doi:10.1021/jp030651s.

(16) Burda, J. V.; Zeizinger, M.; Sponer, J.; Leszczynski, J. J.
Chem. Phys. 2000, 113 (6), 2224. doi:10.1063/1.482036.

(17) Pavelka, M.; Lucas, M.; Russo, N. Chem. Eur. J. 2007, 13
(36), 10108. doi:10.1002/chem.200700887.

(18) Alberto, M. E.; Lucas, M. F.; Pavelka, M.; Russo, N. J.
Phys. Chem. B 2008, 112 (35), 10765. doi:10.1021/
jp800476b.

(19) Lucas, M. F. A.; Pavelka, M.; Alberto, M. E.; Russo, N. J.
Phys. Chem. B 2009, 113 (3), 831. doi:10.1021/jp8086539.

(20) Alberto, M. E.; Lucas, M. F. A.; Pavelka, M.; Russo, N. J.
Phys. Chem. B 2009, 113 (43), 14473. doi:10.1021/
jp9056835.

(21) Spiegel, K.; Rothlisberger, U.; Carloni, P. J. Phys. Chem. B
2004, 108 (8), 2699. doi:10.1021/jp036230s.

Zhang et al. 1245

Published by NRC Research Press

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

U
ni

ve
rs

ity
 o

f 
E

le
ct

ro
ni

c 
an

d 
Sc

ie
nc

e 
T

ec
ho

no
lo

gy
 o

f 
C

hi
na

 o
n 

09
/1

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



(22) Chval, Z.; Sip, M. J. Mol. Struct. THEOCHEM 2000, 532
(1–3), 59. doi:10.1016/S0166-1280(00)00502-9.

(23) Zhang, Y.; Guo, Z. J.; You, X. Z. J. Am. Chem. Soc. 2001,
123 (38), 9378. doi:10.1021/ja0023938.

(24) Costa, L. A. S.; Rocha, W. R.; De Almeida, W. B.; Dos San-
tos, H. F. Chem. Phys. Lett. 2004, 387 (1–3), 182. doi:10.
1016/j.cplett.2004.02.001.

(25) Zhu, C.; Raber, J.; Eriksson, L. A. J. Phys. Chem. B 2005,
109 (24), 12195. doi:10.1021/jp0518916.

(26) Yuan, Q.; Zhou, L. Chin. J. Chem. 2007, 25 (11), 1604.
doi:10.1002/cjoc.200790297.

(27) Lau, J. K. C.; Deubel, D. V. J. Chem. Theory Comput. 2006,
2 (1), 103. doi:10.1021/ct050229a.

(28) Deubel, D. V. J. Am. Chem. Soc. 2006, 128 (5), 1654.
doi:10.1021/ja055741k.

(29) Robertazzi, A.; Platts, J. A. Inorg. Chem. 2005, 44 (2), 267.
doi:10.1021/ic0489544.

(30) Chval, Z.; Sip, M. Collect. Czech. Chem. Commun. 2003, 68
(6), 1105. doi:10.1135/cccc20031105.

(31) Burda, J. V.; Leszczynski, J. Inorg. Chem. 2003, 42 (22),
7162. doi:10.1021/ic034296w.

(32) Mantri, Y.; Lippard, S. J.; Baik, M. H. J. Am. Chem. Soc.
2007, 129 (16), 5023. doi:10.1021/ja067631z.
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Organosulfur oxoacids. Part 2. A novel
dimethylthiourea metabolite — Synthesis and
characterization of the surprisingly stable and
inert dimethylaminoiminomethane sulfonic acid

Jeffrey L. Petersen, Adenike A. Otoikhian, Moshood K. Morakinyo, and
Reuben H. Simoyi

Abstract: A new metabolite of the biologically active thiocarbamide dimethylthiourea (DMTU) has been synthesized and
characterized. DMTU’s metabolic activation in the physiological environment is expected to be dominated by S-oxygenation,
which produces, successively, the sulfenic, sulfinic, and sulfonic acids before forming sulfate and dimethylurea. Only the
sulfinic and sulfonic acids are stable enough to be isolated. This manuscript reports on the first synthesis, isolation, and
characterization of the sulfonic acid: dimethylaminoiminomethanesulfonic acid (DMAIMSOA). It crystallizes in the ortho-
rhombic Pbca space group and exists as a zwitterion in its solid crystal form. The negative charge is delocalized over the
sulfonic acid oxygens and the positive charge is concentrated over the planar N–C–N framework rather than strictly on the
sp2-hybridized cationic carbon center. As opposed to its sulfinic acid analogue, DMAIMSOA is extremely inert in acidic
environments and can maintain its titer for weeks at pH 6 and below. It is, however, reasonably reactive at physiological
pH conditions and can be oxidized to dimethylurea and sulfate by mild oxidants such as aqueous iodine.

Key words: thiourea, metabolites, bioactivation.

Résumé : On a effectué la synthèse d’un nouveau métabolite du thiocarbamide de la diméthylthiourée (DMTU), un pro-
duit biologiquement actif. On s’attend à ce que l’activation métabolique du DMTU dans un environnement physiologique
devrait être dominée par une S-oxygénation qui conduit à la formation successive d’acides sulfénique, sulfinique et sulfo-
nique avant de donner un sulfate et de la diméthylurée. Seuls les acides sulfinique et sulfonique sont suffisamment stables
pour être isolés. Dans ce travail, on rapporte la première synthèse, l’isolation et la caractérisation de l’acide sulfonique,
l’acide diméthylaminoiminométhanesulfonique (ADMAIMSO). Il cristallise dans le système orthorhombique, groupe
d’espace Pbca et dans sa forme cristalline solide il existe sous la forme de zwitterion. La charge négative est délocalisée
sur les oxygènes de l’acide sulfonique et la charge positive est concentrée sur le squelette planaire N–C–N plutôt que stric-
tement sur le centre carboné cationique d’hybridation sp2. Par opposition à son analogue l’acide sulfinique, le AD-
MAIMSO est extrêmement inerte dans des environnements acides et il peut maintenir son titre pour plusieurs semaines à
des pH de 6 ou moins. Il est toutefois assez réactif dans des conditions de pH physiologique et il peut être oxydé en dimé-
thylurée et en sulfate par des oxydants doux, tel une solution aqueuse d’iode.

Mots-clés : thiourée, métabolites, bioactivation.

[Traduit par la Rédaction]

Introduction

N,N’-Dimethylthiourea (DMTU) is a well-known sulfur-
based radical scavenger.1–4 It is a small, highly diffusible
molecule that efficiently scavenges toxic oxygen metabolites
and reduces oxidative injury in many biologic systems.
There have been very few studies undertaken on the fate
and nature of the metabolites formed after such antioxidants
have mediated oxidative injury.

Our bodies have evolved several very efficient methods of

handling a large numbers of xenobiotics.5 Our bodies, how-
ever, do not have a consistent answer to sulfur-based xeno-
biotics. Nearly all relevant sulfur chemistry in the human
body is of organic origin. The range of physiological effects
associated with organic sulfur chemistry spans from thera-
peutic to toxic.6 There is no other group of compounds that
displays such a wide range of biological activity. While the
action and effects of organosulfur compounds on human
health is well-documented, the mechanisms by which these
effects are expressed are not known. Drug design and the
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ability to predict physiological effects is dependent upon our
ability to understand the mechanism of metabolic activation
of the relevant drug.

Sulfur compounds, such as DMTU, undergo a variety of
metabolic reactions in the physiological environment such
as oxidations, reductions, hydrolysis, and conjugations.7 Sul-
fur, in most organic configurations, however, is nucleophilic,
and nucleophilic atoms are usually susceptible to metabolic
oxidations.8 Thus, the oxidation of sulfur-containing com-
pounds represents a very important aspect of sulfur metabo-
lism. Oxidations of sulfur compounds appear to be involved
in many cellular functions, including the reductive degrada-
tion of polypeptide hormones and proteins, regulation of
protein synthesis, maintenance of intracellular redox poten-
tial, and protection of the cell from oxidative damage.9 The
aerobic physiological environment encourages S-oxygenation
as the major metabolic activation pathway for most organo-
sulfur compounds where the sulfur center is successively
oxygenated, sometimes all the way to the sulfate, culminating
in the cleavage of the attendant C–S bond.10,11

The molecular basis for S-oxygenation is not well-
understood, although S-oxygenation of xenobiotics by mi-
crosomes supplemented with NADPH and oxygen has been
known for years. In general, metabolism of chemically sta-
ble compounds depends on enzyme catalysis, and both the
microsomal cytochrome P-450 system and the flavin-containing
monooxygenases have been implicated in S-oxygenations
catalyzed by microsomes.8,12,13

DMTU, although in most situations is effective in de-
creasing oxidant-mediated injury, has, however, inexplicably
failed, on occasions, to reduce injury in some biological sys-
tems where oxygen metabolites were ostensibly causing
damage.14,15 It has also been experimentally shown that in-
creasing the DMTU dose in rats did not increase protection
and may, in fact, be associated with more injury. DMTU
should exercise its physiological effects after metabolic acti-
vation and it is generally accepted that these physiological
effects are derived from its metabolites.

In a previous publication from this laboratory,16 we syn-
thesized the first stable metabolite of DMTU, dimethylami-
noiminomethanesulfinic acid (DMAIMSA). This metabolite
was surprisingly very reactive and its aerobic decomposition
in slightly basic to basic environments produced dithionite
and a cascade of reactive oxygen species that were geno-
toxic, and could explain some of the inadvertent toxicity as-
sociated with DMTU. The general progress of the oxidation
of a sulfur center initially proceeds through the sulfenic acid
(unstable except in sterically hindered sulfenic acids),17–19

then to the sulfinic acid (e.g., DMAIMSA), and then the sul-
fonic acid before cleavage of the C–S bond to form sulfate
and an organic residue.20 The existence of DMAIMSA had
always been conjectured, but no one had managed to pre-
pare and characterize this metabolite until the work of Otoi-
khian and co-workers.16,21,22

Since the sulfonic acid (dimethylaminoiminomethanesul-
fonic acid, DMAIMSOA) is expected to be the next metabo-
lite after formation of DMAIMSA, we undertook to
synthesize and characterize this metabolite, and hopefully,
from its reactivity, be able to rationalize some of the ob-
served conflicting physiological effects of DMTU. We re-
port in this manuscript on this oxidation metabolite of

DMTU. Despite its similarity to DMAIMSA, DMAIMSOA
proved to be very different from DMAIMSA in terms of
structure and reactivity.

Experimental

Materials
DMTU, hydrogen peroxide, and acetonitrile (Sigma-Aldrich)

were purchased and used without any further purification.

Table 1. Crystal data and structure refinement for DMAIMSOA.

Empirical formula C3H8N2O3S�H2O
Formula weight 170.19
Temperature (K) 295(2)
Wavelength (Å) 0.71073
Crystal system Orthorhombic
Space group Pbca
Unit cell dimensions
a (Å) 12.533(1)
c (Å) 9.624(1)
c (Å) 12.918(1)
a (8) 90
b (8) 90
g (8) 90
Volume (Å3) 1558.1(2)
Z 8
Density (calculated; g/cm3) 1.451
Absorption coefficient (cm–1) 3.81
F(000) 720
Crystal size (mm3) 0.20 � 0.40 � 0.44
q range for data collection (8) 3.10–25.00
Limiting indices 0 £ h £ 14

0 £ k £ 11
–15 £ l £ 0

Reflections collected 1356
Independent reflections 1356
Refinement method Full-matrix least-squares on F2

Data/restraints/parameters 1356/0/102
Goodness-of-fit on F2 1.022
Final R indices [I > 2s(I)] R1 = 0.0462, wR2 = 0.1032
R indices (all data) R1 = 0.0838, wR2 = 0.1205
Largest diff. peak and hole (e

Å–3)
0.241 and –0.307

Table 2. Atomic coordinates (�104) and equivalent isotropic
displacement parameters (Å 2 � 103) for SO3C(NHMe)2�H2O.
U(eq) is defined as one third of the trace of the orthogonalized
Uij tensor.

x y z U(eq)
S 3569(1) 278(1) 6551(1) 37(1)
O(1) 3597(2) –1207(3) 6619(2) 60(1)
O(2) 3329(2) 811(3) 5538(2) 50(1)
O(3) 4444(2) 985(3) 7046(2) 58(1)
O(4) 4487(3) 2529(4) 4164(3) 66(1)
N(1) 2636(2) 1527(3) 8142(2) 39(1)
N(2) 1469(2) 372(3) 7079(2) 41(1)
C(1) 2427(3) 783(3) 7335(3) 32(1)
C(2) 1825(3) 2042(4) 8854(3) 49(1)
C(3) 1158(3) –468(4) 6185(3) 57(1)
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Some batches of DMTU were damp and oily and could not
form DMAIMSOA upon applying the synthetic procedure
outlined below. Instead, the product formed slowly turned
yellow upon exposure to the atmosphere and at ambient
temperatures. The consistency of the DMTU batches was
extremely important for the generation of high and consis-
tent yields of DMAIMSOA. Aqueous iodine solutions were
prepared by dissolving iodine crystals (Sigma-Aldrich) in
distilled water followed by filtration and storage in the
dark. Standard solutions of sodium hydroxide were pur-
chased from Fisher Scientific.

Synthesis of DMAIMSOA
N,N’-Dimethylaminoiminomethanesulfonic acid (DMAIMSOA)

was prepared according to a modified form of a synthetic
procedure given in the literature for the synthesis of dime-
thylaminoiminomethanesulfinic acid (DMAIMSA).16 N,N’-
Dimethylthiourea (DMTU; 10.42 g, 0.10 mol) were dis-
solved in 80 mL of a 50% acetonitrile–water solution, which
was chilled in an acetone–CO2 ice bath at –50 8C. To this
ice-cold solution, 3 equiv (0.30 mol) of hydrogen peroxide,
which was measured as a 30.61 mL aliquot of a 30% con-
centrated solution, were added dropwise with the rate of ad-
dition maintained such that the temperature of the reaction
mixture did not exceed –30 8C. The 3:1 ratio of hydrogen
peroxide to DMTU had to be strictly maintained to avoid
the production of mixtures of oxoacids. The frozen mixture
was allowed to sit until it melted and it was then stirred at
room temperature for 2 h. The resulting long, colorless, nee-
dle-like crystals were filtered and washed twice with a 50%
acetonitrile–water solution and deionized water and then
dried in a desiccator. Typical yields before recrystallization
were approximately 90%. Further recrystallization and puri-
fication was performed using the same strength of acetoni-
trile solution. Most of the product was lost during the
washing and recrystallization of DMAIMSOA, thus giving a
lower overall yield since it is highly soluble in water.

Methods
UV–vis spectra were taken on a PerkinElmer Lambda 2S

spectrophotometer equipped with a thermostatable compart-
ment. Most experiments were performed at 25 ± 0.5 8C.
Distilled and deionized water were utilized to prepare all
standard solutions used in these experiments. The reaction
between DMAIMSOA and HOCl was monitored by follow-
ing the absorbance of DMAIMSOA at 215 nm where an ab-
sorptivity coefficient of 9025 (mol/L)–1 cm–1 had been
deduced. The reaction between DMAIMSOA and iodine (as
well as iodate) was followed by the use of the iodine–
triiodide isosbestic point, which had been experimentally de-
termined as 465 nm in this work and other previous studies
from our laboratory using the same spectrophotometer.21

Only freshly prepared iodine solutions were utilized. A Hi-
Tech Scientific SF-DX2 stopped-flow spectrophotometer
was used to follow the kinetics of DMAIMSOA oxidations
and hydrolysis. KinetAsyst 2.1 software (High-Tech Scien-
tific) was used for data acquisition and analysis. Tempera-
ture control was maintained with a NesLab RTE-101
thermostat bath. Some reaction solutions were degassed
with argon and tightly capped to reduce the effects of dis-
solved oxygen.

Description of the X-ray structural analysis of
C3H8N2O3S�H2O

A colorless crystal of C3H8N2O3S�H2O was wedged in a
glass capillary and then optically aligned on the four-circle
of a Siemens P4 automated X-ray diffractometer. The reflec-
tions that were used for the unit cell determination were lo-
cated and indexed by the automatic peak search routine
provided by XSCANS.23 C3H8N2O3S�H2O crystallizes in the
centrosymmetric space group Pbca (D15

2h, No. 61). The final
lattice parameters and orientation matrix were calculated
from a nonlinear least-squares fit of the orientation angles
of at least 35 reflections at 22 8C. The lattice parameters
and other pertinent crystallographic information are sum-
marized in Table 1 for C3H8N2O3S�H2O.

Intensity data were measured with graphite-monochromated
Mo Ka radiation (l = 0.710 73 Å) and variable u scans.
Background counts were measured at the beginning and at
the end of each scan with the crystal and counter kept sta-
tionary. The intensities of three standard reflections were
measured after every 100 reflections and did not show any
evidence of crystal decay. The raw data were corrected for
Lorentz-polarization effects.

Initial coordinates for the nonhydrogen atoms were deter-
mined by a combination of direct methods and difference
Fourier calculations with the use of SHELXTL 6.1.24 The
crystallographic asymmetric unit contains a molecule of
water that is located in a general position and is hydrogen
bonded to the O(2) atom. The hydrogen atoms of the water
molecule were located and their positions and isotropic tem-
perature parameters were refined. Idealized positions for the
remaining hydrogen atoms were included as fixed contribu-
tions using a riding model with isotropic temperature factors
set at 1.2 times that of the adjacent nonhydrogen atom. The
positions of the methyl hydrogen atoms were optimized by a
rigid rotating group refinement with idealized angles. Full-
matrix least-squares refinement, based upon the minimiza-
tion of Swi |Fo

2 – Fc
2|2 with weighting wi

–1 = [s2(Fo
2) +

(0.0528P)2 + 0.880P] where P = (max(Fo
2, 0) + 2Fc

2)/3,
converged to give the final discrepancy indices25 provided
in Table 1. A correction for secondary extinction was applied.
The maximum and minimum residual electron density peaks in
the final difference Fourier map were 0.241 and –0.307 e Å–3,
respectively (Table 2). The linear absorption coefficient,
atomic scattering factors, and anomalous dispersion correc-
tions were calculated from values found in the International
Tables of X-ray Crystallography.26

Results and discussion

Description of the molecular structure of DMAIMSOA
(SO3C(NHMe)2)

The molecular structure of DMAIMSOA was determined
by X-ray crystallography. The perspective view is shown in
Fig. 1. Like its sulfinic acid analogue,16 it exists in its zwit-
terionic form in solid crystal form. The positive charge is
delocalized over the N(2)–C(1)–N(1) framework with the
sp2 hybridization at the central carbon atom. Bond angles
around this carbon atom add up to 3608. The C(1)–N bond
distances of 1.291(4) and 1.306(4) Å are significantly
shorter than a C–N bond distance of 1.47 Å, indicating con-
siderable double bond character in both of them. The whole
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three-bond network, after the s-bond framework, then com-
prises four electrons, both derived from the nitrogen p-
orbitals, which interact with the vacant pp-orbitals of the

formally cationic carbon center, imparting partial double
bond character to both bonds, and hence their deviation
from the expected value for a single bond. The negative
charge is delocalized on the three oxygen atoms on the sul-
fonic acid group. The S–O bonds are also nearly equivalent,
ranging between 1.433(3) and 1.440(3) Å. These are shorter
than a normal S–O bond owing to the delocalization of the
negative charge over the three oxygen atoms. These three S–
O bonds are approximately 0.04 Å shorter than the two S–O
bonds in DMAIMSA, which are at approximately 1.48 Å.
The three oxygens form a nearly symmetric triangular base
around the sulfur center except for the oxygen atom in close
proximity to the methyl group, which is slightly displaced
from this pyramidal shape by about 28 (Table 3).

The C–S bond, at 1.820(3) Å, is 0.03 Å longer than a typ-
ical C–S bond of 1.79 Å, but is noticeably shorter than the
C–S bonds of 1.880 Å in DMAIMSA and 1.867 Å in unsub-
stituted aminoiminomethanesulfinic acid (AIMSA, thiourea
dioxide). Both sulfinic acids are highly reactive with easy
cleavage of the C–S bond to release highly reducing sulfur-
based leaving groups.27 DMAIMSOA is not densely packed,
and has a density of 1.451 g cm–3, which is comparable to
that exhibited by DMAIMSA of 1.496 g cm–3. Although
DMAIMSOA shows hydrogen bonding through O(2) to the
single water of crystallization in the unit cell, it is incapable
of supporting strong and extensive hydrogen bonding, which
would have been expected to increase its density as was ob-
served with aminoiminomethanesulfonic acid (AIMSOA,
thiourea trioxide) with a density of 1.948 g cm–3.28

Reactivity of DMAIMSOA
DMAIMSA is known to be highly reactive, and its aero-

bic decomposition in mildly acidic and basic environments
quickly and rapidly produces dithionite.16 Its oxidation to di-
methylurea and sulfate is facile. Figure 2 shows a simple ex-
periment carried out to evaluate the rates of oxidation of
DMAIMSA and DMAIMSOA in slightly acidic media (pH
5.0) by the weak biological oxidant iodine. While
DMAIMSA is oxidized at a reasonable rate with bimolecu-
lar kinetics with a rate constant of 20.5 (mol/L)–1 s–1,

Fig. 1. Perspective view of the molecular structure of DMAIMSOA
with the atom labeling scheme. Thermal ellipsoids are scaled to en-
close 30% probability.

Table 3. Interatomic distances (Å)
and bond angles (8) for DMAIMSOA.

Interatomic distances (Å)
S—O(1) 1.433(3)
S—O(2) 1.437(3)
S—O(3) 1.440(3)
S—C(1) 1.820(3)
N(1)—C(1) 1.291(4)
N(1)—C(2) 1.458(4)
N(2)—C(1) 1.306(4)
N(2)—C(3) 1.463(5)
Bond angles (8)
O(1)–S–O(2) 114.7(2)
O(1)–S–O(3) 115.2(2)
O(2)–S–O(3) 113.3(2)
O(1)–S–C(1) 104.6(2)
O(2)–S–C(1) 104.2(1)
O(3)–S–C(1) 103.1(2)
N(1)–C(1)–N(2) 123.9(3)
N(1)–C(1)–S 115.9(2)
C(1)–N(2)–C(3) 127.7(3)
C(1)–N(1)–C(2) 123.8(3)
N(2)–C(1)–S 120.1(3)

Fig. 2. Comparison traces of iodine oxidation of DMAIMSA and
DMAIMSOA showing the relative inertness of DMAIMSOA to
oxidation. Iodine solutions with DMAIMSOA held their titer for
hours with no measurable consumption of iodine observed. [I2]o =
5.24 � 10–4 mol/L, (a) [DMAIMSA]o = 2.0 � 10–4 mol/L, and (b)
[DMAIMSOA]o = 2.0 � 10–4 mol/L.
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DMAIMSOA remains inert to oxidation at this pH. This was
a noticeable difference in the reactivities of these aminosul-
fur oxoacids. This discrepancy in their reactivities has
brought about a new school of thought that suggests,
strongly, that in acidic media, the sulfonic oxoacid is un-
likely to be an intermediate in the oxidation of the thiouredo
group to sulfate and an organic residue.29

Figure 3 also displays the inertness of DMAIMSOA. In
Fig. 3a, DMAIMSOA solutions are dissolved in water at a
slightly acidic pH of 6 and allowed to sit, capped, and in
the dark for a week. Other aminosulfur oxoacids show ex-
tensive decomposition in aqueous solutions.16 Figure 3a
shows that, even after 7 days, there is very little change in
the absorbance of DMAIMSOA monitored at 215 nm. Fig-
ure 3b, on the other hand, shows the same DMAIMSOA sol-
ution, this time in a pH 7.4 buffer, which is slightly basic
and is the physiological pH. At these conditions, there is no-
ticeable decomposition of DMAIMSOA. The slight change
in pH from Figs. 3a to 3b can impart a remarkable change
in reactivity. Figure 3c shows, much more vividly, the rates
of decomposition of DMAIMSOA at various pH conditions.
In all traces, the pH was maintained by phosphate-type buf-
fer solutions. The phosphate anions in this buffer mixture
are not innocent, and are known to increase the rate of de-
composition of aminosulfur oxoacids owing to their nucleo-
philic nature. Figure 3c shows that substantial
decomposition commences at pH conditions greater than 7.
While there is no decomposition observed around pH 6 (Fig.
3c, trace a), at pH 8.2 (Fig. 3c, trace f), however, complete
decomposition of DMAIMSOA is attained within 3 min.

Reactions with iodine and acidic iodate
It is not possible to spectrophotometrically observe I2–

DMAIMSOA reactions at high pH conditions because most
of the aqueous iodine is converted into hypoiodous acid,
which has no absorption in the visible range in neutral and
acidic environments. Iodine, however, exists mostly in the
aqueous molecular form and its consumption can be fol-
lowed at 460 nm (see Fig. 4a). Figure 4a shows an initially
reasonably fast rate of iodine consumption, which quickly
slows down and shuts itself down about 300 s into the reac-
tion. Figure 4a has an expanded scale, and shows that very
little aqueous iodine is actually consumed. These I2–
DMAIMSOA solutions can be left overnight and the absorb-
ance values reread after 24 h. After 24 h, the ratio of iodine
consumed is shown in Fig. 4b. The linearity shows that the
only reaction occurring is the consumption of iodine by
DMAIMSOA. The expected stoichiometry for the oxidation
of DMAIMSOA by iodine is 1:1

½1� ðMeHNÞðMeN¼ÞCSO3Hþ I2ðaqÞ þ 2H2O!
ðMeHNÞ2C¼Oþ SO4

2� þ 2I� þ 4Hþ

The percent consumption of iodine should allow for the
calculation of the fraction of DMAIMSOA that is ‘‘oxi-
dizable’’ because these fractions in Fig. 4b remain basically
invariant on further incubation of the reaction solutions.
This percentage iodine consumption is calculated on the ba-
sis of the stoichiometry in eq. [1] in which a 1:1 mol ratio of
DMAIMSOA–I2 is considered to be 100%. Using the plot in
Fig. 4b and reaction stoichiometry in eq. [1], a simple calcu-

Fig. 3. (a) UV spectral of incubated DMAIMSOA in water at a
slightly acidic pH of 6 showing its inertness. The spectra scan was
taken at 24 h intervals for 7 days. There is very little change in the
absorbance of DMAIMSOA. [DMAIMSOA] = 1.0 � 10–4 mol/L.
(b) UV spectra scan of the same DMAIMSOA solution as in
Fig. 3a at a physiological pH of 7.4 phosphate buffer. At this
slightly basic pH there is a noticeable decomposition of DMAIM-
SOA. (c) The effect of pH on the rate of decomposition of
DMAIMSOA in 0.05 mol/L phosphate buffer. Substantial decom-
position starts at pH conditions greater than 7. [DMAIMSOA] =
1.0 � 10–4 mol/L; pH (a) 6.2 (unbuffered), (b) 6.2, (c) 6.6, (d) 7.0,
(e) 7.4, and (f) 8.2.
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lation shows that 0.77% of DMAIMSOA is oxidized after
24 h of reaction time. This shows that, at these conditions,
only a very small fraction of DMAIMSOA is oxidized or
oxidizable. In the acidic environment, iodate can also be
used to evaluate the response of DMAIMSOA to oxidation.
By using excess iodate concentrations, the amount of iodine
produced can be utilized to calculate the amount of
DMAIMSOA oxidized (see Fig. 4c). Initially, iodate oxi-
dizes DMAIMSOA to produce iodide (reaction stoichiome-
try in eq. [2]), which is subsequently oxidized by the excess
iodate to give iodine (reaction in eq. [3]) as the final reduc-
tion product of iodate.

½2� IO3
� þ 3ðMeHNÞðMeN¼ÞCSO3Hþ 3H2O!

I� þ 3ðMeHNÞ2C¼Oþ 3SO4
2� þ 6Hþ

Followed by the Dushman reaction:30

½3� IO3
� þ 5I� þ 6Hþ ! 3I2 þ 3H2O

The addition of 5(eq. [2]) and eq. [3] eliminates iodide to

give the overall stoichiometry that gives iodine as the final
product:

½4� 2IO3
� þ 5ðMeHNÞðMeN¼ÞCSO3Hþ 4H2O!

I2 þ 5ðMeHNÞ2C¼Oþ 5SO4
2� þ 8Hþ

One can thus correlate the amount of iodine formed to the
amount of DMAIMSOA consumed through the 5:1 ratio.
Figure 4c shows that very little iodine is formed, also con-
firming that very little DMAIMSOA is oxidized under these
conditions. IO3

– is inert in basic environments, and thus this
type of correlation can only be effected in this acidic envi-
ronment. Previous work in our laboratory27,31 and by
others32 had always conjectured that such aminosulfur oxoa-
cids initially undergo an irreversible, entropy-driven hydrol-
ysis to give a reducing sulfur species, which in
DMAIMSOA’s case is bisulfite:

½5� ðMeHNÞðMeN¼ÞCSO3Hþ H2O!
ðMeHNÞ2C¼Oþ HSO3

� þ Hþ

Fig. 4. (a) Absorbance traces showing the consumption of aqueous iodine by DMAIMSOA in unbuffered solutions. Despite the initial rea-
sonably fast rate of consumption, very little aqueous iodine is consumed. [I2(aq)] = 3.82 � 10–4 mol/L, [DMAIMSOA] = (a) 0.0, (b) 0.001,
(c) 0.005, (d) 0.010, and (e) 0.015 mol/L. (b) A linear plot showing the percent consumption of iodine in Fig. 4a after 24 h of I2–DMAIM-
SOA incubation. (c) Multiple spectral scan measurements of the reaction of DMAIMSOA and acidic iodate taken every 2 min showing the
formation of iodine at 460 nm. A very small amount of iodine is formed indicating that at these conditions only a negligible fraction of
DMAIMSOA is oxidizable. [DMAIMSOA] = 0.025 mol/L, [IO3

–] = 0.025 mol/L, and [H+] = 0.05 mol/L. (d) Comparison traces of the
percent formation of iodine in the reactions of freshly prepared (closed circles) and 3-day-old (open triangles) DMAIMSOA solutions with
acidic iodate. [DMAIMSOA] = 0.025 mol/L, [IO3

–] = 0.025 mol/L, and [H+] = 0.05 mol/L.
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The oxidations observed in Figs. 4a–4c are effectively the
oxidation of bisulfite released in the reaction in eq. [5]. The
extent of the reaction in eq. [5] (a sort of pseudoequilibrium
constant since eq. [5] is assumed to be irreversible) is
strongly dependent on pH, and any value derived for this re-
action has to be associated with a specific pH value. Further
studies are needed to evaluate the general base catalysis that
can be evoked by the anions that make up the various buf-
fers that might be used to maintain the pH. It is anticipated
that the type and concentrations of the buffers themselves
would influence the observed extent of the reaction in eq.
[5]. The reaction in eq. [5] is an extremely slow process,
which proceeds at a faster rate in basic conditions. Figure
4d shows that the reaction in eq. [5] is a prerequisite for the
observed oxidations in Figs. 4a and 4c. Some DMAIMSOA
reaction solutions were used immediately after preparation
(Fig. 4d, dark circles), while other solutions were incubated
for 3 days before being used in the DMAIMSOA–IO3

– reac-

tions (Fig. 4d, open triangles). It is evident that after 30 min
more of the DMAIMSOA is observed to have been oxidized
with the incubated solutions (1.23%) over those that were
not incubated (1.03%).

Reactions in basic environments
For these experiments, hypochlorous acid was used as the

oxidant. –OCl has an absorption peak at 292 nm, and does
not interfere with the DMAIMSOA peak at 215 nm as HOI
does. Thus, the reaction between HOCl and DMAIMSOA
can be followed at both 215 and 292 nm. Figure 5a shows
a series of spectral scans of the HOCl–DMAIMSOA reac-
tion after 48 h of reaction time at pH 7.4 in a phosphate buf-
fer. Activity is observed at both wavelengths, showing a
very viable and facile reaction. The stoichiometry of this re-
action was derived to be 1:1 using barium sulfate precipita-
tion.

Fig. 5. (a) UV spectral scans of the HOCl–DMAIMSOA reaction after 48 h of reaction time at pH 7.4 in 0.05 mol/L phosphate buffer.
[DMAIMSOA] = 2.0 � 10–4 mol/L, [HOCl] = (a) 0 (not buffered), (b) 0 (buffered), (c) 5.00 � 10–5, (d) 7.50 � 10–5, (e) 1.00 � 10–4, (f)
1.25 � 10–4, (g) 1.50 � 10–4, (h) 1.75 � 10–4, (i) 2.00 � 10–4, (j) 3.00 � 10–4, (k) 4.00 � 10–4, (l) 5.00 � 10–4, (m) 6.00 � 10–4, (n) 7.00 �
10–4, (o) 8.00 � 10–4, (p) 9.00 � 10–4, and (q) 1.00 � 10–3 mol/L. (b) Absorbance traces at 292 nm showing variation of DMAIMSOA with
HOCl at a pH of 7.4 in 0.05 mol/L phosphate buffer. [HOCl] = 2.0 � 10–3 mol/L, [DMAIMSOA] = (a) 2.0 � 10–4, (b) 4.0 � 10–4, (c) 6.0 �
10–4, (d) 8.0 � 10–4, (e) 1.0 � 10–3, (f) 1.2 � 10–3, and (g) 1.4 � 10–3 mol/L. (c) Absorbance traces at 215 nm showing the effect of pH on
the HOCl–DMAIMSOA reaction in 0.05 mol/L phosphate buffer for a freshly prepared DMAIMSOA. [HOCl] = 3.0 � 10–3 mol/L and
[DMAMSOA] = 5.0 � 10–5 mol/L. (d) Absorbace traces of the same reaction in Fig. 5c but with a 7-day-old incubated DMAIMSOA.
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½6� ðMeHNÞðMeN¼ÞCSO3Hþ HOClþ H2O!
ðMeHNÞ2C¼Oþ SO4

2� þ Cl� þ 3Hþ

Absorbance traces in Fig. 5b were monitored at 292 nm,
and show that the reaction essentially goes to completion
and is over within 20 s. Any rate constant derived from
these data is only relevant for this pH condition and for this
buffer strength and concentration. The final observed rate of
reaction is derived from a complex interaction of the buffer
anions with DMAIMSOA and their effect in facilitating the
reaction in eq. [5]. The positively charged carbon center is
susceptible to nucleophilic attack with the result that the C–
S bond is weakened, facilitating its cleavage. Figures 5c and
5d show that the incubation of solutions is not an important
factor for reactions run in basic environments. Freshly pre-
pared solutions gave nearly the same reaction times as those
incubated for a week. Examination of the initial absorbance
readings for the incubated solutions, however, show that the
initial DMAIMSOA absorbances are depressed from the val-
ues recorded for unincubated solutions. The data, taken at
215 nm in Figs. 5c and 5d, are more difficult to explain if
indeed the reaction in eq. [5] is irreversible. Thus, in basic
environments, some equilibrium is attained, although some
irreversible entropically favored decomposition also still
proceeds. The reaction of HOCl with HSO3

– is essentially
diffusion controlled, and would not show the type of ki-
netics observed in Figs. 5b–5d.

Conclusions
Owing to the inertness of aminoiminomethanesulfonic

acid (AIMSOA) and DMAIMSOA, previous assertions from
our research work had suggested that in these types of com-
pounds that contain the thiouredo group, oxidation can pro-
ceed directly from the sulfinic acid to sulfate, bypassing the
sulfonic acid.10,31,33 Evidence for this involves the direct ob-
servation of an untrapped sulfoxyl anion radical in aerobic
decompositions of aminosulfinic acids.34 The inordinately
long C–S bond in aminoiminomethanesulfonic acid
(AIMSA) and DMAIMSA is easily cleaved by thermal acti-
vation or by the presence of nucleophiles. In fact, high yield
guanidine formation is effected by the reaction of aminosul-
finic acids with amines.35–37 The nucleophilic amine center
attacks the positive carbon center, culminating in the cleav-
age of the C–S bond and the formation of a C=N double
bond.

The present synthesis and characterization, however, does
not preclude the formation of the sulfonic acid as one of the
stable intermediates in the oxidation of a thiouredo group in
the basic environment and in the presence of basic anions or
nucleophiles. Thus, in the physiological environment, meta-
bolic activation of thiocarbamides, where S-oxygenation oc-
curs at pH 7.4, the sulfonic acid is a viable intermediate,
which can later be oxidized further to give sulfate and urea-
type organic residue.

Supplementary data
Supplementary data for this article are available on the

journal Web site (canjchem.nrc.ca). CCDC 778932 contains
the X-ray data in CIF format for this manuscript. These data
can be obtained, free of charge, via http://www.ccdc.cam.ac.

uk/conts/retrieving.html (or from the Cambridge Crystallo-
graphic Data Centre, 12 Union Road, Cambridge CB2 1EZ,
UK; fax +44 1223 336033; or deposit@ccdc.cam.ac.uk).
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Fabrication of boron carbonitride (BCN) nanotubes
and giant fullerene cages

Guifang Sun, Faming Gao, and Li Hou

Abstract: Boron carbonitride (BCN) nanotubes have been successfully prepared using NH4Cl, KBH4, and ZnBr2 as the re-
actants at 480 8C for 12 h by a new benzene-thermal approach in a N2 atmosphere. As its by-product, a new form of car-
bon regular hexagonal nanocages are observed. The samples are characterized by X-ray diffraction (XRD), Fourier
transform infrared (FTIR) spectroscopy, transmission electron microscopy (TEM), transmission electron diffraction (TED),
electron energy loss spectroscopy (EELS), and high-resolution transmission electron microscopy (HRTEM). The prepared
nanotubes have uniform outer diameters in the range of 150 to 500 nm and a length of up to several micrometerss. The
novel carbon hexagonal nanocages have a typical size ranging from 100 nm to 1.5 mm, which could be the giant fullerene
cages of C60N2 (N = 17*148). So, high fullerenes are observed for the first time. The influences of reaction temperature
and ZnBr2 on products and the formation mechanism of BCN nanotubes are discussed.

Key words: boron carbonitride (BCN) nanotube, benzene thermal, giant fullerene.

Résumé : On a préparé avec succès des nanotubes BCN par réaction de NH4Cl, de KBH4 et de ZnBr2, à 480 8C pendant
12 h, en faisant appel à une nouvelle approche de benzène-thermal dans une atmosphère d’azote. On a aussi observé la
formation comme sous-produit d’une nouvelle forme de nanocages hexagonales régulières à base de carbone. Les échantil-
lons ont été caractérisés par diffraction des rayons-X (DRX), par spectroscopie infrarouge à transformation de Fourier (IR-
TF), par microscopie électronique de transmission (MET), par diffraction électronique de transmission (DET), par spectros-
copie de la perte d’énergie électronique (SPEE) et par microscopie électronique de transmission à haute résolution
(METHR). Les nanotubes préparés possèdent des diamètres extérieurs uniformes allant de 150 à 500 nm et des longueurs
allant jusqu’à plusieurs microns. La tailles typiques des nouvelles nanocages hexagonales à base de carbone vont de 100
nm à 1,5 mm qui s’apparentent aux cages de fullerènes géants de C60N2 (N = 17*148). On a donc observé des fullerènes
géants pour la première fois. On discute aussi de l’influence de la température réactionnelle et du ZnBr2 sur les produits et
sur le mécanisme de formation des nanotubes BCN.

Mots-clés : nanotube BCN, benzène-thermal, fullerène géant.

[Traduit par la Rédaction]

Introduction
It is well-known that the boron carbonitride (BCN) com-

pounds are promising superhard materials.1,2 Theoretical cal-
culations have revealed that the ternary BCN compounds,
depending on the structure and composition, may manifest
tunable properties between the extremes for elemental car-
bon and boron nitride.3 Thus, BCN compounds are also can-
didates for potential electronic and photonic devices with a
large variety of electronic properties. Much effort has been
devoted to the preparation of BCN compounds, and the
BCxN compounds with an x of 0.9, 2, 2.5, 4, and 7 have
been reported.4 Since the discovery of carbon nanotubes
(NT)5 and BNNTs,6 much interest has been attracted to the
synthesis and characterizations of nanotubes in the sp2 bond-
ing state. In particular, it is noteworthy that both theoretical
and experimental studies of BCN have also been extended
from the layered BCxN compounds to nanotube structures7.
Previously, BCN nanotubes have been fabricated by various
methods.8–12 However, all of the growth of the BCN

nanotubes were only carried out at higher
temperatures (>1000 8C). A low-temperature growth of
nanotubes is highly desired. Since Liu et. al.13 and Xu et.
al.14 successfully synthesized carbon nanotubes and BN
nanotubes at very mild temperatures using the solvother-
mal-reduction route, it is reasonable and feasible to look for
a route for low-temperature solvothermal synthesis of BCN
nanotubes. In addition, the discoveries of buckminsterfuller-
ene and carbon nanotubes have stimulated a great deal of re-
search on different carbon morphologies owing to their
promising applications in fields such as electrochemical de-
vices, hydrogen storage, field emission devices, and nano-
tweezers.15 Because of the flexible carbon structure, various
morphologies of carbon nanostructures, including nano-
tubes,5 nanocapsules,16 onions,17 nanopolyhedra,18 cones,19

nanorods,20 nanohorns,21 spheres,22 and cubic nanocages,23

have been discovered by scientists. These carbon nanostruc-
tures show different physical properties, and have a potential
of studying materials of low dimensionality within an iso-
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lated environment. In this paper, hollow BCxN nanotubes
and novel carbon hexagonal nanocages have been success-
fully prepared at 480 8C for 12 h by a new benzene-thermal

approach in a N2 atmosphere. We discovered a new form of
carbon regular hexagonal nanocages that have never been
reported before. We also studied the influence of reaction

Fig. 1. (a) Low-magnification transmission electron microscopy (TEM) image of a number of BCN nanotubes. (b) TEM image of a repre-
sentative BCxN nanotube. (c) High-magnification TEM image of the nanotube in Fig. 1b, the inset is the transmission electron diffraction
(TED) pattern of the nanotube. (d) Electron energy loss spectroscopy (EELS) at locations 1, 2, and 3. (e) High-resolution transmission
electron microscopy (HRTEM) of the tube wall. (f) Elemental line scan across the BCN nanotube in Fig. 1b by TEM with an energy dis-
persive spectrometer (EDS). (g) FTIR spectrum of the products. (h) Scheme of the BCN nanotube.

Sun et al. 1257

Published by NRC Research Press

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

U
ni

ve
rs

ity
 o

f 
E

le
ct

ro
ni

c 
an

d 
Sc

ie
nc

e 
T

ec
ho

no
lo

gy
 o

f 
C

hi
na

 o
n 

09
/1

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



temperature and ZnBr2 on the reaction and morphology of
the product, and discussed the formation mechanism of
BCN nanotubes and carbon nanocages.

Experimental

Synthesis of carbon material
In a typical procedure, 9.708 g of KBH4, 1.605 g of

NH4Cl, 0.78 g of ZnBr2, and 30 mL of benzene were added
into a 50 mL stainless steel autoclave. The autoclave was
sealed and maintained at 480 8C for 12 h in a crucible fur-
nace, and then it was allowed to cool to room temperature
naturally and was carefully opened. After being filtered and
washed with absolute ethyl alcohol and distilled water sev-
eral times, the product was dried in a vacuum at 100 8C for
2 h. The final product was grey-black and was collected for
characterization. The manipulation process was carried out
in a glovebox full of N2.

Characterization techniques
The morphologies of the sample were characterized by

Fig. 2. Transmission electron microscopy (TEM) images of the carbon nanocages. (a) Low-magnification TEM image of carbon hexagonal
nanocages. (b) and (c) High-magnification TEM images of carbon hexagonal-shaped nanocages. (d) Electron energy loss spectroscopy
(EELS) from the nanocage in Fig. 2c. (e) Transmission electron diffraction (TED) image of the nanocages in Fig. 2c. (f) High-resolution
transmission electron microscopy (HRTEM) of the carbon hexagonal nanocage in Fig. 2c. (g) Atomic structure of three representative full-
erene cages.

Fig. 3. X-ray diffraction pattern of the sample.
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transmission electron microscopy (TEM) using a JEM-2010
transmission electron microscope. Transmission electron dif-
fraction (TED) and high-resolution transmission electron
microscopy (HRTEM) were used to investigate the micro-
structure of the powder. In addition, electron energy loss
spectroscopy (EELS) and TEM was used to analyze the
composition and distribution of B, C, and N. A sample of
0.1 g of the as-prepared power with 10 mL of ethanol in a
50 mL beaker was prepared for the electron microscope by
ultrasonic dispersion for 10 min. Then, the suspension was
dropped on a carbon-coated copper microgrid and dried in
air before performance.

Results and discussion
Figures 1a and 1b show transmission electron micro-

graphs of BCN nanotubes. There were no metal particles at
the tube tip ends, which were typically open as in Fig. 1b.
The produced BCN nanotube in Fig. 1b appears good in
shape and straighter than other BCN nanotubes presented in
refs. 8–12. The prepared nanotubes have uniform outer di-
ameters in the range of 150 to 500 nm and lengths from
scores of nanometers up to several micrometers. The inner
diameters of the nanotubes are ~100–400 nm. Figure 1c is
the high-magnification TEM image of the nanotube in
Fig. 1b and the the inset in Fig. 1c is the TED pattern of
the nanotube. EELS analysis of the nanotube shown in
Fig. 1d revealed that it was composed of B, C, and N with
distinct ionization adsorption edges at 188, 284, and 401 eV,
respectively, which shows the characteristic K-shell ioniza-
tion edges of B, C, and N, respectively. The p-type sp2

peaks of boron and carbon in the EELS spectrum are ob-
vious for the BCN nanotubes, which can be characteriza-
tions of nanotubes in the sp2 bonding state. Taking into
consideration the experimental error of ~10% in EELS
measurements, the atomic ratios of B:N for most BCN nano-
tubes are always close to 1.0. However, the C atomic per-
centages change markedly. Figure 1d shows EELS results
collected from locations 1, 2, and 3 in the same nanotube as
indicated in Fig. 1c, respectively. The quantification results
of B, C, and N at locations 1, 2, and 3 are approximately
1:2.50:1, 1:0.33:1, and 1:1.33:1, respectively. Thus, in the
BCxN, the average value of x is ~1.4. To study the composi-
tion within the tube, we show the EELS line scan (Fig. 1f)
across the nanotube shown in Fig. 1b, in which the relative
concentrations of B, C, and N are displayed. The anticorre-
lation of the elemental profiles indicates the tube exhibits
segregation of BN and C layers, and it also indicates an al-
ternating C–BN–C geometry similar to the structures in refs.
24 and 25. Two strong peaks around 1377 and 800 cm–1 in
Fig. 1g could be assigned to the B–N stretching vibrations

and B–N–B bending vibrations, respectively,26 and the broad
absorbed absorption peak at 3391 cm–1 is due to water ab-
sorbed on the sample. There are no peaks corresponding to
C–N and B–C vibrations, which also suggests the BCN
nanotubes consist of segregated domains of BN and C, and
the scheme of the BCN nanotube is shown in Fig. 1h. The
typical TED pattern (inset in Fig. 1c) is taken from the indi-
vidual nanotube. From the patterns, the reflections of (002),
(100), and (110) of hexagonal BCN crystallites (h-BCN,
JCPDS No. 35-1292) can be observed, which indicates that
the product is crystallized. The high-resolution TEM image
(Fig. 1e) of the typical nanotube shows the (002) basal
planes aligned along the tube axis with certain crystallinity,
and the interlayer spacings are measured to be ~0.335 nm,
which is close to the value of (002) spacing of graphite or
h-BN. From HRTEM pictures of multiwall carbon nano-
tubes, the slightly disordered multiwall structure of the
nanotube can be observed, and the crystallinity of the BCN
nanotube appears to be not as high as the nanotubes pre-
pared by the technique of chemical vapour deposition
(CVD).27,28

It is very intriguing to find a lot of hollow carbon regular
hexagonal nanocages in as-synthesized nanomaterials, as
shown in Fig. 2. In Fig. 2a, a TEM overview image shows
several carbon hexagonal nanocages, which have typical
sizes ranging from 100 nm to 1.5 mm. Figures 2b and 2c
show high-magnification TEM images of typical hexagonal-
shaped carbon nanocages, which have perfect regular hexa-
gon nanostructures and nearly the same wall thickness of
14.3 nm. Figure 2d shows the EELS result of the nanocage
in Fig. 2c, which demonstrates it is a pure carbon nanocage.
From the carbon K-edge spectra, the weak initial peak,
which is due to 1s ? 2p* transitions, shows it is a not
highly crystalline material.29 The typical TED pattern
(Fig. 2e) is taken from the nanocage in Fig. 2c. From the
pattern, the reflections of (002), (100), and (110) of graphite
carbons (JCPDS No. 25-0284) can be observed, which indi-
cates that the structure of the product is similar in structure
to graphite, like fullerenes, which is composed of a sheet of
linked hexagonal rings, but they contain pentagonal (or
sometimes heptagonal) rings that prevent the sheet from
being planar. The nature of the hexagonal nanocages is
clearly demonstrated in the HRTEM image. At the hexago-
nal nanocage’s corner, sharp folding can be observed, while
the angle at the corner is strictly 1208, which demonstrates
the appearance of carbon hexagonal nanocages probably
arising from folding graphitic sheets into a hexagonal form,
a process catalyzed by Zn in an attempt to minimize the
highly energetic dangling bonds present at the edge of the
growing structure. A further analysis by HRTEM (Fig. 2f)

Table 1. Different morphologies obtained by various experiments.

Group
number Reactants

Reaction
temperature (8C) Dominated morphology of product

1 KBH4, NH4Cl, C6H6 480 h-BN nanorods
2 KBH4, NH4Cl, ZnBr2, C6H6 480 Carbon nanocages, BCN nanospheres, and nanotubes
3 KBH4, NH4Cl, ZnBr2, C6H6 <400 Nothing
4 KBH4, NH4Cl, ZnBr2, C6H6 400 BCN nanotubes
5 KBH4, NH4Cl, ZnBr2, C6H6 550 Carbon nanocages
6 KBH4, NH4Cl, ZnBr2, C6H6 800 and 900 Shorter and more curved BCN nanotubes
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reveals that the hollow cages could be the giant fullerene
cages of C60N2 (N = 17*148). Smaller fullerenes look like
asteroids. Giant fullerenes take on a hexagonal shape, as
shown in Fig. 2g. The HRTEM picture of the cage in
Fig. 2g shows that it is composed of many carbon rings,
which correspond to the hexagonal or pentagonal rings of
fullerenes, as shown by the red arrows in Figs. 2f and 2g.

A possible mechanism for the reactions is as follows.
KBH4, NH4Cl, and benzene are selected as the boron, nitro-
gen, and carbon source of BCN, respectively. Benzene can
be carbonized if the temperature exceeds 380 8C.30 When
the temperature reaches 340 8C, NH4Cl and KBH4 begin to
decompose into NH3 and HCl, and KH and BH3, respec-
tively, then NH3 and BH3 will react further and produce
NH3�BH3.31 When the temperature is up to 480 8C, inter-
mediate NH3�BH3 and carbon will produce BCxN nanomate-
rials and H2 under high pressure, which comes from H2 and
the decomposed NH3, BH3, and HCl gases. The as-prepared
BCN nanomaterials in which the atomic ratio of B:N is 1.0
may crystallize disorderly. According to the XRD result of
the unwashed product, we know KCl, KBr, Zn, BCN, and
carbon nanomaterials are present in the product, so the fol-
lowing chemical reaction is certainly responsible for the
low-temperature growth of the BCN nanomaterials:

½1� KBH4 þ NH4Clþ ZnBr2 þ C6H6

! BCxNþ Cþ Znþ KCIþ KBrþ H2

During the reaction, ZnBr2 is reduced to Zn catalyst parti-
cles, and then BCxN nanomaterials deposit and diffuse on
the surface of the fused zinc particles acting as active cen-
ters to form BCN nanotubes at the Zn particles. Combined
with the production of h-BN nanorods without the addition
of ZnBr2, the open-tip morphology (Fig. 1b) of the product
confirms this proposal, which indicates that the BCN nano-
tubes grew in a base-growth model.32 In TEM examinations,
the tips of BCN nanotubes were free of zinc particles exist-
ing in the sample (Fig. 3) according to X-ray diffraction,
which may be due to the large diameters of the nanotubes,
and come off them. Combining the results of EELS, the X-
ray diffractogram indicates the presence of zinc metal crys-
tals as catalyst, and carbon is consistent throughout the car-
bon nanocages.

To investigate the influence of ZnBr2 and reaction tem-
perature on the morphologies of the product, a series of ex-
periments were carried out (as shown in Table 1) with the
procedure similar to that mentioned in the Experimental sec-
tion. To identify if Zn plays a catalytic role, only KBH4,
NH4Cl, and benzene were directly put into an autoclave in
a N2 atmosphere, and were immediately heated at a temper-
ature of 480 8C for 12 h without any catalyst. As a result, no
BCN nanotubes or carbon nanocages were observed, indicat-
ing that Zn plays a crucial role in the growth process of
BCN nanotubes and carbon nanocages as mentioned previ-
ously. To maximize BCN nanotubes or carbon nanocages in
the product, a series of experiments at different temperatures
were carried out. When the temperature was <400 8C, no
product could be obtained. The product prepared at 400 8C
mostly consisted of BCN nanotubes, which were similar to
those prepared at 480 8C. When the reaction temperature
was at 550 8C, carbon nanocages prevailed in the sample,
but BCN nanotubes almost disappeared. Raising the reaction

temperature to 800 and 900 8C, we could find shorter and
more curved BCN nanotubes produced and an improvement
on the crystallinity of the BCN nanotubes, and the carbon
nanocages disappeared. So thermal annealing at 800 and
900 8C can promote crystallization and production of BCN
nanotubes, but was not favorable to the production of lon-
ger, more aligned nanotubes and nanocages. So we can con-
trol the morphologies of the product to obtain BCN
nanotubes or carbon nanocages separately by altering the re-
action temperature.

Conclusions
In conclusion, BCN nanotubes and a new form of carbon

regular hexagonal nanocages have been successfully pre-
pared using NH4Cl, KBH4, and ZnBr2 as the reactants at
480 8C for 12 h by a new benzene-thermal approach in a
N2 atmosphere. Transmission electron microscopy investiga-
tions indicated that the carbon hexagonal nanocages could
be giant fullerene cages.
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Interactions between gemini and nonionic
pharmaceutical surfactants

Javed R. Akbar, Rubena Deubry, D. Gerrard Marangoni, and Shawn D. Wettig

Abstract: The nature and strength of the interactions between the 1,3-bis(dimethylhexadecyl)propanediammonium dibro-
mide (16-3-16) gemini surfactant and a homologous series of nonionic polyoxyethylene (20) sorbitan ester surfactants hav-
ing laurate (Tween 20), stearate (Tween 60), or oleate (Tween 80) alkyl tails has been investigated. The critical micelle
concentration (cmc) values of the mixed gemini–tween systems were determined using the du Noüy ring surface tension
method, and the results have been analyzed using Clint’s, Rubingh’s, Motomura’s, and Maeda’s theories for mixed micel-
lar systems. The results demonstrate a synergistic mixing behaviour between the Tween surfactants and the 16-3-16 gemini
surfactant, where the strength of interaction is dependent upon the chain length and saturation of the Tween alkyl tail.

Key words: gemini surfactants, Tween surfactants, mixed micelles, surface tension.

Résumé : On a étudié la nature et la force des interactions entre l’agent de surface jumeau dibromure de 1,3-bis(diméthyl-
hexadécyl)propanediammonium (16-3-16) et une série d’agents de surface non ioniques à base d’ester de polyoxyéthylène
(20) sorbitane comportant des chaı̂nes alkyles du laurate (Tween 20), du stéarate (Tween 60) ou oléate (Tween 80). On a
déterminé les valeurs de concentration micellaire critique (cmc) des systèmes mixtes jumeau–Tween en faisant appel à la
méthode de la tension superficielle des anneaux de Noüy et on a analysé les résultats à l’aide des théories de Clint, de Ru-
bingh, de Motomura et de Maeda pour les systèmes micellaires mixtes. Les résultats mettent en évidence un comportement
de mélange synergistique entre les agents de surface de la famille Tween et l’agent de surface jumeau 16-3-16 et la force
de l’interaction dépend de la longueur et de la saturation de la chaı̂ne alkyle du Tween.

Mots-clés : agents de surface jumeaux, agents de surface Tween, micelles mixtes, tension superficielle.

[Traduit par la Rédaction]

Introduction

Gemini surfactants represent an intriguing class of surfac-
tants that have been extensively studied by various research
groups since the late 1980s. Their unique structure, which
consists of two typical surfactant monomers that are cova-
lently linked by either a rigid or flexible spacer group, re-
sults in a number of interesting observations regarding their
aggregation behavior in solution.1 In comparison with their
corresponding monomer counterparts, gemini surfactants are
more efficient at reducing surface tension, have better wet-
ting properties, and typically have critical micelle concentra-
tion (cmc) values that are one to two orders of magnitude
lower.1–3 Furthermore, gemini surfactants have been shown
to form a rich array of aggregate morphologies in solution,
through alteration of their chemical structure.4,5 The combi-
nation of the unique properties of these surfactants along
with the increasing demand for high-performance surfactants
is currently driving research into their potential applications.

The prospective applications of gemini surfactants are
multifold. These include their potential use in cleaning
agents and detergents, cosmetics and personal care products,

preparative chemistry, pharmaceutical and biological appli-
cations, enhanced oil recovery, etc.6 One particular applica-
tion that is heavily being investigated is their use in drug
delivery. Our group is currently interested in their use as
transfection agents for DNA delivery. Thus far, we have ex-
perimentally demonstrated the effectiveness of utilizing
gemini surfactants as building blocks for the construction of
liposome-based DNA delivery systems for nonviral gene
therapy.7–10

To effectively assess the potential applications of gemini
surfactants towards drug delivery, one must realize that
pharmaceutical preparations normally contain mixtures of
surface-active compounds to provide the overall perform-
ance required for a particular application. In such instances,
it is important to take notice that there are substantial differ-
ences in the micellization tendencies of mixtures of surfac-
tants as compared with the single pure species. Thus, it is
of great importance to evaluate and understand the interac-
tions of gemini surfactants with common surfactants typi-
cally found in pharmaceutical applications.

Mixtures of surface-active agents form mixed micellar ag-
gregates that can exhibit ideal or nonideal mixing behaviour
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in solution. Ideally, mixed surfactant systems obey Clint’s
model, where the cmc of the mixture can be determined
from the overall composition of the combined components
and the cmcs of the individual surfactants.11 Clint’s ideal
solution theory is an effective method for explaining the
mixing behaviour of surfactants with chemically similar
structures.12 However, deviations in ideal mixing can occur
in mixtures containing chemically distinct structures as a re-
sult of a net interaction between the amphiphiles.12–17 The
nature and strength of this net interaction can be determined
from the interaction parameter (b), which can be calculated
using Rubingh’s model for mixed micelle formation.12 Neg-
ative values of b indicate a synergistic interaction, where the
cmc of the mixture is lower than the cmc values of the indi-
vidual surfactants.12 In contrast, positive values of b repre-
sent an antagonistic interaction between the surfactants,
resulting in a positive deviation of the cmc values from ideal
mixing.12 Typically, synergistic effects seem to be negligible
for mixtures of nonionic surfactants. However, they are
moderately present in mixtures of ionic and nonionic surfac-
tants and strongest in mixtures of anionic and cationic sur-
factants.

The aim of this investigation is to examine the nature and
strength of the interactions between the cationic 1,3-
bis(dimethylhexadecyl)propanediammonium dibromide gem-
ini surfactant (represented as 16-3-16, where 16 is the length
of the n-alkyl tails and 3 is the length of the polymethylene
spacer) and a homologous series of nonionic polyoxyethy-
lene (20) sorbitan esters known as the Tween surfactants
that are commonly found in pharmaceutical formulations.
Whereas the synergistic interactions between anionic and
nonionic and anionic and zwitterionic surfactants have been
extensively studied in the literature, synergism between non-
ionic and cationic surfactants has received little atten-
tion.18,19 The results from this study were analyzed using
Clint’s, Rubingh’s, Motomura’s, and Maeda’s theories for
mixed micellar systems.

Experimental

Materials
The polyoxyethylene (20) sorbitan monolaurate (Tween

20), polyoxyethylene (20) sorbitan monostearate (Tween
60), and polyoxyethylene (20) sorbitan monooleate (Tween
80) surfactants were obtained from PCCA (Houston, Texas)
and were used without any further purification. Water for all
solutions was obtained from a Millipore Synergy purifica-
tion system.

Synthesis of 16-3-16
The 1,3-bis(dimethylhexadecyl)propanediammonium di-

bromide gemini surfactant (Scheme 1) used in this study
was synthesized according to procedures previously reported
in the literature.20,21 Briefly, the synthesis was carried out by
reflux of 2 equiv of N,N-dimethylhexadecylamine (plus 10%
excess) and 1 equiv of 1,3 dibromopropane in HPLC grade
acetonitrile for 48 h. The resulting product was purified by
recrystallization from acetonitrile. The purity was confirmed
by the absence of a minimum in the post micelle region of
the surface tension vs log concentration plot. The structure

was confirmed using 1H NMR spectroscopy (Bruker
300 MHz).

Methods
Surface tension measurements were performed using a

Lauda TE3 tensiometer, applying the du Noüy ring method.
The temperature was kept constant at 25 8C using a circulat-
ing water bath. Surface tension values were corrected using
the method of Harkins and Jordan. The cmc was determined
from the break in the plot of surface tension vs concentra-
tion.

Mixed 16-3-16 and Tween solutions were prepared in the
molar ratios of 0, 0.2, 0.4, 0.6, 0.8, and 1 (to a final concen-
tration of 1 mmol/L), and separately titrated into water. Sur-
face tension was measured as a function of concentration of
the single or binary amphiphile system.

Results and discussion

cmc evaluation of the single and binary gemini–Tween
systems

The cmcs for the pure and mixed 16-3-16 and Tween sys-
tems were determined from the breakpoint of the surface
tension plots, through linear fitting of the pre-micellar and
post-micellar regions. The surface tension plots for the pure
16-3-16 and Tween surfactants are shown in Fig. 1.

The experimental cmc values (Table 1) for the mixed
gemini–tween systems were evaluated and compared with
those values calculated using Clint’s model for ideal mixed
micellar systems. Clint’s equation is represented by

½1� 1

cmcmix

¼
X2

i¼1

ai

cmci

where the ideal cmc of the mixture, cmcmix, can be deter-
mined by the mole fraction of component i in solution, ai,
and the cmc value of pure component i, cmci.11

In Fig. 2, the relationship between the cmc values of the
mixtures and the molecular composition in solution (aTween)
is shown. The solid lines in the figures are the ideal cmcs
calculated using Clint’s equation, wheras the broken lines
represent the experimental values. As shown, the variations
of the cmc values with composition appear to be quite dif-
ferent depending on the Tween surfactant in the mixture.
Particularly, we found that the experimental cmc values for
the Tween 20/16-3-16 system were initially larger than the
ideal values. For both the Tween 60 – and Tween
80 – gemini systems, the experimental cmc values are lower
than those calculated ideally, with this trend being sharper in
the case of Tween 60 – 16-3-16. Interestingly in all cases,
the difference between the ideal and experimental cmc val-
ues is less pronounced at high mole fractions of the nonionic
Tween surfactant.

Scheme 1. Structure of the 16-3-16 gemini surfactant.
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The deviations of the experimental cmc values from the
ideal cmc values (Table 1 and Fig. 2) is indicative of a non-
ideal mixing behaviour between the gemini and Tween sur-
factants. In the case of the Tween 20 – 16-3-16 system, there
appears to be a mild antagonistic interaction followed by a
synergistic interaction as the mole fraction of Tween 20 is
increased. In the case of the Tween 60 – and Tween
80/ – 16-3-16 systems, there appears to be a synergistic inter-
action between the surfactants over all compositions of the
Tween surfactant. In these mixed cationic and nonionic sys-
tems, a synergistic interaction is expected because of the
structural dissimilarities between the surfactants. During mi-
cellization, the nonionic Tween surfactants are expected to
orient themselves between the cationic gemini surfactants,
thus minimizing head group repulsion and consequently fa-
vouring micelle formation. As shown in Fig. 2, this syner-
gistic interaction appears to be most pronounced in the
mixed Tween 60 system, although all three surfactants share
the same head group. This observation indicates that the
length and saturation of the alkyl tail on the Tween surfac-
tant is a determining factor in the strength of the synergistic
interaction with the 16-3-16 gemini surfactant. These inter-
action differences were further investigated and quantified
using Rubingh’s approach.12

Evaluation of the interaction between 16-3-16 and the
Tween surfactants

The nonideal behaviour of the mixed 16-3-16 and Tween
systems was further analyzed and rationalized using Ru-
bingh’s model.12 Through use of the regular solution ap-
proximation, Rubingh’s approach allows the following
equation to be derived

½2� X2
1ln ðcmcmixa1=cmc1X1Þ

ð1� X1Þ2ln½cmcmixð1� a1Þ=cmc2ð1� X2Þ�
¼ 1

which can be used to calculate the composition of the mixed

micellar phase, where X1 is the mole fraction of surfactant 1
in the mixed micelle, cmcmix is the experimental cmc value
of the mixed micelle, cmc1 and cmc2 are the cmc values of
surfactant 1 and 2, respectively, and a1 is the mole fraction
of surfactant 1.12

Through use of eq. [2], X1 can be calculated through an
iterative process, which subsequently allows for the determi-
nation of the interaction parameter using the equation

½3� b ¼ ln ðcmcmixai=cmciXiÞ
ð1� XIÞ2

where b represents the interaction parameter.12 As pre-
viously discussed, the interaction parameter is indicative of
the nature and strength of the interaction between the surfac-
tants in the mixed micelle system.

The micellar mole fractions of the Tween surfactants in
the mixtures were calculated using eq. [2] and compared
with the ideal values determined using Motomura’s approxi-
mation23 (Table 2). Motomura’s theory considers mixed mi-
celles as a macroscopic bulk phase where the energetic
parameters of such systems can be evaluated in terms of ex-
cess thermodynamic quantities.23 The micelle mole fraction
in the ideal state, Xideal, can be calculated by the equation

½4� Xideal ¼ fða1cmc2Þ=½a1cmc2 þ ð1� a1Þcmc1�g

Values are reported in Table 2, and Fig. 3 illustrates the
comparison of X1 and Xideal as a function of aTween for the
mixed Tween–16-3-16 systems. It can be seen that in the
case of the Tween 60 – and Tween 80/ – 16-3-16 systems,
X1 was found to deviate positively from Xideal until aTween
approached ~0.35. These initial positive deviations from
Xideal demonstrate that within these low aTweenregions, the
mixed micelles are richer in the Tween surfactants and
poorer in 16-3-16 than its intended ideal state. Above the
aTween region of ~0.35, the mixed micelles become enriched
with the 16-3-16 surfactant; a similar pattern has been ob-

Fig. 1. Surface tension plots of the pure 16-3-16 and Tween surfactants in water at 25 8C.

1264 Can. J. Chem. Vol. 88, 2010

Published by NRC Research Press

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

U
ni

ve
rs

ity
 o

f 
E

le
ct

ro
ni

c 
an

d 
Sc

ie
nc

e 
T

ec
ho

no
lo

gy
 o

f 
C

hi
na

 o
n 

09
/1

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



served in a mixed nonionic C13E20 and cationic stertile sys-
tem.24 In the case of the Tween 20/ – 16-3-16 system, there
is no apparent trend in the deviation of X1 from Xideal. It
can be seen that the mixed micelle is initially enriched with
the gemini surfactant at low aTween values and becomes en-
riched with the gemini surfactant again at higher aTween va-
lues (as observed in the Tween 60 – and Tween 80 – 16-3-16
systems).

The interaction parameters for the mixed Tween and 16-
3-16 systems were subsequently calculated using the previ-
ously described eq. [3], and the results are illustrated graphi-
cally in Fig. 4. The computed b values (Table 2) were then
used to determine the activity coefficients of the individual
surfactants through the equations

½5� lng1 ¼ bð1� X1Þ2

½6� lng2 ¼ bðX1Þ2

where g1 and g2 are the activity coefficients of surfactant 1
and 2, respectively.12

The determined activity coefficients were next used to
calculate the excess free energy of mixing (G0

ex) by the
equation

½7� DG0
ex ¼ RT

X2

i¼1

Xilng i

where R and T represent the gas constant and absolute tem-
perature, respectively.12

The cumulative experimental results of Rubingh’s analy-
sis for the mixed Tween–16-3-16 systems are tabulated in
Table 2. Upon initial inspection, it is confirmed that a syner-
gistic interaction is present for the Tween 60 – and Tween
80 – 16-3-16 systems over all compositions, owing to the
negative values of the interaction parameters. Furthermore,
the activity coefficients were always found to be less than
unity, thus confirming nonideal behaviour and an attractive
interaction in the mixed systems. And finally, the negative
values for the excess free energy of mixing suggest that the
mixed micelles are more stable than the micelles of the indi-
vidual components. For the mixed Tween 20 – 16-3-16 sys-
tem, it is confirmed that there is an initial slight
antagonistic interaction at low aTween values, owing to the
positive values of b. However, the interaction becomes syn-
ergistic at aTween values of 0.6 or higher.

Upon closer examination of the experimental results, it is
evident that the magnitude of the interaction parameter is
dependent upon the chemical structure of the Tween surfac-
tant in the binary system. The average values of b are –0.049
for the Tween 20 – 16-3-16 mixture, –5.1 for the Tween
60 – 16-3-16 mixture, and –3.0 for the Tween 80 – 16-3-16
mixture. Tween 60 experienced the most synergistic interac-
tion with 16-3-16, followed by Tween 80 and then Tween
20. In all cases, the b values are more negative in compari-
son with a mixed Triton X-100 and 12-2-12 system25, and
are generally in good agreement with those typically found
for mixed ionic and nonionic systems.26,27 The magnitudes
of the interaction parameter for the mixed Tween 60 – and
Tween 80 – 16-3-16 systems suggest substantial stabilization
of the mixed micelles vs the respective pure surfactant mi-T
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Fig. 2. Plots of critical micelle concentration (cmc) vs the mole fraction of Tween (aTween) for (A) Tween 20 + 16-3-16, (B) Tween 60 + 16-
3-16, and (C) Tween 80 + 16-3-16 binary systems at 25 8C. Measured cmc values are represented as (~) and calculated cmc values from
Clint’s model are represented as (^).
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celles. In the case of the mixed Tween 20 – 16-3-16 system,
the magnitude of b was found to deviate slightly around 0,
thus suggesting a near ideal mixing behaviour for this sys-
tem; such an observation has been observed in mixed catio-
nic CmPB and nonionic NP-9 systems.28 Interestingly, when
the mole fractions of the Tween surfactants are larger than
0.6, the mixed Tween–16-3-16 systems have comparable de-
grees of synergism.

The disparities in interaction between the Tween surfac-
tants and 16-3-16 can be rationalized using Maeda’s
theory29 for mixed surfactant systems. According to
Maeda,29 the transfer process of an ionic surfactant mono-
mer to a nonionic micelle will consist of two distinct contri-
butions: (i) the interaction between the surfactant head
groups and (ii) the interaction between the hydrocarbon
chains of the respective surfactants.29 In most cases, the sur-
factant chains that are interacting are of the same structure
and of similar length; hence, this contribution is usually mi-
nor to the overall enhancement of the micellar and surface
properties. If the hydrocarbon tail dissimilarity is small, dif-
ferences observed in the b values should be interpreted in
terms of a steric factor owing to differences in the head
group structures. In our case, since the head groups of the
nonionic species are the same in the three systems, any dif-
ferences in the b values amongst the three Tween–gemini
systems can most likely be attributed to differences in the
hydrocarbon tail of the Tween surfactants.

As shown in Fig. 4, it is observed that for a fixed micellar
composition, i.e., for a constant value of aTween, the stability
of the mixed system decreases as the alkyl chain length of
the Tween surfactant becomes shorter (Tween 60 and Tween
80 vs Tween 20). Furthermore, the stability of the mixed
system is shown to increase as the unsaturation is removed
in the Tween alkyl tail (Tween 80 vs Tween 60). This
mixed micellar stability dependence on the alkyl chain

length is consistent with the substantial contribution from
the enhanced steric compatibility between the two surfac-
tants as the alkyl chain length of the Tween surfactant is in-
creased. As the sorbitan head groups are interspersed with
the gemini surfactant head groups, the attractive interactions
between the nonionic and the cationic surfactants in the mi-
cellar phase is caused by a decreased electrostatic repulsion
between the positively charged gemini head groups by the
nonionic surfactant. Sterically, the size of the respective
head groups coupled with the decreased electrostatic repul-
sions leads to a change in the radius of curvature of the mi-
celle and a change in the micelle packing parameter,
resulting in a more efficient packing of the gemini surfac-
tants in the mixed micelle vs the respective gemini and
Tween micelles. It is clear that in this case, lengthening the
hydrocarbon chain leads to an increase in close packing of
the Tween and the gemini surfactants, which results in sig-
nificant stabilization of the Tween–gemini mixed systems.
Thus, Tween 60 and Tween 80 should experience a more
synergistic interaction with 16-3-16, in comparison with
Tween 20. With regard to the effect of alkyl tail saturation,
replacement of a single bond in the middle of the chain with
a double bond (in the case of the Tween 60 and Tween 80)
destabilizes the micelles because of the entropy difference of
the alkenyl chains of the Tween 80 vs the saturated alkyl
chain of the Tween 60.

In general, the behaviours observed in Fig. 4 can be ex-
plained by taking into account the effect that the repulsive
interactions of the cationic head groups has on the stability
of the mixed micelles. The incorporation of the nonionic
surfactants amongst the cationic surfactants in the mixed mi-
celle reduces the destabilizing effect of these strong repul-
sive interactions. It is interesting to point out that some
authors have indicated that the stabilization of mixed mi-
celles composed of cationic surfactants and nonionic surfac-

Table 2. Results obtained from Rubingh’s analysis of the mixed Tween and 16-3-16 systems.

System aTween X1

cmcExp

(�10–6 mol/L) b g1 g2 DG0
ex (kJ/mol)

Tween 20 + 16-3-16 0 0.0 22.6 — — — —
0.2 0.17 24.5 1.4 2.6 1.0 0.47
0.4 0.67 21.5 1.2 1.1 1.7 0.67
0.6 0.66 10.3 –1.5 0.84 0.53 –0.83
0.8 0.79 10.5 –1.3 0.94 0.44 –0.54
1 1.0 11.3 — — — —

Tween 60 + 16-3-16 0 0.0 22.6 — — — —
0.2 0.48 2.15 –8.5 0.10 0.15 –5.2
0.4 0.53 3.50 –5.7 0.29 0.20 –3.5
0.6 0.62 5.59 –3.5 0.60 0.26 –2.1
0.8 0.74 6.91 –2.7 0.83 0.23 –1.3
1 1.0 9.02 — — — —

Tween 80 + 16-3-16 0 0.0 22.6 — — — —
0.2 0.44 7.34 –4.1 0.28 0.46 –2.5
0.4 0.53 10.5 –1.9 0.65 0.59 –1.2
0.6 0.62 9.29 –2.2 0.73 0.43 –1.3
0.8 0.67 7.01 –3.7 0.68 0.19 –2.0
1 1.0 12.3 — — — —

Note: aTween20, Tween 20 mole fraction; aTween60, Tween 60 mole fraction; aTween80, Tween 80 mole fraction; cmcExp, experimental critical micelle concen-
tration; b, interaction parameter; g1, activity coefficient of surfactant 1; g2, activity coefficient of surfactant 2; DG0

ex, excess free energy of mixing; and X1, is
the mole fraction of surfactant 1 in the mixed micelle.
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tants consisting of polyoxyethylene (POE) groups could be
explained on the basis of the ion–dipole interactions occur-
ring between the ether oxygens and the cationic head
groups.19,30 Although this is a possible contribution, the sta-

bilization that occurs between the cationic gemini surfactant
and the nonionic Tween surfactant in the mixed micelles is
most likely consistent with electrostatic stabilization because
of the progressive replacement of the gemini surfactant with

Fig. 3. Micellar mole fractions, X1 (~) and Xideal (^), as a function of the mole fraction of Tween (aTween) for the (A) Tween 20 + 16-3-16,
(B) Tween 60 + 16-3-16, and (C) Tween 80 + 16-3-16 binary systems.
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nonionic surfactants in the micelle. There may, however,
also be a stabilizing interaction between the large positive
charge on the head group of the gemini surfactant and the
polar ethylene oxide chain and sorbitan ring of the Tweens.

It is important to note that in all cases, the magnitude of b
was found to vary with the molar fraction of the Tween sur-
factant (see Fig. 4). According to Rubingh’s theory, the in-
teraction parameter should remain constant over the entire
range of composition.12 However, numerous studies have
found b to vary with composition, thus showing the short-
comings of Rubingh’s approach for characterizing the inter-
action features for all types of mixed micellar systems.31–38

In particular, mixtures of ionic and nonionic surfactants
have been shown to exhibit a b variation with composi-
tion.31,39–42 Nonetheless, Rubingh’s model remains as an ef-
fective approach for characterizing the nature and strength
of interaction of surfactant mixtures. As illustrated in
Fig. 4, there is no apparent trend in the magnitude of b

with composition, which has been observed in the litera-
ture.25,41,42

From the data, it is possible to calculate the composition
that gives the minimum cmc value. To find this optimum
composition, two criteria must be fulfilled: (i) the b parame-
ter must be negative and (ii) |ln(cmc2/cmc1)| < |b|. If these
criteria are fulfilled, the point where the cmc for the mixed
system has its minimum can be calculated with the follow-
ing equation

½8� aTween ¼ X1 ¼
ln cmc1

cmc2
þ b

� �

2b

According to theory, the minimum occurs when the mole
fraction of the surfactants in the micelle is equal to the
mole fraction in the solution, and that these conditions cor-
respond to the point of maximum synergism, i.e., when the
mixture has the lowest cmc value. For the surfactants used
in this study, the minimum occurs at aTween = 0.59 for
Tween 60 – 16-3-16 and aTween = 0.60 for Tween 80 – 16-3-
16 (note, a minimum cmc value could not be calculated for

the Tween 20 – 16-3-16 system as it did not satisfy criteria
(ii). These results appear to be in reasonable agreement
with the literature, which suggests that the optimum compo-
sition should be close to 0.5 when the cmcs for the two sur-
factants are approximately the same, but the optimum is
shifted toward the more hydrophobic surfactant in the case
where the cmc values are quite different.43 In Fig. 3, the sur-
factant composition in the micelle vs the surfactant composi-
tion in the solution is plotted and it can be seen that with the
Tween 60 and Tween 80 systems, the composition in the
micelle and the composition in the solution only coincide at
a single composition. It should be noted, however, that these
relations are based upon application of the regular solution
theory to these systems in which several assumptions and
approximations are used. Hence, these calculated values for
conditions of maximum synergism should only be regarded
as estimates.

Conclusions

The nature and strength of the interactions between the
16-3-16 gemini surfactant and a homologous series of
Tween surfactants was investigated. The results demonstrate
a synergistic mixing behavior between the cationic gemini
and the nonionic Tween surfactants, which can be explained
in terms of the modified electrostatic repulsions and the
change in the micellar packing parameters of the mixed sys-
tems vs the respective pure micelles, as the Tweens progres-
sively replace the gemini surfactants in the mixed micelles.
The maximum synergistic effect has been observed for the
longer chain Tween 60 and Tween 80 surfactants vs the
Tween 20 surfactant. Furthermore, the synergistic effect
was found to decrease with the presence of an unsaturation
in the alkyl tail of the Tween 80 vs Tween 60. These obser-
vations may be of interest towards the use of these surfac-
tant mixtures in pharmaceutical applications, in particular in
the design of drug delivery systems and in drug stabiliza-
tion. Furthermore, the synergism observed in these systems
may reduce the total amount of these surfactants required

Fig. 4. Interaction parameter (b) as a function of the mole fraction of Tween (aTween). b values are represented as (^) for Tween 20, (&)
for the Tween 60 systems, and (~) for the Tween 80 binary systems with 16-3-16.
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for a particular application, which in turn reduces costs and
environmental impact.
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Baylis–Hillman reaction under solvent-free
conditions— Remarkable rate acceleration and
yield enhancement

Monmi Saikia and Jadab C. Sarma

Abstract: A simple and efficient method has been developed for remarkable rate acceleration and yield enhancement of
the Baylis–Hillman reaction under solvent-free ‘‘neat conditions’’ and solvent-less isolation of products. Reaction of equi-
molar quantities of aldehyde and olefin in the presence of 20 mol% of DABCO under neat conditions affords the highest
yield in most cases within the shortest reaction time, giving support to the mechanisms of proton transfer in protic and
aprotic solvents. Solvent-free conditions are found to be especially fast, selective, and high yielding for aromatic alde-
hydes.

Key words: Baylis–Hillman reaction, solvent free, rate acceleration, catalyst.

Résumé : On a mis au point une méthode simple et efficace augmenter d’une façon remarquable la vitesse et le rendement
de la réaction de Baylis–Hillman, dans des conditions sans solvant tant pour la réaction que pour l’extraction des produits.
Dans la plupart des cas, les meilleurs rendements ont été obtenus avec les temps de réaction les plus courts par la réaction
de quantités équimolaires d’aldéhyde et d’oléfine en présence de 20 mol % de DABCO dans des conditions sans solvant;
ces résultats apportent un support au mécanisme de transferts de proton dans des solvants protiques et aprotiques. On a
trouvé que pour les aldéhydes aromatiques, les conditions sans solvant sont particulièrement rapides, sélectives et qu’elles
donnent des rendements élevés.

Mots-clés : réaction de Baylis–Hillman, sans solvant, accélération de la vitesse, catalyseur.

Introduction

The Baylis–Hillman reaction1–4 is an important reaction
for carbon–carbon bond formation involving a tertiary amine
(or phosphine) catalyzed coupling of an aldehyde with an
a,b unsaturated system. This reaction affords a highly func-
tionalized product known as the Baylis–Hillman adduct,
with a scope for various chemical manipulations to create
frameworks for complex molecules (Scheme 1). Although
the reaction was first reported in the early 1980s,5 its syn-
thetic appreciation was at a low profile in the initial stages.
For the last two decades, the Baylis–Hillman reaction has at-
tracted the curiosity of synthetic organic chemists, and the
reaction has followed an exponential growth in terms of all
the three essential components, i.e., activated olefin, the
electrophile, and the catalyst.

Usually the Baylis–Hillman reaction is a slow reaction
and requires a few days to a few weeks for completion de-
pending upon the reactivities of both the activated alkene
and the aldehyde.1 Becase of the synthetic potential6 of the
Baylis–Hillman adducts, various modifications of the exper-
imental protocol have been proposed. Several groups of sci-
entists had been directing their efforts to solve the problem
of slow reaction rate vis-à-vis enhancement of the chemical
yield. In this connection some groups of workers have

studied the variations of reaction speed and chemical yield
by using different Lewis bases such as DABCO, DMAP,
DBU, Ph3P, imidazole, ionic liquid immobilized quinucli-
dine, tetramethyl guanidine, etc.7 A few others have tried
different solvents or solvent mixtures along with the effect
of stoichiometry of the reactants and the catalyst.8 Additives
such as salt, another base as co-catalyst,9 or external influen-
ces such as high pressure,10 mechanical agitation,11 ultra-
sound agitation,12 etc., were applied to try to improve the
rate as well as the yield of the reaction.

Coelho et al.12 reported on the application of ultrasound
radiation in the Baylis–Hillman reaction to obtain augmenta-
tion of the reaction rate and the chemical yield. They com-
pared the reactivity of two catalysts viz. tri-n-butyl
phosphene and 1,4-diazabicyclo[2.2.2]octane (DABCO) and
found the later to be the catalyst of choice under ultrasound
irradiation. The time for completion of the reaction was
drastically reduced from 72 to 16 h for 4-nitrobenzaldehyde
and from 480 to 96 h for piperonal and so on. Not only was

Scheme 1.
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the reaction rate enhanced, but also the chemical yield was
improved substantially.

Another report of rate acceleration for the Baylis–Hillman
reaction was published by Park et al.13 They found remark-
able rate acceleration by using octanol as an additive to the
Baylis–Hillman reaction mixture.

Very recently deSouza et al.14 reported rate and yield en-
hancement of the Baylis–Hillman reaction through utiliza-
tion of an aqueous – organic solvent mixture. For the
coupling of 4-nitrobenzaldehyde with acrylonitrile, tert-butyl
alcohol – water (60:40) was reported to be the system of
choice (reaction time, 20 min; yield, 99%), whereas for the
same aldehyde with methyl acrylate, DMSO–water (60:40)
gave better results (reaction time, 150 min; yield, 90%). In
both cases, a fast reaction was observed only when the cata-
lyst was used in a stoichiometric amount. Earlier, Yu et al.8
developed a similar set of conditions using a stoichiometric
amount of base catalyst DABCO and an aqueous medium to
overcome the problem of long reaction time. To cite an ex-
ample, the reaction of 4-nitrobenzaldehyde with methyl
acrylate in the presence of DABCO (1:3:1 ratio) yielded
83% of the adduct in 3 h.

Porto et al.15 and Rosa et al.16 have used an ionic solvent
for better yield and a faster reaction rate. Reaction time was
also reduced notably and the yield of the adduct increased
substantially as in the case of the reaction of 4-nitrobenzal-
dehyde with methyl acrylate, which afforded a 99% yield in
4 h.

Results and discussion
The Baylis–Hillman reaction itself falls under the green

chemistry transformation because of its total atom effi-
ciency. Under green chemistry protocol, a solvent-free non-
stoichiometric catalytic reaction with atom efficiency is a
major criterion of greenness. Although a lot of reports have
dealt with the issue of rate and yield enhancement for the
Baylis–Hillman reaction, there has been no reporting from
the green chemistry point of view, especially with regards
to the reaction under neat conditions for synthetic utiliza-
tion. However, a mechanistic study by Aggarwal et al.17

used neat conditions. In other reports of the reaction under
solvent-free neat conditions by Aggarwal and Mereu,18,
Park et al.13, and Mack and Shumba11, an additional co-
catalyst or some external device is being used along with
DABCO, and the thrust of the study revolves round the co-
catalyst or the external device to show its importance in rate
and yield enhancement. Mack and Shumba11 stressed the
utility of a high-speed ball milling device as a novel techni-
que for better yield of the reaction products in as little as
0.5 h of reaction time. Whereas in the study by Park et al.13

octanol was used as the additive for the acceleration of rate
and enhancement of yield, Aggarwal and Mereu17 demon-
strated that lanthanoids were an essential co-catalyst.

In a recent report, Das et al.19 demonstrated a practical
method for the aza-Morita–Baylis–Hillman reaction using
a-amido sulfone as the substrate. Here, an excess of alkene
was used under neat conditions with a stoichiometric
amount of catalyst. Gajda and Gajda20 also reported an aza-
Morita–Baylis–Hillman reaction with N-carbamate protected
a-amidoalkyl-p-tolylsulfones using excess alkene. Similar in

situ generation of imines in the aza-Morita–Baylis–Hillman
reaction was also reported recently by Abermil et al.21 and
Cihalova et al.22 They used chlorinated compounds such as
CH2Cl2 and CHCl3 as the solvent of choice.

From the scrutiny of the reactions reported by Park et
al.,13 a kinetic study done by McQuade and co-workers,23 a
re-evaluation of the mechanism done by Aggarwal and
Lloyd-Jones24, and a computational study done by Aggarwal
and Harvey25, it becomes apparent that proton transfer is ac-
celerated in the presence of a protic additive such as alco-
hol. (Scheme 2) Aggarwal and Harvery25 has again shown
that in the absence of a protic additive, the reaction is auto-
catalytic, because the product alcohol itself can act as a
hydrogen-bond donor to promote the proton transfer in the
transition state (TS) (3).17 In aprotic solvent or under neat
conditions without sufficient quantities of alcohol at the
early stage of the reaction, McQuade’s23 pathway involving
the hemiacetal intermediate (5) must be operating. In time,
as the reaction progresses (>20% conversion) the reaction
becomes autocatalytic. Protonation of the enolate (2) by oc-
tanol as the solvent (not as an additive) may be the reason
for the slow reaction as reported by Park et al.13 Indeed this
more favorable interaction would stabilize the enolate and
render it less reactive and thus slow down the reaction rate.

Considering all these factors we decided to try the Baylis–
Hillman reaction under solvent-free conditions, keeping the
other parameters constant. To our satisfaction the reaction
carried out under neat conditions gave a far better result
than the ones done with additives like octanol, lanthanoides,
etc. In all cases the reaction was over within a very short
time, giving a higher yield than those reported in all the
other methods. Our observations are compiled in Table 1.
The reactions used an equimolar concentration with 20% of
DABCO as the catalyst.

For direct comparison of the results obtained using the oc-
tanol additive method, we performed a few reactions of al-
dehydes with methyl vinyl ketone under neat conditions,

Scheme 2.
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keeping the other parameters fixed. The comparative results
are shown in Table 2. In all the cases, except for acetalde-
hyde, the present method gives a better yield in a shorter
time period. For aliphatic aldehydes such as propanal and
its higher homologues, the reaction is very slow as usual. In
fact, decanal remained unchanged for 15 days under neat
conditions. For formaldehyde and acetaldehyde, there was
some reaction with the formation of a BH adduct and the

dimer at a reasonable speed. As these aldehydes were used
as a water solution, and considering the rate enhancement
of the small aliphatic aldehydes to be due to the presence of
water (a hydrogen-bond donor), we tried the reaction of
propanal and decanal by adding three drops each of water
in the medium, respectively. In both the cases with methyl
acrylate and methyl vinyl ketone as the reactive alkenes,
there was no appreciable change over 24 h, thereby indicat-

Table 1. Baylis–Hillman reaction of aldehyde with Michael acceptor.
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ing the present method to be selective for aromatic alde-
hydes.

In many earlier reactions, alkene was added in large ex-
cess with 100% catalyst loading. Later on, the stoichiometry
was brought to equimolar with 50% to 15% loading of the
catalyst. If participation of the aldehyde as a hemiacetal in
the TS for proton transfer is important in aprotic solvents,
then an excess of aldehyde should enhance the rate of the
reaction. Therefore, we used a few otherwise sluggish alde-
hydes by adding 10% excess to that of the alkene under neat
conditions with 20% of catalyst (DABCO) loading to see the
difference. From the results shown in Table 3, it is clear that
for the substrates of entries 1–3 the reaction time was

reduced substantially (in comparison with Table 1). For 4-
methoxy benzaldehyde, the yield was enhanced, but the rea-
tion time remained the same, and for piperonal, there was no
appreciable change.

In reactions generally carried out under solvent-free con-
ditions, the solvent is normally required to be used at a later
stage (at the time of extraction of the product from the reac-
tion mixture) and, therefore, the claim for a solvent-free
green method substantially gets diluted. We, therefore, tried
a representative reaction of 4-nitrobenzaldehyde with methyl
acrylate in a 2 g scale and worked up by pouring the reac-
tion mixture into ice-cold water. Precipitated product was
recrystallized from ethanol to get 98% yield of the pure

Table 1. (concluded).
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crystalline product. Thus, the method turned out to be a
complete solvent-free green method.

Conclusion
In conclusion, we report a green method with significant

rate enhancement as well as yield improvement of the Baylis–
Hillman reaction through solvent-free conditions. The
method is bestowed with several unique green features such
as a solvent-free neat reaction, a catalytic transformation, a
solvent-less simple work up procedure for large-scale reac-
tion, a higher yield than those reported so far in almost all
cases, and the shortest reaction time. Hence, it significantly
contributes to synthetic organic chemistry.

Experimental

General procedure for the Baylis–Hillman reaction
In a 50 mL round bottom flask, an equimolar quantity of

aldehyde was stirred with an electron-deficient alkene with
20 mol% of DABCO as the catalyst at room temperature.
The progress of the reaction was monitored by TLC. On
completion, the reaction was poured into water and ex-
tracted with ethyl acetate. The extract was dried over anhy-
drous sodium sulfate, and the solvent was removed under
reduced pressure to get a solid mass, which in most cases
was recrystallized from ethanol. Otherwise, filtering through
a short silica gel column yielded the pure product.

When the reaction was carried out in a 2 g scale of 4-
nitrobenzaldehyde, the product was isolated by pouring the
reaction mixture over ice-cold water followed by filtering
and recrystallization of the product from ethanol. All the
known compounds reported in Table 3 have been found to
give spectral data identical to those reported. The spectral
and other data of the compounds not reported earlier are re-
produced here.

3-Hydroxy-2-methylene-3-(2-nitrophenyl) propanenitrile
(entry 2, Table 3)

Gummy mater. IR (CHCl3, cm–1): 3436, 3090, 2229,
1527, 1348, 1055, 1038, 957. 1H NMR (CDCl3, 300 MHz)
d: 8.06 (m, 1H), 7.85 (m, 1H), 7.75 (t, J = 7.7 Hz, 1H),
7.56 (t, J = 7.7 Hz, 1H), 6.18 (s, 1H), 6.15 (s, 1H), 5.98 (s,
1H), 3.42 (brs 1H). 13C NMR: 147.90, 134.58, 134.30,
132.24, 129.80, 129.16, 125.16, 124.17, 116.62, 69.14. MS
(m/z): 204 (M+, 2), 202.8 (16), 186.7 (100), 170.9 (6), 158.7
(22), 140.5 (64), 113.9 (8).

3-Hydroxy-2-methylene-3-(2-furyl) propanenitrile (entry 3,
Table 3)

Gummy mater. IR (CHCl3, cm–1): 3420, 2919, 2231,
1625, 1399, 1145, 1014, 958. 1H NMR (CDCl3, 300 MHz)
d: 7.44 (s, 1H), 6.41 (m, 2H), 6.20 (s, 1H), 6.15 (s, 1H),
5.36 (s, 1H), 2.43 (brs, 1H). 13C NMR: 151.45, 143.42,
131.43, 123.28, 116.70, 110.75, 108.77, 67.70. MS (m/z):
150 (M + 1, 6), 148.9 (60), 131.8 (10), 120.9 (5), 97.2 (50),
96.7 (100), 76.9 (12), 68.9 (22).

3-Hydroxy-2-methylene-3-(4-pyridyl)propanenitrile
(entry 5, Table 3)

mp 111–113 8C (ethanol). IR (CHCl3, cm–1): 3427, 2854,
2227, 1603, 1414, 1072, 1060, 1005. 1H NMR (CDCl3,
300 MHz) d: 8.57 (m, 2H), 7.38 (m, 2H), 6,19 (s, 1H), 6.11
(s, 1H), 5.35 (s, 1H). 13C NMR: 149.55, 149.42, 130.84,
125.72, 121.65, 116.56, 72.57. MS (m/z): 161 (M + 1, 14),
159.9 (66), 131 (8), 107.8 (100), 105.9 (8), 79.9 (38), 77.9

Table 2. Comparative results of the two methods.

Yield (%)

Entry R Alkene Time (h) a b Methods
1 4-NO2C6H4 MVK 1 94 2 Present study

12 70 0 Reference 13
2 4-ClC6H4 MVK 6 90 3.5 Present study

12 70 0 Reference 13
3 4-MeOC6H4 MVK 50 68 10 Present study

12 18 43 Referenec 13
4 Furfuryl MVK 0.5 95 0 Present study

12 26 10 Reference 13
5 CH3 MVK 3 78 10 Present study

12 90 6 Reference 13

Note: MVK, methyl vinyl ketone.

Table 3. The effect of excess aldehyde.

Entry R EWG
Time
(h)

Yield
(%)

1 4-ClC6H4 COOMe 3.5 98
2 4-NO2C6H4 COOMe 0.25 99
3 2-NO2C6H4 COOMe 0.5 99
4 4-MeOC6H4 COOMe 45 80
5 Piperonal COOMe 42 80

Note: EWG, electron-withdrawing group.
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(24), 52 (74). Anal. calcd. for C9H8N2O: C 67.49, H 5.03, N
17.48; found: C 67.15, H 5.07, N 17.21.

3-Hydroxy-2-methylene-3-(3-pyridyl)propanenitrile (entry
6, Table 3)

mp 101–103 8C (ethanol). IR (CHCl3, cm–1): 3420, 2850,
2227, 1597, 1582, 1480, 1428, 1067, 1030, 955. 1H NMR
(CDCl3, 300 MHz) d: 8.43–8.45 (overlapping m, 2H), 7.81
(d, J = 7.8 Hz, 1H), 7.34–7.38 (m, 1H), 6,19 (s, 1H), 6.08
(s, 1H), 5.36 (s, 1H). 13C NMR: 148.9, 147.4, 136.3, 135.2,
130.5, 126, 124.2, 116.8, 71.6. MS (m/z): 161 (M + 1, 16),
160 (M + 50), 141.9 (6), 130.8 (8), 107.9 (100), 79.9 (58),
77.9 (26), 52.9 (10). Anal. calcd. for C9H8N2O: C 67.49, H
5.03, N 17.48; found: C 66.97, H 5.06, N 17.14.
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An improved one-pot cost-effective synthesis of
N,N-disubstituted carbamoyl halides and
derivatives

K. Adeppa, D.C. Rupainwar, and Krishna Misra

Abstract: A convenient one-pot procedure is reported for preparing N,N-disubstituted carbamoyl chlorides by using
chlorocarbonylsulfenyl chloride as a carbonylating agent. It comprises the reaction of secondary amines with chlorocarbo-
nylsulfenyl chloride in the presence of an aprotic organic solvent to produce the corresponding N,N-disubstituted carba-
moyl halides. Insertion of the carbonyl group without using phosgene is the novelty of this method.

Key words: carbonylsulfenyl chloride, secondary amines, dichloromethane, carbamoyl halides.

Résumé : On a développé une méthode monotope pour préparer des chlorures de carbamoyle N,N-disubstitués qui fait ap-
pel au chlorure de chlorocarbonylsulfényle comme agent de carbonylation. Elle implique la réaction d’amines secondaires
avec le chlorure de chlorocarbonylsulfényle en présence d’un solvant organique aprotique qui conduit à la formation des
halogénures de carbamoyles N,N-disubstitués correspondants. La nouveauté de cette méthode correspond à l’insertion d’un
groupe carbonyle sans faire appel au phosgène.

Mots-clés : chlorure de chlorocarbonylsulfényle, amines secondaires, dichlorométhane, halogénures de carbamoyle.

Introduction
Carbamoyl halides1 are an important class of commer-

cially viable chemicals. These are useful intermediates in
the preparation of thiolcarbamate herbicides via their reac-
tion with thiols such as sodium alkyl mercaptides. Carba-
moyl halides, particularly chlorides, are useful in the
preparation of 1,4-disubstituted 5-(4H)-tetrazolinones;2 imi-
dazole derivatives;3 Reissert analogs;4 phenylcarbamates;5
unsymmetrical ureas; pyrrole-N-carbonyl compounds;6 O-
1-oxoalkylcarbamates;7 O-allylic urethanes and carbo-
nates;8 in the synthesis of carbamates;9 phthalides;10 in the
preparation of arylisocyanates;11 N,N-dimethyl carbamoyloxy-
3-thiodiazoles-1,2,4;12 and N,N-dialkylcarbamate esters. Car-
bamoyl chlorides are also used for Friedel–Crafts acylation13

followed by treatment with ammonia or amines to produce
aromatic amides or substituted amides, which on hydrolysis
yield corresponding acids. For example, N,N-dimethyl car-
bamoyl chloride has been used in the production of herbi-
cides14 such as isoproturon, fenuron, diuron, and metoxuron,
and with drugs such as neostigmine bromide, neostigmine
methylsulfate,15 and pyridostigmine, which is the intermedi-
ate for the antihistaminic bulk drug loratidine. N,N-Diethyl
carbamoyl chloride has been used as an intermediate for the
antifilarial bulk drug diethlycarbamazine citrate. N-Ethyl-N-
methyl carbamoyl chloride is used as an intermediate for the
bulk drugs rivistigmine and b-propiolactone.

So far, the most prevalent commercial method for produc-
ing carbamoyl chlorides is phosgenation of ammonia or

amines.16,17 The main objective of the present work was to
develop an efficient and economically viable procedure for
preparing N,N-disubstituted carbamoyl chlorides. A further
objective was to exploit the procedure for the preparation of
unsymmetrical ureas18 and N,N-disubstituted carbamate es-
ters,19 aromatic amides,20 and thiolcarbamate herbicides. For
the preparation of N,N-disubstituted carbamoyl chlorides,
the commercial process involves the phosgenation of secon-
dary amines. The use of phosgene, however, has several dis-
advantages. The phosgenation route is long and energy-
intensive, and requires handling highly corrosive materials
and highly toxic reagents and intermediates, especially phos-
gene and chlorine. Furthermore, the phosgenation route re-
quires the use of process equipment that can withstand high
temperatures and highly corrosive conditions, resulting in in-
creased capital cost.

A non-phosgene process for preparing N,N-disubstituted
carbamoyl chlorides, which is economical and commercially
viable and that can produce N,N-disubstituted carbamoyl
chlorides with good yields under extremely mild reaction
conditions and short reaction times, is highly desirable.
Such an attempt has been made during the present work.

Results and discussion
To develop a general method for the synthesis of carba-

moyl chlorides and their derivatives, experiments were con-
ducted through the carbonylation of secondary amines with
chlorocarbonylsulfenyl chloride at ~40 8C for 3 h and
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chlorination at room temperature for 2 h under nitrogen us-
ing dichloromethane as a solvent. To explore the general
method developed for the synthesis of carbamoyl chloride
derivatives, the experiments were conducted with chlorocar-
bonylsulfenyl chloride and a variety of secondary alkyl
amines followed by chlorination to give the corresponding
N,N-disubstituted carbamoyl chloride derivatives in substan-
tial yields.

We found that this one-step reaction is general and is ap-
plicable to most secondary alkyl amines. The reaction condi-
tions for the preparation of N,N-disubstituted carbamoyl
chlorides starting from different secondary alkyl amines are
summarized in Table 1, and the GC analysis as compared
with the standard samples are summarized in Table 2. A
probable mechanism for the preparation of N,N-disubstituted
carbamoyl chlorides from different secondary alkyl amines

Scheme 1. Probable reaction mechanism for the preparation of N,N-disubstituted carbamoyl chlorides from secondary amines.

Table 1. Reaction conditions and boiling points of the prepared N,N-disubstituted carbamoyl chlorides.
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has been suggested in Scheme 1. The present method has
obvious advantages, compared with those reported in the lit-
erature, namely milder reaction conditions, use of less toxic
materials, and better yields resulting in cost effectiveness of
the procedure and general applicability.

Experimental details

Dimethylamine, diethylamine, di-n-propylamine, diiso-
propyl amine, N,N-ethyl-methylamine, di-n-butylamine, pi-
peridine, and dichloromethane were sponsored by Merck

(India), and perchloromethyl mercaptan was sponsored by
India Pesticides Limited (Lucknow, India). All the products
gave satisfactory boiling points. Gas chromatographic analy-
sis was performed on a Thermo Fisher model GC-1000 gas
chromatograph, and the results were consistent with the lit-
erature data.

Chlorocarbonylsulfenyl chloride (CCSC)21

Perchloromethyl mercaptan (PCMM) (294 mL, 500 g,
2.7 mol) was taken in a 2 L reaction flask equipped with a
reflux condenser, a thermometer, and a stirrer, and a mixture

Table 2. Comparative GC retention time data of prepared compounds vs standard compounds
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of water (54 mL, 3.0 mol) in concd sulfuric acid (620 mL)
was added. The heterogenous mixture was vigorously stirred
for 6 h at 45–50 8C as HCl evolved, and then stirred over-
night at 25 8C to ensure complete reaction of PCMM at the
expense of a decreased yield of chlorocarbonylsulfenyl
chloride (CCSC), which can hydrolyze. The upper phase
(280 g, 80%) was separated and distilled through a column,
bp 98–101 8C (lit.,21 bp 98 8C) to yield 230 g (65%) of the
clear light yellow liquid of CCSC (65%).

General procedure for the preparation of N,N-
dialkylcarbamoyl chlorides

A stirred solution of secondary amine (0.47 mol) in
800 mL dichloromethane in a 2 L reaction flask equipped
with a reflux condenser and a stirrer was heated at ~40 8C
under nitrogen. CCSC (65.50 g, 0.50 mol) at ~40 8C under
nitrogen was added with stirring. The reaction mixture was
stirred for an additional 3 h under reflux until evolution of
HCl gas was completed. After cooling to room temperature
(RT), the dark green liquid was chlorinated with chlorine
(35.5 g, 0.50 mol) and the reaction mass was stirred for an
additional 2 h under these conditions, followed by distilla-
tion at atmospheric pressure to remove solvent and sulfur di-
chloride. This reddish brown material was transferred into a
100 mL capacity distillation flask and distilled under re-
duced pressure (10 mm Hg; 1 mmHg = 133.3224 Pa). The
total yield of N,N-disubstituted carbamoyl chloride was
80%–86%. Retention times in GLC as compared with the
standard are given in Table 2.

Conclusion
The present method describes a simple, efficient one-pot

method for the synthesis of commercially important N,N-
disubstituted carbamoyl chlorides from the corresponding
secondary amines and chlorocarbonylsulfenyl chloride. The
process is economically viable;the enhanced rate of reaction,
negligible byproducts, and cleaner reaction profiles make it
a useful and attractive process for synthesis. The generalized
and simple product-isolation procedures play an important
role in the development of this novel method. It is an impor-
tant step toward developing a greener and more efficient
commercial synthesis for a group of compounds that are
used to make important intermediates for the synthesis of a
large number of commercially important products. This is an
improvement over the phosgenation method being used at
present.
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This Special Issue is dedicated to Professor Russell J. Boyd to honour his outstanding contributions to
theoretical and computational chemistry. / Numéro spécial en hommage au professeur Russell J. Boyd
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ANNOUNCEMENT / COMMUNIQUÉ

NRC Research Press transition to Canadian
Science Publishing

As of 2 September 2010, the publishing operations of the
National Research Council’s NRC Research Press success-
fully transitioned out of the National Research Council (NRC)
and Federal Government and into a new not-for-profit
company operating under the new name of Canadian Science
Publishing (CSP). This transition is the result of an NRC
decision announced in February 2009 to proceed with a Fed-
eral Government of Canada Strategic Review recommenda-
tion to transfer the publishing operations to the private
sector.

The new entity will continue to provide high-quality, peer-
reviewed journals and publishing services. CSP is commit-
ted to publishing and providing services in English and
French and will continue to support Canadian researchers
and their communities in disseminating their research world-
wide through the provision of world-class, advanced scien-
tific and technical scholarly publishing services. Journals
published by CSP will continue to use the ‘‘NRC Research
Press’’ designation.

As a leader in the scientific and technical scholarly publish-
ing community, CSP is committed to its NRC Research Press
journal subscribers and would like to thank them for their on-
going support.

Transition des Presses scientifiques du CNRC
vers les Éditions Sciences Canada

Depuis le 2 septembre 2010, les opérations d’édition des
Presses scientifiques du CNRC sont passées avec succès du
Conseil national de recherches du Canada (CNRC) et du gou-
vernement fédéral à une nouvelle société sans but lucratif
nommée Éditions Sciences Canada (ESC). Cette transition
est le résultat de la décision du CNRC, annoncée en février
2009, de mettre à exécution une recommandation de
l’examen stratégique du gouvernement fédéral, soit le trans-
fert de ces opérations d’édition au secteur privé.

Cette nouvelle entité continuera à fournir des revues de
grande qualité évaluées par les pairs et des services d’édition.
Les ESC s’engagent à fournir des services d’édition en an-
glais et en français et à préserver la mission de son ancienne
entité, à savoir d’aider les chercheurs canadiens et leur milieu
à diffuser leurs travaux de recherche à travers le monde grâce
à la fourniture de services canadiens d’édition savante scienti-
fique et technique d’avant-garde et de niveau international. Les
revues publiées par les ESC continueront d’utiliser l’appellation
« NRC Research Press ».

En tant que chef de file du milieu de l’édition savante scien-
tifique et technique, les ESC sont dévouées envers les
abonnés de leurs revues de NRC Research Press et les re-
mercient de leur appui continu.
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